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A88T~'ACT 

• ~. J • 

The del.Y-thZOughpût p.Xformane •• o~, twq typ~. Of 

• 
ctllttlb\ltêd • ec ••• ·pro~oeol. for the multl-Icee.' Paek.t 
, ' , 

'.a,t_~lllte channel li Itu~,led \lllng _lJ11ula-tlon. The ~ flrlt 

'cateoory 'of pratoco"J,' '.tudied ,c'onllatl Of tree-'.arch-baled 

ICh,me. ln both Itetlc ·and edapt1~. v_riions. Th •• e are 
, . . 
variant. of Icheme dU ... to Ca~.tena~ll. ~ Two maln 

'll11prov."'.ehti on the bal1c Ichelll' ar'. ident.! fled 1 al10wlno 

n~'W1Y 'a:rrlVed Plc'k,et. to partlc:1'pate ln contl.let relolution 
.... 

910ba1 queue "'anaoement. the second ty,pe 11'an 

ln e,ch Ilot, 

a brOad~ •• t oroup 11 lelected ba-'d on.Bave.lan •• tlmat •• Of 
~) "'l< 'f.'.:,~ .... 0" <,;. , ~ J 4 • 

':tel'mlna'l-oecupaney probab,111 tle.. In 1 ta pr.lent forin, th1. 

•• ç I~ch.m~ doel n~t, perforll al well al ... adaPt1ve tree learen '" 

.cheli •• , but It doe. Pfov1de 1 novel frame:worlC ,for protocoi c 
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SDMMAIRE 
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1 

,( 1 

"a rettto~ entre le délai et II débit pour deux type." 

de proto ole. d·acc~. décentrall.é, •• t 'tudlé 'par 
, 

·Iltnulatlon. Ce.' protocole. ,ont destiné. à ~:u.aoe d~n. le. 

IYlte.el ~ entr'e banalll" de tranaml •• 1on.~e paquétl pard , 

latelll te. "a prelll~r. cIl. le de protoco le ea t ,fond'e lur 
" 

de. Iché .. 1 de ,rlcherche. arbO'relcente. en lIIode statique et 

adaptatl, ce, 'Ch'ma. lont ~.. améliOratlonl dè la méthOde 
, 

dU' $j C petenakil. Lei deux principale, amellorationl 

APportee la méthOde fondamentale conliatent A per~etçre 
aux pa~uetl récemment arrivé. de partÂciper ~ la risolution 

de contl'ltl, et i- o'rér une flle~·atten>te <c~mmune. Les 

protocolel de la leconde cateoorle vt •• nt a maXiMal 11er le 
, 

ln.tantane. Durant chaque Interva11e de templ, le 

qui peuvent 
1 

\ 
~ayelien de 

~ ellettre elt 
, 

la probabilite 

d'occupat10n dei tlrllll.naux'. Danl Ion etat· actuelo~ de 

developpe.ent, 

. , 
adaptatives dl 

cette 

ceux obtenua en 
" 

produit 

utl11.ant 

rechercht arborelcente. 

cil. ,ré.ultats 

de. 

routefoll. .on 

1Iit'rlt r •• ldl dan. 'le fàlt qu·elle oUre un cadre nouveau " , . 
~ 

~ur la co~ceptlon dl protocol_d'accè •• 
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that of 

\ dev1.lno efficient dl.tributed c~rOl proc.~urel enablln; a 

'\arge hOlllooeneoul population of g,ographlcally di.pe'r. •• d, 

\ P~lblY mObile, uaer 'er.lnlls, each generatlno bur.ty 

flxed-length pae~et trafflc, to share a .1nole aatelliti 

C!:lannel. reault •. and concept. derlved apply 

oenerally ~o • wl~e·cl.l. of contention Iyate.a. 

tG 
t t • 

lIore 
'-

rhe problem 11 of eurrent lnter.at becau.e of the 
. . 

,inerelling attractivenel. Of randoN aecell .atelllt' packet 
,\ 

.~ltcnlng ln the d.llgn of large, geogrlphiea11y .cattered 
. 

computer cO.Munlcati~n lubnetl. Beeaule of the li.' of th. 

popula~lon .erved bY a .ingle lat'lllte,. hlgh deOr.' Of . 
• t~ch •• tic lOad aver.~l~O 1. .tta1ned, per.lttlng efflcient 

utlli.ation of the r •• our~è.. The _ate~t~ . IOlu,tion 

clfCuMvent. topologieal de.to~ and rout~ngpro~. arl11ng 
,r 'l' 

ln .1r.~n'tworkl oi Il.11ar -capecity, .inee, by tt. neturt, 

the Ilt,lll te provide. COMplete conneetlvltv tO . ' 
all ua.ra 

, . 

r 
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the use of s"allH rl.c:e1vlng d1shes, economlls of Icall ln , 
\, 

aemlconductor technologies, and the pred1cted avallabl11ty 

of cheap paylpad cap,lbillty in Ipece (I.g_ wlth the advent 

of the Ipace ,hutUe), th~ cost of· the alloc~ated 

communications equlpment (Qround stations end satellite) la . 

decrla.lng at 1 fester rate man ÇOlt oreductlona can be 

ach1eved ln ,the wIre plant, lU_ 

~ 
satel11te llnk (by assumption) 1. the t Iole lIIedlu. 

for ex; a,ngi ' Of In-~mation amono the termlnall. lt Is a 
1 r L 

1 broadcast channel wlth 1 long round trlp propaQatlon d,;ayz 

ail terml nalS reeei ve the echo ot a Channel usage after 1 

~ 

large, fIxed delay, R. It T,\ tllsoo mUltl-.cceas: ,It anV ume 
. " . 

any nUtAber of terminal. may have acce •• rights to the 
, 
channel and declde 'to broadcast. However, .nY Itte.pt bY two 

.. ,. 
or more termlnals to use the ehanne~ '.eoncurrentlY leada to 

. , 
~utual, ,de.tructfve Interterence and an undecode.ble channel 

1\ 

output (termed a ·collision· of Plckets). 

J 

The aontrol atrate;y conslst. Of a rule wnich allow • 

• act) termina,l to decide et' eaeh instant of tl.e wnether or 

not to transmlt. 'J'he succen of a partlcullr ,.1 protoeol 1. 

evelulted by exam1n1n9 the t~ede.off between tne average 

delay Incurred by a patket and throuQhput (prObabl11ty of a 

suceelitui tr.nsmls~1on). 

,JO 

" 



() 

() 

~I 

The de. ion of an aecess 
~<' • 

protoco1 dep~nd. crlt1eally on 

the 'Und ot infOrmation available to thole contendlng for 

the resource. In the present ca.e, the decls Ion '':0 aUoeate 
~. 0 

aceeas rlghtl to III terMlnal at tl1t1e t must be ba.ed on the 

hlstOr,y of Channel states prior to tlme t-d. Furthermore, 
1 

" -- &oo~~. l ",t - - r __ 
tne state ot the channel, as" observed by th~ terminal ùsers _"-

J !' ., 

after the requls1te delay," 1. 

idle, contal,n a valld pae~et, 

ternaty: the channel may be 
1 

Or eontain III collision. rhe· 
o 

state Of the system, on the. otner hand, consista of the 

number and Identitv Of bUSY terlllinal~'" ln the, population. 

Therefor~, the record of past te~mlnal Observations (or some 
~ 

s~atbstlc thereof), supplemented perhaps by'~nowledge of the 
, 

termlntlr. population sr~ ~n$! the perameters Of the paCk"et 

generatlon process, provldes only partial information about 

the state of the System, It 1s the l~completeness ot the 
" 

. system ,state information .avallable to tne lndependent 

decl.10n-lllakers termina1s) that malceis the 

aece •• -aI11gnm~nt prOblem non-trivial. 

t' 

Tne characterl.t1e of 

terMinal-to-computer tr.~~le ls Itl larQ~ peak-to-averaqe . ~ ( 
dlta rate ratio. Thh weI e.tabll.hed ear1t by Jackson et al. 

\ 
\ 
\ 
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[2,31. Thelr Itatlstles, tooether with those of Klelnrock 

[5) Indlcat1ng ttlA.t_.96' of ARPA network trafflc conslsts of 

single packet messaoes, lend credlbllitv tO the NOdelllno of 

t~e terminal packet generatlon process as a Bernoulli pOint 
'<. 

process, and the use ot packet delay, rather than message 

delay, as the per forlllance .ea·s!l~~s fOr small usen. 

ln deallng wlth such a population Of low dut Y cycle 

users, an e.tfich!nt protocol allOcates channel capacity to a 

terminal only durino a burst of actlvity. TOMA and rOM do 

not s~t.tSfY this requlrement, slnce the~ aUocate a flxed 

proportion of th~ channel capaclty to each uSer. 

Tl1e classlcal 

above Obj~ctlve in 

(cirea 1970) 
, 

apprOach tO aChievlng the 

the eontext Of the satellite problell ls 

embodied in the ALOHA syst~m [4j. In the ALOHA sys'tem, a 

terminal .,ith a packet transmits lft,medlatelY, then listens 

to the echo retur~lno from the satel.1Jte transponder. In the 

event of a cOllision, the terllinal retrens.its Its packet at 

a'randomly selected instant of tille, usuallY chosen trom a 

unitor.. Or geoNetric distribution. ALOHA ls said to be 
, . 

slotted if packet transmissions beoln at Inteoer ti.es, 

where the un1 t,of lIea,sur,ellent of t1"'. 15 the tlae requ,ired 

single and all 
"'t!r' ... '" 

ar'ê Il paCket, terlllinals 

synchronlzed. The cepee i ty (Maximum 8ttalr:'8ble throuohPutl ',' ~" 

of l',lotted, ALOHA ~lth an' Infln1te user popUlation ha. been , 1, , 
, 1 "'~ \ . 

,\ '.-

" , 

, , 
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estimated tO be l/è by appr oxlmatlng the steady st,ate input 

ta the channel, consistinq of both ne'" and 
L 

retrartsm1.tted 

pacKets, by a poisson process. 
; 

rhe delay-trarougflput-s tab1l1 ty performance. ofl· ALUHA 
1 

de-pends cr1tlcally on" the ch01ce of r,etransmXssion strategy. , 
Melcalfe. '6] .,as one of the first tO a'nalyze tn!s dependence 

in tJle Infinite pOpulatlo,n case, and tO suqgest channel 

cont.rol procedures oased on vary1ng, the, retransmission' 

! ' 

dlstribut19n parameters accordlng tO the baCKl.o9 of packets "'" 

to be lransmitted. Kleinrock and La", n,tI,9] refin'èd the 

mOdel and extended tne analysis, exh1biting the biLstable 

behavl"Our of the Hnite population mOdel. ln addition to 

retrdnsnlis ion controls, they Introdu~ed channel stabll1z1ng 

Inp'ù-t controls, 50 as to refuse admission tO ft growlng 

proportion Of new packets as potent1al InstabU1ties 

develop. ASSumlng ICnowledge of tne number of impeded 

terminals at any time, they 1 derived optimal stationarv 

dynamlc tnresnold control 11mlt pOllcles (uslng one Of two 

possible transmission/retransmission parameters) bV couch1nQ 

tl'le prOblem ln terms of Markov de,cIsion theory and applylng 

pol1cy iteration alQorlthm. For praCtlcal 

Implementation, they" proposed a neurlstlc prOcedure for 
o 

esU maUn; the nunlt>er of bloCked te rmlnals, whlch, ln 

simulation, showed small degradation in performance tram the 

th~oretical optimum. 1 
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ather types ot access protOcOls, called 'reservation' 

systems, atumpt to 1 marry the conflict free nature of TOMA 

and .the random mu~tl-acèess feature of ALQtiA. As a clas$, 

reservation schemes are prl'marl1Y usetu1 when deallng wlth a 

population of terminais generatlng multl-pacKet messaqes Or 

having suftlcient butferiny lO smOOth the termInal demand 

process. ~x'ampl es ot suth schèmes Include those introduCèd 
Il 

Dy CrOwther, ROberts, and Hubin. 

ln the ImPllclt reservation scheme propOsed by CrOwther 
, 

et al (101, f ram'es ot al leà$ t one round tr Ip durat10n are 
1 

dëtined, and anV termina! whieh has transmltted suceesstully 

ln one frame has exclusIve ownershlp of the same slot in 

SUbsequent frames. -hen a 

terminals witt\ paclcets and 

It, ALOHA tashlon • 

slot!s' found Idle, lhen an 
With~ut reservations contend Jor J 

ln ROberts' scheme (Ill an ALOHA reservation channel, 

consistinq Of ml01-s10ts 
\ 

coexlsts wlth a~ information 

chahnel of packet slze slots. Terminais M.Ke. reservations, 

ALOHA sty~e, fO~ one or more slots ln tne inforMation 
. 

ch~nnel. Wheo a reservation is acknowledged, the channel 

switcnes to reserved mOde and services all reservatlons 

recelved. When the queue of reservatlon$ 1. exnausted, t"e/ 

... "l 

Il 
0" 

), 

.' 

1 

1 

",) 
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channel reverts to r~lervatlon mode. 

. .., 

ln both lene.el, the delay Incurred by a MeslaQe 11 

underbounded by two round trip delays~ The superlor 

perfor"ance observed ln the case of heavy 10adln9 

(thrOuCJhputs ln excess Of .27) is at the expense of poor 

performance in the .ma11 traffic case. 

Other reservation sche.es, descrlbed and analyaeà by 

RUbln [12,13), are in the sallie veln. 1 His Flxed Reservation 
1 

Aceess Control discipline U'RAC) 112)' emPloys a tixed 

perlodlc pattern conslstlng of a random access reservatlon 
. 

,slot followed by N-1 Creserved) liervlce slots. An adaptlve 

varlant (DFRAC) i5. obtalned bY varYing the Parellleter N 

accordln; ta an . estlmate of the trafflc Intetfsl ty. 

Asynchronous Reservation Demand Assl;nment (ARDA) sehe~el 

generate reServation $lots accordlng to traffle 
if 

characterlstles rathlr then ln a flxed sequence al ln FRAC 
. . / 

or DFRAC. ln the si.plest variant, a relervation slot la 
o 

created whenever an idle Ilot 15 avallable; ln an extenlion 
) 

of tnat seheme to heavy trafflc, a lower llmit ~n the 

frequeney of re'erova'tlon slot eteation 11 enforeed. 

In Integrated Random Aceeas sche". (IRA") [Ill. • 
1 

random aeeess &Ub-channel for infOrmation Plcketl coexists 

vith a re.ervatlon 1 tUb-Channel operated 1n. one of the ways 

, , ,1; _t~,~ , 
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des.cribed Ibove. COlllltons oeeur!'1n; ln rlndOM accell 

lnforllition slotl are reschedulecr for trans"hslon ln the 

The re.erva~lon 
r 

(re.ervlt1on and lerviee "Ilot.) ha. preeedenee over the 

backgrOund rlndo. acees, channel: a reservation Ilot 11 
1 

created as ,oon al a collision 
~ \ 

(a sensed, and ,ervlce slotl 

are created iMmedlately ln responae to reservatlon reque.tl, 

preeludlno thelr use "as "rlndolll aeeeSI alOts. This liit 

faMlly ,of sChemes provldes 1 a means of exploltln; the 
1 

excellent throuQhput-delay performànce' Ot ALOijA at la.· 

traffic levels while retalninQ th~ advanta;es Of pure 

reaervatlon schemes. 

\ 

An entlrely non-ALOHA Insplred .ystem was oftered by 

• 81nder (14). In nis rouna-robin dynamlc assi;n.ent system, 

each' ter.lnal-'1s a prlvl1eged user Of one slot ln a fraMe. 

When a slot 15 left Idle, a dlstributed control mechlnls. 11 

Invoked whlcn alloeates slots on a' round-robin basls to 

ter",inals whieh appear ln 1 table of terllinals Itnown ' ta 
\ 

possesl a packet, unt11 the prlvl1e;ed user reclall1l ;hll 

Ilot DY dellberately gen.eratlng a confllct. 

1 Most reservltlon schelles IMply the 

.anaQellent ot a global queue Of elther occupied slota'(10J, 

Iceell reservatlons ~11l, or active userl (14~. Different 

I~hedullng discipline. can be uled, accor~lno to,/deslon 

! 

1 
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,objectivelz rIFO (Ill, round-robin '141, HO~, or otherl. ln 
\ . 
"prlnclpl~, hOwever_ thl. queue éouid be centrally ~.nao.d, 

for ex •• ple, bY •• atelllte'with procellinG C.~.~llity.'lSJ 

'COlllputat 1 on of the ) w.itine, th,. dhtrib,utlon f~r 

entr1es ln the ;lOb(l 
.. 

queue constitutel tne Key tO the 
Il ~'~ (~ 

, ~ • '~lYlil 
. 

of reservation Iche •• ,. The behlviour of th~ 

; , 

~eserved ,lot portion ot the Channel can be ae;reQeted trom 

~hat of' tne ALOHA 

t
hen, by Melns of 

,f a reservation 

co.ponent by ~.klnQ lultable assumptions. 

thi. artifice, the analysis ot performance 

IcheMe reduces to the ~nllYlis of the 

~lpb.1 queue. LeM (16J, ln hi. recent an.1Ysl~ of Crowther~s 

scheme, uses a ~eylc~, due t9 fer;ulon (111, namely the 

assumptlon that the optimallY contrOlled ALOHA prOduces 

sucees.ful transmisstons at a constant rate, to en.ble 

to describe the 910bal queue as a oenerell~ed HfG/l 

w'hieh the first custo.er 0'1 each bus Y period 

exceptional servIce. RUbln~ekes the bOlder eSlu.pt1on 

the reservation slotl are 
\ 

conflict free, 

arbltrary number of terminals to reserve service 

lucce.l.fully ln the laMe reservltlon slOt. The globel 

aay be de.cr ibed as an' Erlall c{ueue. rhl •. leedsJ to 

for. expression. tor the" delay-throuOhput 

va11d ln the liait where reservation ,to infor •• tion 

.iEe ratio beeo.e. s •• ll. 
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1 • ~ ln lIore' racent 

! 
"Orle, ba new perspective on th'e satellite 

acee.. ir~ble., ha. MotlvatlnQ the research 

r4tporte'd .1n thr, theala. Klelnrock and YI.ln! (183 and 

'"éâpetenakl' (19' 'tiave Identifled the root problell ln accel' 

protoeol desiRn a. that o~ chOoslng, ln .aeh alot, a 

'subqrOuP of the population luch that 'f'O'" 1I1111Ur' related to 

delav Or thrOU;hput la 'extre.laed. This observat10n leads 

both . to forllulate acceSI str'tevle. whieh, ln spirit, 

, ~e'l ble elleh other very close1y, and are, ln turn, dlrectly 

ed to 'pro~ln9~ .trate;les Introduced by Hayes [201,10 

a m re general contlKt. 

1 

1.3:1 Scope 
.. 

/ 

rhe present worle stella, ln partlcular, froll thâ't of 

c (19) • Identlfy1ng certain 

1 provementl tO hl. scheme whlch reta!n the Ipirit of h1. 

,pproaCh, the~ gradually enler91 the scope of the learch fOr 

~ettlr accels protocols. In order not to bl reltrlctad by 
1 
1 • 
~nalytlcal complexlty, we resort to sl.ulatlon. The learch 
! ! rellalns conltralned, nevert'vhele'I,. to • 11111 t'd catevory ot 

! 
1 
! protocoli. 

rh. protoCol, whic~ are con,ldertd 1n th!, thest, hlve 

the foll0wlnO prop~rtle'l 
.. 

/ 

.' 

, . 
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'~(1) Tney are deter.lni.tie. 

ln ALONA tYPe' schemesa a rando.laltlon experl.ent il 

carried out IndependentlY bY each termlnal ln dec1dlnQ wnen --

t~ tran •• lt 1 colllded packet_and/or Icc'Pt 1 ne. packet 

arrival. Such randOMIZlnQ behaviour li antlth.tlcal to the 

ob'ectlve Of coold1natinQ trans.llliona, it 1ncr.aaes the 
.' , 

alnount of uncertainty ln the .ystem. In fact. 1': ohat been 

proven (for the case where tne tOtal number of baCklo9ged 

PlcKets 15 known to al1 ulerl) (18) tnet optiMal strategie. 

are pure strate;ies :<probabl~l.ttiel are cnOlen to be 0 or 1). 

(See Ilso (21l).~Thll result 1. analoqous to a result 

familiar from 8ayeslan decilion theory. The remoYal Of 

uncertllnty 15 achleved at a cOlt, name11 the need for each 

terminal to be eOQnl&ant Of Itl 1dentlty. Consequent IV, 

determtnl&tlc systems are less flexible ln adMlttinQ changel 

ln the terminal pOPUlation. 

,. . 
(2) lnfor~atlon 11 acqulred'dlrectlY via the channelltate 

procell., 

Nllervltion aCheme. attempt to reduee uneertalnty by 

1110w1nQ ·terMlnall to co •• un~cate .ide Inf~r.ltlon via • 

relerv.tion channel. Thelr pertorll.nce et low tr.fflc 

loten.ltlea,ls do_ln.ted by the delaYI inéurred ln booklng 

relervatlon •• rne Ideal protocol per_ita e.ch ter.lnal tp 

derlve ·r •• ervatlon· infor.ation fro. the channel Itate 

0;: 1.... \1 ~: ," 

~ ~, ~. 
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r 
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pioce'.' 10 al to ellmlnete expllclt rtl.rvatlon ov,rh.ad. 
1 

o 1 
1-

(3) 'they are funda •• ntll.! 

~e ,eek tO .tudy thJ prOblel of conflict relolutlon ln 
1 

lt. ,1~pl.'t contexte rh~refore, the prOtOco~, pr,.ented ln 

thl. ~nell1 CO~ld b~ 'IPPI~led to ml.ed ,yst •• " for exe.ple, 

for mlkln9 re.ervatl~nl ln a rel_rvltion IChe ••• , 

(4) rhey are tallored to the ,atellite ~roblem. 

T,he ellentlal festure of the latell1 te 'problem 1. the 

prelence of a 10n9 round trip delaY. thl. flet ~u.t 'luide 

the dell'ln of the protocol. 

\ 

(6) They eXhlblt superlor ~elly-throuohPut performance. 
\ 

Superlor throughput-dellY performance li JoU9ht_ rhe 
, . \ 

del~red delay-thrbu9hPut curve, Ihould ,at le.lt over the 

nor.al operetln9 range, lie wlth!n the Inaded reQlon ot 

rI9.1.1.1. lt li .ell known tnat p~r. rlndo. Icce.' (A~OHA), 

, and .elf-Icheduled tl.e-div!'lon-"ultlPlexlng (TOMA) Ire 

,oPti.al 1,n the 'llMltl of low ·and hlgn tr.ff!c, reIP.cti.,elY. 

Tne opt! •• l . curve ( d·(O)on the greph) II unknown! .xcept 

under r.ltrletlve •• Iu.ptlona, tht purpoi. of the pr.a.nt 

work II to appro.Ch lt. 

.ln addition to avtrevt ptrfor.ance •••• ur.s, ektr' •• of 

.. thel' lIealur •• w111 'bl Of lnt.relt. ror .x •• pl~, 1 t Il 

\. Il 

," 

~ / 
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delirable tnat thA Pfotocol hlve thl prop1rty tnat dlley be 
, 

bounded, 1. e., tnat Indivldual 

quarlnteed tO' be tnferlor to • lenOwn liait. the pert,oraanci 
, , 

Of .ny Icn •• e Ihould be evalulted by co.parllon .1th thet ot • 

IChe.el whlch are optl •• l wlth relpect to a criterion of 

lnterelt. 

Attention 1. tlven allo tO the f0110wln9 faCtOr.' 

(1) cO.plexlty and .e.e ot iMpleMentation 

/ 
(2) non-par.aetrlc performance' 

The operation Of the\protocol Ihou14 not depend on 

exact knowledO, of lylteM perameterl. 

1 \ 

(J) lalrnlsi 

. protocol. vary, IVI" at .qull delay-througnput 

perfor •• nte, ln tbe dl9rll to whlch they'are .qultable ln 

deall~9 with teralnala. An exaMple of eqult.blt blh_viour 1. 

the delivery oC to the tr.naponder ln 
, 

ftrlt-co •• -elr.t-~erYed Order. It wlll be 1.lu-ed ln thl. 

thelll thlt talrnela la e de .. ir.bl~ property ~f a p~otocol~ 
,alrnel. 1. hot ho •• ver, alnce 

1 IUbjac::ent prlorlty. 

Itructure, whlch can be UI'ful ln loae application •• 
• 1 

• (' b 

\ Jo 

1 -
t 

J, .. q 

~ "', 

'p 



\ 

. . 
~ii ~ 

~ 
~\~& 
.Hf 

~ 

:' 

() 

o 

1.4 Sua",a,-, 

Tne ala and Icope of the ·prt.ent .tudy have .lr,ady 
'\~ 

outllned. '. Th. 
0 

bien organl.atlon Oi tht theltl II a. follOWl1 
, \ 

Chapter 2 pf,e.ent. tht IOeSe,l and eS1.culle. ,1 ta Val Id! ty al • 

repre'ent'atlon 'of the pray.lcal entlty. Cnept.er l conliderl , , , 

tr.e .eerenlng a. a aean. Of oro.nl.1no th' allocation Of 

.ccell r19ht. ln • randoa accell 1~lte •• rhe tre. le.rch 1. 

prelenteeS ln ltl Qll.Ple.t context, R-O. In Chapter 4 We 
, , 

IntrodUce the ~o.Pllcatlon Of lono prOPagation del.Y, whlch 

11 ,n tntrin'lc fe.ture of the let.llite prob1el, and 

'\ \ 

luooe.t tree· ••• rch~b •• ed acce •• llche.e. whlch cope wlth the J 

, 
proDlem •. ~e .hO. the delay-throU9hput perfor •• nce obt.lned 

ln Il.ulatlan. ln chapter 5 •• pre.ent • loc.lly optlal.u., 

1n.t.ntaneou. throuonput .allalalno aloorltna. ThouOh ltl 

ovet.ll perforaance 1. not unlforalY. luperlor to tn.t Of 

prevloullV ela.lnld .ch •••• , lt II, neyertheleal, Of 
! 

Interelt al. nove1 approaeh to th. accel. protoeol dellon 

proDlell. Morlover, the caule' for 1ta . . . 
~oorer·th.n-ent1eIP.ted perfor •• nee can be traced to en 

Indepenàenë. Illu.ptlon, and thll a.y proylde th' key to 

poallble 1.prove •• ntl. aUtO'ltlonl for 
,1 
furtner- ~,I •• rch are 

C' 

•• de ln Chaptt' 6 • 
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The •• 1n rt,ult. of thia '~.1. Irel 

\ 

(1) the dtv.lop •• nt, wlthout .~.lV.1., Of ni. r.~do • 

• CCI •• protoeoll for -the .atelllii chlnn.l. 

(2) rne 1,lt ••• tic co.~.r1.0h Of the del.y-tnr~uQhPut 

'. pertor-ance Of the •• Ich'." u'ln; a .ilPle co •• on IOd.l. 
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CffAPTER • 2 

THE MODEL 

, 

0-2.1 Channel: \ 

. 
rhe cn'annel ope~ate~ 1n slotted Hme (,w'ltn events 

- . 
occurln(J at 1nteoer tlmes)' and ln perhct svnchroni&at,i0t:l 

w1th the packet sources. thesè are themSelv.es) mutuallY 

synchronlzed create" •. unit lenQth PacKets. 
)" 

AU 
\ 

transm1sSions are recei ved bY l, the entire USer c~mmunl ty 

(lncludlng the orlqlnator), but SUb,ect to a tixeà de18Y, R • 

. An attempt bY t wo 'or' 1I10re 'lSers"" to tran5ml t 8, packet ln the .... 
... 

lame slot leads to a ~colllsion' and the deStruètlon of the 

packets InvoLved. collld~d Packets are relcheduled for 
\ 
! 

transmission. The channel Is error tree. 

ihere 15 evldenèe to support the adoptlon Of this mOdel 

as a rapretentation ot the phvslçai satellite Channel. rhe 

nOlilnal bit-error 'rate fôr such a ch.,nnel "with a forward 

error correctln~ COde has been,esti~ated 

of 10.9 , ju&tlfylng the error-free 

t0)be On the order" 

6sumption l22J. 

SllDilarly, synctuonlaatlon of all "sources tO the satel'llte 

... J:;' ,-
/ - -

( 

referenc:e t1Me tO wltnin very .strict specifications haB been ,. 
(5 

found to be feaslble (23]. Variations ln the round trip 

delay, as a functlon of tlme and location 6f the uler~ due 

,0 ;1 
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to drift1nq Of the geosynchronous satellite trom its nominal 

position and to dltferences in distance from user to 

satellite, can be assumed to be negllgalfie'\ from the point Of 
• 

view of prOtOcol design and perfOrmance analysis. 

On the other hand, the abstraCt mOdel ~ 15 a 

simplification, differing materially ln sorne respects trom 

the Physical channel. For example, M~tzner ll4] and ROberts 

[2~J have nOled that, because of the capture ef1ect ln FM 

receivers, concurrent usages of the channel by statIons with 

unequal power at the transmitter (resultlng trom dlfferenceS 

in lOcation or intentional Inhomogenelty Ot terminal 

charact.erlstics) need not lead to Obliteration ot all 

t rans mit ted pacl<:ets. Consequent 1 y, the res u,1 ts obtai ned 

u51ng the abOve mOdel are pessiffiistic. 

2.2 Sources: 

The user population 1s larQe (but finite), hOmogeneou~ 
'v 

(identlcal users) and ot constant slze. Each terminal 

generates packets acordinq to a 8ernoulli process of 

parameter p, whlch 15 assumed time ln~ariant. Th~ amount ot 

~torage provided at each terminal varies aCcording as the 
.' 

mOd~l 1s of the ~ direct eritrv 
,. 

Or buffered entry type. In the 
o 0 

:it 
tirst case, when a packet 45 created; it tills a single 

transmit bll'ffe'r and i5 

\ , ' 
, ! 

',...-", 

held there unt1l successfully 

- \ 

l' 
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- -- --------------

Itransmltted;1packet5 generate4 wnl1e the terminal buffer i5 

. occupled are lost. ln th~ second case. there i5, ln addition 
~ 

tO the single transmit buffer, a hold butfer. also of single 

packet capaclty. Its purpose ls to retaln the flrst packet 

arrlvlng at ~ terminal ln the conflict resolution perlod 

fOllowlng a collision (durlng Which time aIl transmit 

bufters are servlced), untl1 the en~ of tnat period, at 

which time lts contents are transferred into the trans.it 
./ 

bufter, fOrming the initial lOad for the next conf!lct 

resolutlon periode 

The buffered entry MOdel 1& Introduced because of a 

useful property. Transfers from hold to transmit buffers are 

renewal points for the system state procesS. fhe sequence Of 

time IntervalS between these event5 (sequence Of cycle 

lengths) constitutes an Imbedded Markov chain. 

Either source mOdel ls a valld representatlon of so~e 

phYsica~ entltles. An ekample is an interactive terminal 
, 

witn geometrieally- distributed thlnking time operatlng on a 

per-line bas1s (that i5, the user does no~ begin tO conslder 
--" 

the next input untll assured by receipt of\a line feed of 

• the successful entry of tne current Ilne). The time 

invariance of the Dlodel parameters 15 a reasonable 

assumptlon ~iyen the relative scale ot slo~lme and the 

perlod 
.,l, 

oyer .,hieh fluctuations in user nUlRber or 

, 
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i' , 
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characterlstici are lignifieant. 

2.3 PerforMance measures: 

/ 
The performance me.sures of primary Interest wIll be 

the averaoe. delay experleneed by a p'aeket from creation to 

,s~eeessful transmls~lon, and the throuohput of the channel. 

The throughput of the cnannel ls~efined as the average 

number ofr suceessful transmissions per slOt. The dela, of a 

partlcular paeket '15 eomputed as the differenee bet_een the 

index of the slOt during which a paclcet 15 IJenerated b~ a 

terminal, and the index Of the slot during whieh It 15 
. 

su~esfully translBitted. NOte, tha1t this definition lIay 

dlffer by a constant amount R+l frOM delay fioure~ quoted by 

other authors, e.g. (71. 

2.4'Nu.erieal Constants: 

The following numerieal constants, relatino to the 

, 
siMulation throughout·thls thesis • 

.Ii 

Th~ channel round trip propagation delay wl~l be 

assu.ed to be .270 leC, aod the bit rate, 50 KB~S. AIsu.10o 

paclcet lenoths (lncludlng lource and destInation addrels' 

bitl as well ~I ,rror correctlng bitl) of 1125 bita. each 
,~ 

... 

( 

, , 

c-

\ ' 
} 

o 

\ , 
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tlMe Ilot wll1 be Of 22.5 .sec dur8tlon. Hence; exprelle~1n 

() slotl, R=12. 
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CHAPTER 3 

TREE SEARCH ACCESS SCHEMES 

- '-f---;---:----~~----

1 

re",lni·s urn scheme w1th .indow lIIechanlslD t18J and 

capetenakls· al90tlth. (19) are exaMples of tree searCh 

access schemes. The~e sehe_es consist b •• lcally of a service 

mechanlsm fOr resolvlnQ confllcts in chanpel 

Termin~ls in a population group to whieh ~he tree searCh 

scheme Is 
~ 

applled broadcalt all tooether untl1 a confllct , 
1 

arises. A SYltematlé procedure for resolvlno thls confllct, 

the tree search, 15 then Invoked. 

3.1 TermlnolO'*OY: 

A tree oraph II shown ln Fig 1.1.1. the tree conslsts , 

of nOdes and branches. From every node n ln the tree, except 

termlnal nOdes, emanate dn branChes, Where~dn ls the de9ree 

of the nOde. These branches jOln the prooenltor node n to ' 

Its progeny. Eaeh oeneratlon Of nodes constltutes a level Of 

the tree. rhe ~oot nOde is et level 0; the terminal node~ 
9 

are \t qround level. Everv nOde 15 the root nOde for the 

subtreel conslstlno of Its Pfogeny and subsequent oeneretions 

th,reQf, and 15 sald to subtend \ -or span that subtree.' rhe 

depth Dt a sUbtree 15 the nUMber' Of oe-nerations Inc:luded. A 

1. 

\~ 

\ 
1 
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terminal no de subtends a subtree of ,Jiept O. A IYII.etrie 

tree Is one Of constant nOdal deoree. ln n- ry tr.e, wlth no 

further qualificat10n , Is a tree ln whi hall nOde. have 

C2 deoree n. 

/ 
3.2 SOurce Addreslin9: r 

/ 
The \ specificatlon of a soure address cao be 

represented as the leleet'lon ot a throuoh a tree. 

ImagIne an M-a~y tree wlth aS Many te Mlna1 nOdes as there 

are Users (N), wlth the terminaJ ~Od,S a l slgned an address 
1 

trom ,0 ta N. ln base M r~presentalt!on, the di9its, of t~e 

'address Of a Part1eular termInal n de specify a Path trom 
1 

the root nOde to that terminal nOd~. Any n-length prefil Of 

the address correSpondS to a unique! path trom the root node ! \ 
ta anode at level n whlch sUbtend~ a sUbtfee contain!n; the 

/ 
ter.inal. Consecutive nodes ln th~ path prescrlbed bY the 

address dl~!tl thus speclfY IUb~roups of decreasing slle 
1 

(addreSs groups), ea~h inciudln~ tne addressed ter.1nal 

nOde. In SUbsequent dlScUSS!ons~ a statement to the effect 

that anode 'broadcasts', or Is ~probed', should be 
. 

Interpreted as saying ~embers' Of\ an address group' 
\ 

deflned by that node have broad ast. 

When N does nOt bear for~ultoui relation tO M 

perMlttlnq full occopancy of roonp level no~el, or when N 

il 1 . 

1 
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() 

\ ' 
var_us (terml'hals ~o1n or 

"
leave the ter-Ihal population), 

there arises the- Issue of ho. tO allocate termlnal 

addresses. Addres.es Should be al.19ned to ne. ter~inals (ln 
\1 

a tree of sufflclent depth tO acco.modate the ~a.l.u. 

antlc:lpated N, say ~.) ln such a' _anner as 1<11 tO .1nlm.1le the 

number of di9its needed tO speclfy a subtree whlch contalns 

only that term1nal. FOr the blnary tree, fOr exaMple, a rule 

(26) yieldln; an appropr!ate aodrelslng sequence ls the 

fOl,lowlng: 

Asslqn tO "eth arrival.the address co.p(rev(n». 

Here rev ls the operator which reverses the bits ,of the 

blnar~ representation of n (for exe.ple, rev(1011)=1101), 

and comp ls the cOMpleMentation operator. The order of 

address a&slqn.ent fOr the case Ne =4 i& shawn in F10.3.2.1. 

General1aatlon tO non-b1nary trees 11 Obv1ous. 

l.) General tree search: 

A tre, •• arch acee •• lehe.. can be deserlbed qenerally 

es follows. Eaeh t.r.lnal posselses a eopy Of a tre. QraPh 

representino a chosen s~bQroup of the population. T~e 

sequence of Channel ldle, bUsy, and COlltston states Quides 

eBeh tér_lnal ln fOllo.lnQ the exeurslons Of a control 

polnter, inltlally pOsltloned on the root nOde, throUOh the 

, , 
'il 
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\ 
tree. The posit1on of the control pointer at eaCh Itep 

defines a broadeast 9roup, that 1" a oroup of teralnal, 

01ren access rl0hts to the next slot. ThIs broadcast group 
1 

consista of ter_Inals assoclated .lth terMinal nodes ln the 

subtree spanned by the current nOde. Confllets ln channel 

usaoe relultl no are handled 

acèOrdlno to the principle of edlvlde and conquer:; that la, 

the control ~ursor NoyeS down into the sUbtree. Absence of 

conflict at anode elimlnates the lubtended tree trom 

further consideration (terminaIs ln that < subtree have no 

packets at tnis time), and the eontrol pOln~er moyes on to a 

nOde not yet explored in the current excursion. When aIl 

nodes have been prOcessed, elther tnroUgn ellalnation or 

broadcast, the control pointer returns to the root nOde. rhe 

lnterval (in Ilots)" between vislts to the rOot node h 

called a cycle. 

\ ' 

Tree search sChe-es dlffer ln tne patn tollowed bV the 

control pOinter as it tfaverses the tree. They aIl share the 

feature toat the moye-ents of 'the cursor are determlnlstlc, , 

olven the hls~ory~f channel Ilot occupancy, SO tnat all the 

terminals know, wltn certainty, the position of tne cursOr. 

\ 

3.4 Cla~slfl~.tionl 

\ 
/' 

; , 

, , , , .' 
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alQorlthm II one ln whlch the deor.. of eaen nOde 1n ~~ 

tree la flxed. A dynamte alQorith. la one ln wnleh the 

deGree~ of the nodes ere updated, ln a •• nner known t~all , 

terminall, ~ceordlno tO 10.. statlltic Of tne channel 

procesa 80 as to adapt the 'tree structure to the trafile. 

There ue tif 0 basic tr,ee traversel petternsl ;round 

see~ln9 ehd cross ley~l. ln ;found seeklno, the control 

pointer' proeeadl toW.rdl oround level wl thout respl te' ln 
<> 

cross leYel, preYloully unexplored nodes at the lame level 

ere examlned before problno the,progeny Of a confl1ct nOdeS~ 

The chotce of one or the other method heS nO impact on the 

cyc~e tiNe, but lt does affect. the .deley dlstribution. 

3.5 Exa.ple 

< 
Th~ operation and impieMentat10n of a tree sear~h 

scheMe can be 11lultrated by 8 limple exa.ple. For the .ake 

of clarlty ln presentation, lt is assuMed that packets 

;enereted durlno confllct resolution are ne Id ,n hold 

bufters unt!l the end o~ the cycle, at whlèh tlM\ the ho Id 
\ 

buffer contents are transterred to. tne trans_lt butfers and 
-

become the initial load tOr the nekt cycle (buffered entry r 

con.lder a blnary tree capable of ,ervlc1n; 16 lources_ 

, \ 

, 
" 



() 

() 

Tht eourse ..... of one cycle, in tne stat te ca.e, 15 shown ln 
\ 

Fl;.l.5.1 ln terms of dlsPla~mentl Of the control eurlOf 
/ 

wlthln the tree .and the correspondtno channel Itates at .Ieh 

step. The tree traversal pattern 15 left-orlented and Vrouhd 

seekino. rne cycle under eonslderation begln, (Step (1» 

when the root nOde broadCasts (tl.e tO), and, a conflict, due 
, 

to the presence of packets ~t tne ,quare ter.inal nOdes. Is 

sensed. control then passes (Step (2» to t.he lef~ 

offsprlng. Thlt node brOldc8sts, the confllct perslsts, and 

control passes (ln Step () ta . lett offsprlng It the next 

Generation. Atcthls polnt, none of the ter-lnals belonqlng 

ta the broadcast group deflned by the current nOde has 1 

pacKet, and contrOl passes (Step (4» to the slblln; ot the 

current nOde. AQaln a confllct occurs, and the control 

cur.or presses on, examlning the left Offsprlng. Th1s act10n 

releases a pacKet ln step (5). Step (6) 11 a lateral move 

right (ta the r10nt s1bUno). and produces another 

suceesatul broldcast. the last nOde whose rlght oftlprlng 

has not been examlned 11 tne root nOde, and control passes 

to tnat offap~ln9'in Step (7). confllct resOlutlon proceedl 

ln tni. fasnlon· unt1l Step (1]1, 8~ wnlch pOlnt aIl 

confllctl exlstlng at tl_e to are r~lolved. 

A crosl-l~vel version as 

111ustfe,t'.d ln .~i~J.J.·5.2. IW10.3.S.3 the ~hBnnel a.tatea in' 

sucees.ive alots (H-O) for cfoas-level end 9~ouna seekino 

.~ 
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pattern~ are JixtapOled 

.' 

... 
to 111ultrate , 

, ( 

the il1pact of tne 
1 

Cholee ot tre. traver •• l pattern on ~.lay ,dlltrlbutl,on. Vhen 
1 

R=O, orOund ~eek1n9 patterns are al.ays preferable. 

The around ,eeklno protocol illY be delcrlbed .ore 
1 ~ 

~ 

lucclnctly in ter.. ot operat1ons on a pUlh-do.n pop-up 

stick (STACK) contalnlno node Identlflers. ~et RS(NOOE) and 

LS(NODE) denote the rloht and son of 

respectlvely. pseUdocOde describes 

protocol: 

G 

ptotocol A 
... _-_ .. _----

1. If steck eapty, pllce root~no~e ln stiCk. 

2. NODE c-- SrAC~(TOP) 

l. Wh!le confllet senaed at ~ODE, 00 

STACK <-- RS(NODE), NODE <-- LS(NODE) 

El •• , 90 to 1 

. 

NODE, 

the 

Thl. aequene. la executed ln eaCh ,lot by each tér.lnal. 

~xactly one n04e 1. probed pe~ .lot~(R.ot. 

A .11Qht 1.prove.ent Of the aloorith. 1. obtalned"by 

oalttlno step •. that .re unlnfor.atlve 1271. !he.~ occur .hén 

a le ft prObe tOllo.lno • confllct prOduc.a.ft idl. Ilot. ,In 

" 

tllo~",9~L. .. i1i~..t.,~.·."'liM!llBiM!lla·_ ... \mrm_l§_-n" _________ ""WK""'_ .. ____________ ....:\~\ --------\ \ ~---- -

) 



() 
'that ca •• , tn.ete 1. no need ta prObe tlh~ rtoht ,ilillno" 

Ilnee a confllet wl11 enaue .• îtb certalnty. Therefore, 

relultl of. .left probe (a. ln Prot'oco1 Al " OU'Qht to be 

haDdled' dlfferently' irOM tho.e Of a rlght probe. Thts 

conSlderat11n le.da to the tOlllow1nQ look-ahe.d protocoll 

....;..---------~~~~--

~ 
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, 
If ItaCJLe1lPtY1,90 to 1 

NOQE' <-- SfACK(TOP) 

gô to J 

( 

, 

, 
" 

ln the above, .tep (2) treatl left probel# whlle Itep (~) 

treats r19ht probes. 80th protOcoll A a and B are Itrlét?( . 

serial (Qround-seeklng) blnary searches (SS8S)" 
" 

\ 

The statlc procedure. in the p'revlous paragr.ph vorld 

l weIl when tne tr.e II llo~tlY 10.de~J hOwever" in the 

. " . 

. 
heavl1y loaded cale excessive overhead 11 lncurred vislting 

non-teralnal nOdel whOle IUbtrees have il h19h prObabl1Jt,. of 

lncludinv -ore t~an one bu.y ter.lnal. In the liait ~f full 

teralnal· nOde occupancy, 2N-l node. are e.a.ined'to rél ••• e 

N ter.lnals, yleldlng a .axl.u. thrOUQhput of N/(2N-l) •. A 

dynamic schelle cln be Uled 

overhead. 1 Il . 

populatton, the probabil1ty Of a l~cc ••• fUl tranl.illion at 

anode which IUbtends k ter.lnals II 

') . 

. ,. 

. ' 

( 
, 
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rn!1 ~u.ntlty 11 •• x111ze6 by ebob~lng k-l H/b J. 

th1. ob •• rvation can ~e apPll.d to the desl0n: of 

" dyn.uth: variant, o~ tile alQorlthl' ln th1. exaMple. Thele 

.ver1antl, "hich light be ea11ed ~\leYel .kl.,pln9~ algorith.s, 
o • 

eould conllst, lOf ex'.ple, ln IOdlCYlnQ Itep 1 10· .s to 
;r po" 

lnltialla. the stack When e.pty wlth'all nodes a~ level l~ 

lOQIUb2 (b). - 1',h. qUanti ty E(bILot, 
, c 

" '. 
Where Lo tl th~ length of the previou. ~Ycle. Clea~ly, 

, ,1 

.' ~" 
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" 

'~ \ . . ' \ 
, , ~ > :' 

Lo 
EtDILO. - H Cl - <i.-p) .) 

1 ) 

" ' 

o 

~ ., 

• i 

• i~ 

" • t. 1. .... _ ...... _--l.. ______ -'-.~ __ '_ '._ 

'\ 

, ..... 
! ' 

" 

/ 

\i 
" , 

., , 



r 
f· 
" 

~ 
i 
• 

l 
i 
l 

l , 

, 

r 
'1 . ' ~ 
l' 

1 

, " 

. i 
~ 

" 

c 

C>-

o 

-32-

Leve! 0 

Level 1 , . Node l Degree 
\, 

Level i __ ...ItIDepth j+l 

Level i+l __ """,Depth j a,: , 

Ground 000 000 __ ~Depth O. 

l J .. 

N terminal nodes 

Fig.3.1.1 Tree 
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Address Order of 
Assignment 

C) 16 

0001 ~. 8 

... 

0010 12 

:r 

0011 4 

0100 14 

0101 6 

ft 
0110 10 

0111 2 

( 
~ 

) 
1000 1S 

1001 7 

1010 11 

1011 

1100 13 

1101 5 
" / 

1110 9 . ' 
'" 'J/ 

'.,; 

lll~ 1 

Fig.3.2.1 ,Source Addressing Using a Binary Tree 
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Fig.3.5.1 Ground-Seeking Binary Tree Search 
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Fig.3.~.2 Cross-Level Binary Tree Search 
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• 'CHAPTER 4 

APPLICATlON Of 'tREE SEARCH ACCESS SCHEMES 

The tree search access acheNes ot chapter 3 are, ln 

the.selves, ~~q.ate .s acces. protoeols 'In the special case 

R=O. For applicatIon to the satellite proble., the 

elabOratton Of a tree search-ac~ess~based protocol requIre, 
;;, 
-,' 

an additional level to deal wlth the non-zero propagation 

delay. The purpose of th15 new level 15 to coordJnate the 

àoncurrent conduct of several tree s!arches. 

The poInt of dep~rture for the work ln thls chapter II 
l " 

the tree-seirCh-base,~ protocol due to Capetenakis. His 

scheme 15 ex mined f~rst. The re.aind~r Of the chapter deall 

vith 

variants 

11er 1 ts, 

4.1 

, , 

simple extensiOns. A descriPtion Of thése 

followed bY a discussion. of thelr relative 

llght: Of siMulation results. 

ln Ca etenakis- . Ichea. (FI0. 4.1.1) , t,..e tla. Ixis 11 

dlvlded ln a fraaes ot R/2~1 dl-slots ,. pllr Of consecutive 

slots).' TO e'lch dl-Ilot _ 15 Iisioned an equal, f lled-siae 

SUbOfOUp J' opulatlon (slze Ng), and '1 binary tree 

search c resolution 1. applled ln 

,\ -' 

/ 
, \ 

f \ 

• 

- , 
" 
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su.c.cesslve perlodlc occurrences ot dlsl'ots belong1ng to that 
\ 

qroup. The executlon Of the tree search ln each subgrOup 15 

Independent of thet ln ot~er qfOUPS. 

Certain features Of CaPetenakls· scheMe .erve tO 

51mpllfy t~e analysls. SUbdivIsion of the popUlation Into 

disjoint, non-communicatlno groups reduces the problem to 

the solution of the protocol desIgn proDlem for the case 

R=O. the pertorrnance of the system 15 that Of the SUbqroup, 

and analySls can focus exelusively on a part1cular subqroup. 

In addItion, in both the stat1e and dynamlc versions, the 

bU f tered source mOdel Is assumed. AS will be seen 

SUbsequentlY, this approach facil1tates analysls, at the 

expense of efficiency. 

4.1.1 Static Case: 

r 
The pseUdocode for the statle tree search ~Mployed ln 

every dis lot 15 

ProtocOl C 

----------
1. If ,teck e.ptYi STACK <-- ROOf_NODE 

'2 ... OO~ <-- STACK(toP) 

3. 00 for NXT.aMS (NQDE), LS(NODE); . \ 
If eonfl1et ~en.edJ et NXY, STAC~ <_. HXT' 

1 
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Else: 

4. Go tO 1 

An alQorlthmic step (the executlon, of the four step Sequence 

abOYe) requlres R+2 slots ln real ti.e. The progeny ot the 

r current nOde Ife probed ln the flrst two slots, and the 

resultant channel states are known R slots later. H/2.1 

programs of th!s sort execute concurrenily. Note that the 

stack contents, ln, thls case, are different from those ln 

protocolS A or 8 (SectIon 1.5). Here, 'the stick contalns 

only nOdes whlch are certlt1ed to be confllct nodes, further 

action on tnem belng held ln abeyance until other confllcts 

are resol ve.d. In protocols A and B, the stick contalns nOde s 

whlen are unresolved, belng present merelY for tne purpose 

Of polntlnq to untermlnated search stubS. 

Protocol C exploIts the fact that, at any step ln the 

tree search, Independent InforMatIon about two nOdes (the 

progeny of NODE) cen al_ays be obta~~ed ln the same 

algorlthml~ step. (The root node Is not expllcltly prObed.), 

When the len9th of the .190rlth~lc 'step la dO-lnated by the 

value of R, th!s 15 • crucIal felture. 

ln splte Of the .1apllclty Of the .odel and protocol 

, descriptIon, 
\. 

.. 
only reiatively 

perfor •• nce ere 

\ 

looae bounclS on 

avaiiable, ex.c~ results 

/ , 

1 

1 
~ 
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belnQ obtalned' only ln trivial ll~lts of parameter va~ues. 
~ 

It 1s easlly shown (Appendlx A.l) that the delay-thrOUQhput 

curve 15 bounded above on the ordinate (ayerage delay) by 

OHQ+log N9-S)(R/2+1) slots, and on the abscissa 

(throughput) by NQ/(2NO-2). The maximum delay whlch a packet 

can experlence 15 ~4N9-5)(R/2+1). other bounds, valld over 

tne entlre delay-throuohp~t plane, ~re derlved ln (19J. 

4.1.2 DynaMic Case 

one seeks tO produce an alQorlthm whléh, on the ba.la 

of the h15tory of the channel state process, yarles the tree 

15 un50lved ln Its general forMulation. certeln assumptlons 

can, be made, howlver, to render the prObllell alllenable ta 

solut1on. If the cholce of a tree Is -ade ,at the beqlnnlng 

of each cycle, and that tree. 11 .alntalned throuQhout the 

cycle, then It 15 reasonable to restrlct the search fOr the 

optiMal tree ta the set Of SYIIIMetric trees. MOreaver, one 

ian assu.e that a certain Inference aade ln the Infinite 

popUlation case applie. to the fini te populat~on case. 

Subject to these assuaptlons, Capetenakls has shown that the 

opt1.al tree (with relpect tO a criterlon rel~t.d tO a.an 

delay) 11 blnary. elcept for the rOOt nOde, Whlch 11 Of 

. variable cteQfee, depenc:tlnv. on. the tra.ftlc Intensltt. ln the 

next few paraOr_phs, we outllne the derlvatlon of thls 

\ 
\ 

\ 

, \ 

\ 

AI .... = \ 
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result an~ interpret it. 

ln tne Inf1nite populatIon case (N tenas to Inflnlty 

~hl1e the prOduct Np tends lOA • a constant), the tree whlch 

m1nlmizes the expectea length Of th'e current cycle (L), 

glven the length of the previous cycle (LO), E(LILO), 15 

blnary except for the foOt nOde. (Hecall that th! 5 

development applles to toe bufferéd entry mOdel, 50 that LO 

15 a suftlcient statlstlc.) 

NOte that the use of ~(LILO) (eff"'ectlvely the mean 

maximum delay) as an optlmal1tv criterion i5'aroitrsrY; Its , 
use stemS ftom esse Of co~putatlon. One cOula lust aS well 

attempt ~o maxlmlze condltlonal throu~hput ln the cycle, 

F.(PfODabl11ty Of a successful transmi$$lon~ per nOde vls1ted 

ILO). The Quantlty of paramount interest 1$ g(UILO., but no 

useful expression tor it nas been tound. 

Assume that the binary nature of the optimal tree ln 

the infInlte population case carrles over to the f1n~te 

population case, and that a 'level skipping· aloorithm (cf 

section 3.5) is desired tor ease of Implementation; that i5, 

the degree.of the root noae (K) Is constrained to be a power 

(~) Of two. The problem 15 to Ch005e k 50 as to mln1m1ze 

\ 

\ 

î 

i 

, • 1 , 
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.here, 

n • 

q = 

= 
4>U,q) = 

= 

-, 
1 

k n-k _ Jt+1 
EtL'LoJ ; = 2 .. E 2- 4>(n-k-1+1 ,q) ~ 

1-1 

10Q N 
2 

Pf{ter_lnal ls oeeupled ln eurrent cycle. 

LO ,'" 
1- U-p) 

pr{cOnfllct et root node of sUbtre~ depth 

l , 
{' 2 l 2 -1 

1 - (l-q) - 2 q ( l-q) 

li q, 

the expression for o !(LILol, 01ven abOVe~ follows fro. 

ele.entarY considerations. At l.vel 1 ln the tree, no~es 

sUbtend sUbtreel of depth n-(k-l}-l. The probabl11ty Of 

confl1ct at anode at level 1 15 acc~rdlnvl~ ~n-k-l+1,q), 

and the averaQe nU_ber of eonfl1et nOdes et level.l Is thus 
le+l-1 

2 4>(n-k-l+1,q). Eech one of thes. confllets entalls 

tbat two .ore noctes are to be v!llted, so ·tnat the' avar*ve 

contrlbution to L et level 1>0 1s 2~t4(~-k-l~1,q). 

Sine. k takes on Inteoer values, there exlsts a ranve 

of q for .hieh, partlcular cholet ·ôf k 11 opti •• l. Ll~ k* 

be the optl •• 1 k, for a viv.n q •• ssua. that,there exists a 

______________________ m _____ s ____________ ~ __________ ~ __ ~~ __ • 

\ 

\ 

'\ . 

Il,' 
'. 

" , 
, . . 



l, 

-

---_ .. ___ -_____ .11. -, 

,.. 
quantlty q(k,nl defined by 

• 
k a: le " A q(k,nl( q < Q(k+l,n) 

1\ 
then q satisfies 

This Implies that 

,.. 
~(n-k+l,q) = 1/2 

\ ' 
r 
\ 

,.. 
whieh 15 easlly sOlved for q as a functlon of" n-k 

(flg.4.1.2). 

The alqebra ShOW, that the optlmal~ dYna.ie algorlth. 
, j 

(where optl-allty 1& wlth respect to EC~I~oJ) proteeds 

directly tO the level where the average infor •• tlon obt6lned 
1 

by problng anode 15 .axlMlzed. FrOM the pOint of view Of 

the length of • cycle, the Channel state lnfora.tion 11 

blnary: elther anOde 15 a eonfllet nOde and the learCh 

proceeds through It to Its proqeny, or it 1. not, and the 

searCh,ooea no further ln that .ubtree. Thus. the optl •• l 

,al90rlth., ln •• areh Of _axl_,_ averaoe Infor •• tlon, b8,lnl 

probln9 at level ., where 4»(-,q):II1'12, ainee there 

, , 
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If the slgnifleant Cha,nnel states are taken to be 

presence or ab.,ence of a successful trans.lsllon ln a alot,; 

then one has the prescription for throUghput .axl.1aatlon by 
1 

level Iklpping, 

where. 

• .. 2 -1 
'ir(. , q) = 2 q (1 -q) 

" -1 -(1+0 
the lolut.ion of wh1eh 15 _=1 for q ((2,2 J, laO, ••• ,n. 

Snch a atrateQy perforM. wor5-e .... than the cycle 

MlnlalalnQ stretegy. as we Shall IhoW by all1ulatlon (cf 
'\ 

section 4.'5.2), and lt il Introduced here prl.arl~y al III 

() , 

Meal'1a of nlghlightlng ,an interestlng fe,ature ~f Capetena Jcll: 

dy.na.lc algor 1 thM. 

11quldat1ng as •• ny 

Superficlally, -lt .1ght appear that 
Il 

packetl as possible ln the ~lrlt level 

vlsited Is a .eanl to achlevlng cycle length .1niai._tloft • 
J) 

Il, Suen _ Jàtrategy, ho"ever, 11 

, . 

'. , 
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"proceeds by 1nitl.lly , ~ . ' 

devotln<) a, tew slots 

the expense Of lnstant.neous 

. 
tb learnlnQ" a1: 

ln arder to 

~lspatch packets MOre ~ftlelen\lY ln sUbsequent slots. 

,4.1.1 Non-paraMet rie: ,Var lant 
-J 

rhe dyne.lc algorlth. presented ln the prevlous section 

requlres knowledge of .P. t'here ls a co.putatlonally 

efflclent esti.ltor J'QI for q given by 

>1 ' -ct = "1n«(bo/Ng)(Lo ILoo),l) 

Here bO 15 the number of pae:kets ~ucceSsfullY tran5.1tted ln 

the last cycle,Lb 15 its len9th, and LOO i. the length of 

the cycle preC~dln9 the las,t.. Nc1te ,thet, because of the 
dependence exlstlng ~etween sucçesslve cycles ( a long cvcle 

will tend to ,en'lender another l'ong cycle)., this estlmate 'ls ' 
v 

preferable ta one based on a long ter- averaQe. The ettect . . -
of the use of a long tera avera9~ would be ta s.oO~h.out the 

'\. 
~ . 

fluctuations to Whlch one wlshes the adaptation algor 1 th .. to 

relct. 

4.2 Direct tntry variant 

If n~. 
\ 

arr 1 vals 1 ln 1 eny are to 

particlpete ln conflict relolutlo~ (direct entry, .odel),' 

, \ 

\ 

.. 

/ 

, " 
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, 
superlor throughput-delay perfOrtllance 15 observed --'1nder 

simulation. The suceess of th1s variant hlnQes on the 

reduction of delay, rather than on the Increase of 

throughput (at ;lven pl. In the steady state, the throuOhput 

and cycle length' stathtics should be - and th1s intuition 

115 cOrrOborated by simulation - identical ln bOtn the direct 

and buffered entrv mOdels. 

~ 
It 15 also noteworthy toat the dlrect entry protocols 

are inherently more equltable than the buffered entry 

protocols. ln the buffered case, the grade of service 

percelved by a ter~lnal varies accordlng tO bOth address and 

~. For ~oderate ~o nigh p values, the delay experienced br a 

terminal 15 lea5t if that ter-inal 115 left-ost, and greatest 

if rlghtllost. 

addresses (for 

Of course, a ran~oml.ed 

e,a.ple, at t~ beginnlng 

allocat1on of 

of every cycle) 

could allevlate thls prOblem. No sucn readdresslng 15 

required ln the dlrect entry .odei, sl~e the packet delay 

has the same distribution for each terminal. 

4.2.1 Statle Case 

The analysls 15 co.pllcated by the fact that successive 
, 

cycle lengths do not constltute a Markov chain. The bounds 

have no 
'" on throuohput versps delay advan~ed by Capetenakls 

Ob~lous _nalogs ln the present situation. we can ShOW 

, 

,. 

" , , 
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'r. llioJi. ? • 

\ 

(Appendlx A.2) th~ at p=l, D=(2NO-3)(R/2+1) s10t5, and, as 

u 

non-trivial. Eacn terMinal no. nas a different q, depending 

on when It Was last servlced. One approach, adMittedlV a 

5Ub-optl_al one, 15 to use the esti.ate q=boANg to deterMln@ 

the extent ot level sICIPPlnQ. sugoest 

th~t th15 15 a reasonab1e waY to proceed (Cf~4.5.2). At p=l, 

D=N and cr =1, since one obtal ns tDMA. 

4.3 SSBS Variant 

one could concelve ot fOrmlng R+l sUboioups of 'the 

population, Instead Of R/2+1 as ln capetenakis· scheMe. A 

strictly seriaI blnary search (SS8S) cen then be applled to 

e8lr group. Sucn a .odlficatlon per.it~ the use of the more 

efficient look-ehead search sche.~ (protocOl B of section 

3.5). The benefit obtalned 15 offset by the tact tnat, the 
" 

~ search 15 conducted on a .. a~ler tree. It turn. out, under 

sl_ulatiQn, that for tne, _Ode1 paraMeters ot interest 

(N= •• a,R=12), there 15 no clear auperlority Of such a sche •• 
\ 

over Capetenate!s'. 

• 
" 
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4.4 ramily of Global Oueue Variants 

A guldlng principl! ln tne design for minimum average 

delay Of q ueuelng systems ls that tne Server should never be 

idle while there ex~sts a baeklog Of unflnisned work in the 

system. Applied to tne problem at hand, thl~ means that ln 

any slot, ail conflicts known to eXist shoUld be resolved 

before exp10r1ng the possible existence Of others. One notes 

that CapetenaICis· seneme vlo1ates this prlnciPle; the TDMA 

component (the segregation ot the user population Into 

non-inter fer Ing tflat exaetly one 

algorithmic step (corre5pondlng to the servlclng of one 

node) may be :performed per group ln each frame, though 

tflough there maV be several c"''ontllct nOdes e·xtant ln that 

group, an"",-none ln another. 

~hat is suggested by the prlnciple enunclated above ls 

a scheme lite that 111ustrated ln F19.4.4.1.'Here, a work 

hopper contains a record Of ail nodes ln the system where 

confllcts are ICnown to ~xi~t, but upon wnich Immediate 

action could not be undertaken. Since a type c search 

(operatlng in dls1ot,s) has the'property Of staetting confllct 

nOdes, 1t 15 a natural cholee for this applica~lon. Thus, we 

allo .. R/2+1 servers, each provldlng R+2 unlts of service. 

E~actly one se"ver ls free in any given di.lot. In the tirlt 

~ 
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unit ot service, anode 11 read froe the hopper by the 

avallable servef, the labél& ot the progeny nOdes are 

generated, and the terminals 1ncluded ln each node 

broadcast. R slots later. the two echoes are rec.lvett and 

~he server consults a scheduling algorithm to return those 

nodes w~ere confllcts have been sensed to the work hopper. 

The sCheduling aloor 1 thl! alsO determ1nes the 

re1nlt1allzatlon procedure. The choice of the schedullno 

algorlthlll, whicn governs the orderlng Of nOdes ln the queue 

ot untlnlshed wOrk, defines a .e.ber Of a fa.11y wnleh we 

have called the fa.11y ot Qlobal queue variants. 

A partlèular l~ple.entatlon Of the general seheme 

pro.posed ln the pre~lous paragraPh 15 that of FIg.4.4.2. 

Here, a mUlti-queue (LIFO) network 1& tended by a cycllcal 

server who eXhausts aIl work ln a queue before proceedlng to 

the nelt. The serVer has Zero transit tl.e and suffers no 

the confllct nOdes oenerated bY a blnary tfee search. Nhen 

an Indlvldual tree 15 eXhaUsted It Is relnltialll'ed.r Note 

that Capetenakls· algorlthm can be de&cribed ln the saMe 

,way, .itn the dlfference that the server.· instead Of 

provldlng 'exhaustI~e Service at ,each .tep of Its itinerarY, 

services on~ 'notte per step, cyclino through all queu,es. ~usy 

or not, ln one tra.e. 

• ,1 , 
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The question of the choiee of scheduling algorlthM 

naturally arises. It is appeallnq to conjecture that the 

perforMance of the systeM in ter.s of average delay Is 

Independent Of thls choiee. Although we have been unable to 

prove this hypothesls, there Is, nonetheles., evidence, 

obtalned by siMulation, tO support lt. Should the hypothesls 

be true, falrness considerations -ay lotlvate the cholee of 

schedulinq algorlthM. 

4.5 Sll1ulation 

ln thls section, the sche.es described abo.e are 

cOllplred by siaulatlon. The perfor.ânce of optlMally 

controlled AL9HA and TDMA are IntrOduced aS beneh.ark~ by 

whleh these scheaes can be ,udoed. 

4,_ 5.1 PrOcedure 

Sl.ulation progra.s &re coded ln FORTRAN, and use a 

thorouQhly tested, randoM ' variate 

oènerator packaoe, SUPER-DUPER (28). Each slot ln whlch the 

protocol under study opera tes ~s slaullted IndlvidUI~lY_ New 

arrivais to the systeM are coaputed It the beglnnlng of a 

sioi and labelled al to tiae of orlOln. the procelling 

pr.l~lbed bY the partlcular protocol l, carr1ed out durlng 

\ \ 
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the slot. At ~he end Of each IlOt, successfully trans.itted 

packets are cleared, and statlstles updated. rhe siaulation, 
/ 

thoUqh pertor.ed on a,per slot b.sis, keeps tract of cycles, 

and always prOceeds fOr an Integral nuaber of cycles. 

The choice Of a stopplnQ rule poses a problea. For_al 

$topplng rules consistent .1th our lack of knowledge ot the 
Il 

underlylng distributions Of the siMulation results (rules 

based on a NorMality assu.Ption Or, better stIll, on the 

weaKer assuMption that the Chebyshev Inequallty hOlds) 

1ndlcate long siMulation tilles for .oderately 

confidence levels (80t or sa). As a result it seeaed 

reasonable to apply an eaplrical aethod of chooslng the 

simulation length. 

The procedure used ••• th1s: Short ter. statistlcs, 

complled oyer consecutive seO.enta contéinin; Integral 

numoers of cycles, were eX •• lned ln order to ascertain the 

extent of transients due ta choiee of Inltl.~ conditions and 

the degree ot statlstical stabl11ty (st~tion.rlty). rhe 

portion v1s1bly conta.lnated by translent effects was 

discarded, and the rea.ining reluIts were aVereged. rhe 

nu.cet oenerator seeds. 

for dlfferent Choices of randO. 

lt the cluster of ptints ln' (tS ,0) 

space correlponding to a si.Ulatlon (cholce Of N,p, and 

protocOI) •• e.ed too large the len;th of the st.ulation .as 
c 
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increased. This prOces5 was repeated unt1l the spread _~f 

values alono each axls did not eXceed l,of the sample aean. 
\ 

4.5.2 Results 

are sUMmari&ed ln figures 4.5.1-4.5.5. 

as a 

Simulat10n results are dlsplayed ln (f$ ,D) s.pac~ wlth p 

para.eter. The points shown 1 are the centrold~f the 

clusters reterred'to ln section 4.5.11 the curves are CUblc 

splines with the centrolds used as knots th t~e -spline 

flt~lno. Where a knot i& not expllcltly labelled wltn the 

corre5P~ndln9 Value of the paraMeter p, that Value ~f P 15 

to be Inferred from the labellinq of a curve wlth Identlcal 

Symbol .artinos. In that case, the sequence of p values on 

~ the unlabelled curve, ln order Of Increaslnq p, la eXactly 

that of the Iabelled curve. 

rio 4.5.1 eXhlbits the taroet reolon fOr rando. access 

pro'tocol de.sl0n. A desirable operatlnQ characterlltlc fOr a 

tree search protocoi snould lie vlthl" an area bounded above 

by tDMA, and to tne lett by ALONA. Obvlously, not every 

point ln that reQlon 11 achiey.ble. The curve for 'TDMA 

follows troM analysls (Appendl~ A.2), Whereas that for 

optlaally controlled A,LORA fOllo_s ~roa s1.ul.tlon.'" the 



( ) 

() 

·_ à • l! - ------;. 

1 

-53-

simulation length 15 SODD slotsl rune 

FI0 .... 5.2 slaulated performance of 

capetenak!s· sche.e to that of the theoretlcal bounda 91ven 

in (19) (R:O,N=64). rhe perfOrMance Of the same scheme uslnQ 

direct entry (curve A) and comblning direct entry wlth 

look-anead (SS8S variant - curve 8) are a150 shown. 

FI0.4.5.3 and rl0.4.S.4 examine the behavloun of tree 

searcn schemes, both statlc and dyna~ic, for the buffered 

and direct entry .odels re5pe~tlvely, under the more 

Interesiing condition R=i2. The performance curVe for tne .., 

ssas variant i5 essentlally cO-located wlth that for the 

direct 'entrv variant of Capetenakls tor N=448 (Rt2 

5Ub-div1sions), and, for that reason, 15 not Shown 

eXPl1c 1 tiy. 

The delay-throuQhput performance Of the global queue 

variants (GQV) are Investlgated ln FiO.4.S.S. 'wo G~V·& are 

consldered, ln bOth static and dynaate .odes, and co.pared 

wlth the statie vefllon of capetenakls· scheme. In the 

flrst, a sinole work queue 11 .alntalned wlth a rIra 

discipline. If, ln any slot, there 11 no work ln the queue, 

a1l &Ub-groups not reprelented ln the sylte. have thelr -., 
aearch tre.. relnltl.11zed. The second 11 the çyclleal 

service Iyat.. of ~19.4.4.2, w1th .teckS reln1t1allaed 

1 
" 
i , 
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wnen,ver one 15 found eapty and no Inforeation ~s pendlng 

from that group. In teres ot delay-throuOhput, the two 

scheaes are lndlstlnqulshable, account belno taken ot 

siauletion errOr. ln both GOY·s, adeptlvlty 11 IntrOduced by 

relnltiallzlno the ,earch tre~s at the le.el prescrlbed by 

thé cycle lenQth .lnialzatlon proeedure uslng the estiaate 

of sèctlon 4.2.2. 

rro. tnese results one can conclUde that the 9reatest 

gain ln perfor •• nce la derlved fro. the ule of direct entry 

Instead O~I~Uffered entry. (The coeparl.on Is fair bec.use 

the _twO eXhlblt the saae blocklno p~obabl11tY for glven 
< 

.arglnal, althouOh 1t does occur rn an 
i / 

lapottant reolon ot . ' 

the curye. For operation in thls.reolon, GO .anaoeaent II an 

alternative to the ule of a dynaaic strateQY. As expeèted, \ 

cycle alnlailatlon 11 preferable to Instantaneous.throuohput 

.axiaiaation ln dyna.lc protOcols. The Infe~lot perfora.nce 

of the dyna~lc GOV relat~ve tO the dyna.le dl{ect entry 

protocol wlthout ls 1.puta~le to thè 
\ . 

1nadequ.cy of the elti.ate q=bO/N, when applled to th!. More 

coaple. IV.tea where there are lnteratlons b.t_een groups. 
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Fig.4.1.2So1ution of level skipping equation 

for'mean c~cle length minimization. 
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Fig. 4.5.5 Comparison of two global queue varia~ts dynamic 

~erslo~s (A and B resp.) with Capetenalcis' schelle (static - curve C). 

(Direct entry J N. 448, R-. 12) 
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CHAPTER 5 

AMORPHOUS: A LOCALLY OPTIMUM THROUGHPUr MAXIMXalNG ALGORITHM 

In thlst Chapter, the seerch for efficient access 

protocolS is extended beyond procedures descrlbed ln ter.s 

of tree searches. The structure Inherent In~ a tree search 

suggests optlmlz1n9 over a cycle. we now conslder a sche.e 

(AMURPHOUS). applled to the dIrect entrY case, whlcA 15 

locally optimUM ln the sense that it attempts to .axlml&e 

th~ thrauqhput ln each slot. 

Local throughput lIIaxll11zatl"on 15 accoapllshed by 

deflnlng ;ln each slot, a broadcast grouP Of optl.um sl&e 

and composition. The broadcaSt group 15 drawn fro. the pool 

Of usera - dealgnated the ·act:lve~ group -for Whom channel 

s~atus Infor.atlon resultlng froll the latelt broadeast is 

a~allable. The selection 15 based on estiaates (one ~or eaeh 

terMinal) of the oceupancy probabll1tles ot the indiv1duel 

ter.inals ln the current slot. The dellqn prOble.·conslsts 
~ 

accordlnQly of t_o spbProble-s: the partltlonl"g of the 

active po"ulat1on into ~roadcast and qUi.seant groups 'a bln 

packlng or knapsack ~ype Of probl •• ), _nd the uPdat:lng of 

the prObabl1lty q assoc:lated wlth eac:h ter.1nal (Bayesl.an 
1 

learnlno). 
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5.1 The Partltlonlng AlgotlthM 

. " 

'The prOblell 15 to select a broadcast group fro. a 

(typlcally) non-hoMogeneOus active population (size Na) 50 

as tO lIIaxll1iae the throughput (6 ), 'Ii ven the terlllinai busy 

prObabl11ties -qi', l=l, ••• ,Na. The terminals are ranked in 

order Of detreasing pacleet pOssessIon probab11lty before the 

partition 15 co.puted. Any reasonable updatlnc;a rule lIust 

have the property that the estl_ate of a t,ermlnal-occupancy 

prObabl11ty lncreases as delay accr~es for tbe packet held 

by that terain,al. Slnce the terillnais Of higher q have 

pacKets whlch nave sojourned longer' ln the systell, these 

terminaIs are Included ln the partition with a prlorlty 

CO~Nensurate w1th thelr ranle. Let CI be the variable wh1ch 

talCes the value 1 If termInal 1 in the sorted list 15 to be 

Included ln the present broadcast group, and 0 otherwise. 

rhe vector ç( X) wUl have the torII 

c = 
~ 

{ 
1 

o :J ) X 
, 

where X 1& a threlhold to be deter_lned. -lthout lOS. of 

qenera11ty, w. assu_e that >'11 Integral. 

. " 
," . 

l' ~ 
1 
1 
t 

1 
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PrODleM 
-------

ro Ch OOSt! >r sUch that 

X À 
* L tT (X). = max q n (l-q ) 

Od 1=1 1 '.1 , 
)=1 

The' solution .1s readUy tou'nd in terlls of a test 

quanti ty sO,.},_ Let, 1 

x = q I.U-q ) 

.1 1 1 
À 

S(~) = I: x 
1=1 1 

! = (1,1,1, ••• ,1) 

ln Appendlx 8, 1t 15 shown th.t, 

solution 
--------

(1) If S (Na) (. 1, then ! E L, and L contalns no other 

.,olnt. 

(2) If SCNa) > 1, and 1 < s(>t) $ l·tI,>., ' then ~Ù) 11 

the un1que pOint ln L. 

(3) If S(~) • 1, then both c(.).) and c(~+l) lare ele.ents 
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of Lr and L contalns no other point. 

5.2 The PrObabllity Updating Alqorlthm 

The hl5tory Of t~r.lnal (i) relevant to the problem of 

decidlnq whether t'ha.t termInal 15 occuPled ln the present 

slot 15 SURlllar leed ln the attr Ibute qi • lnl tlally r qj 15 

eqUal to the a priori probabllity p of packet creation in a 

Slot, given that the te~.lnal was free in the preceedlng 

~ slot. With the passaqe of tlme, and wlth successive attellpt& , 

to transmit, tne probabll1ty ql i& modlfled in prder to 

reflect new knowledge of the probable state Of the terminal. 

Let qi ' be the uPdated version of ql. If the terminal 15 a 

_e_ber Of the broadca5t group, Of slze deter.lned bY 

applIcation Of the partltlonlng algorlthm Of SectIon 5.1, 

then, as shown ln Appendlx 8, the uPdating rUle, applied R 

~1 
Slots atter broadcast, Is, 

(1) If no collision ensues, 

R+l 
q. : 1. - ( 1 •• p) .la P 

1 
-( 

(2) If a COllisIon ensue5, 

--
'1 +xt 

cr(~) 

Xl (1-P) -
S().) p ~(>.) [1+ s:" J = 1 __________________________________________ __ 

[ 1 + -~- ] 
S(}.) 

1 - ,(~) 

1-

L' p' 
t r 

1 

1 

! 

1 

1 • 

1 
~ 

1 
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In ,Obtalning this rule,.e have assuMed that the states Of 

the ter.inals in a ~roadcast GrOup are Independeht fra. 

terMinal to tera~nal. For ae.bers of'the quie.cent group _e 

let. 
q. = q + p (l-q ) 

1 l '1 

states of the teralna1s ln the qulescent 

lndependent Of the states ot all other terainala, 

those 1n the broadcast group. 

5.1 Operation 

/ 

/ 

t~at the 

grOfP are 
/ 

IncludlllQ 
/ 

we nave outllned the techn1ques u.,d to create an 

optiM.l partition, Qiven current values of th~q :s, and the 

Manner ln whlch the-q·. are uPdated. FI9.5.4.1 shows the 

infor.ation st~uct~res lnvolved. The p~4tOtOl 

expressed in terM' of the followlng steps. ' 

1. Start vith all ter.lnals ln the active 9roup. 

2. ne. Ilot: update 9·. for _quielcent group. 

l. If any output fro. ~elay 11ne, uPdate\q-s lor 

outpUt qroup ••• berl end lnlert ln active 111t 
~ 

8ccOrdlnG to q. 

, . 

/ 
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4. partition to for. broadcast group. 

5. Place in delay I1ne. 

It 15 easy to lee that the alQorith. deoradea to TDMA at 

large traflic and to ALOHA at 10v ~raffle. 
" 

AMORPHOUS has another lalutory feature, whleh beco_es 
4 

iMpOrtant in th~ aulti-prlority environ.ent. There il no 

fixed TOMA co.ponent. AMORPHOUS 11 elastlc ln s~~ usage, 

uslng only as .any slots in a rOund trip delay as requlred 

to accom.odate optlmu. slze partitions, and leavln~ the rest 

ot the round trip delaY,for lover prLorlty classes to use 

while runnino ln background lIode. 

5 .... Sillulation 

The sl.ulatlon prograll 15 written 1n FORTRAN, and _akel 

extensive use of twO and three dlaensional singly I1nked 

llsts (]Ol. For low~to aOderate traffic, groups Of ter-Inals 

wIll tend to share the S811e Q.ccupancy 

probabl11ties. Thus, tnstead of Pfocesslng individu6l 

ter.inala, groups of ter.inals are processed by .anipulatlng 

the links. For-e.a.ple, sortlnQ 15 acco.plisned by Insertlng 

(linklng) each co •• on-q group constltutlng a·Droadcast group 

'retri~ved fro. the delay llne Into ~be approprlate position 

, .-. -)-, 
l'" , 

{ 
) , 
, 

" 

, 
. ' 
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ln the active 11st. rhe active Qroup II a llst Of co •• o~-q. __ 

headerl, and 11 thUI treated as a two-dlaenslonal llst, 

wnlle tne del.y 11ne , belng a llst of partitions ~f active 

'U.ta Is ttrlvlally) a tnree-dlaenslonal llst. This 

relatiyely eO.plez structure was found to be an aSIet for 

Np<.3. 
1-

. Tne ,illlulation prOcedure, as well as, tne _anner of 

presentatiqn of relults, Is 111111ar to that delcrlbed ln 

iectlons 4.5.2 and 4.5.3. The results are sua.ar l&ed in 

'19.5.5.1. 

5. f Dl.cussion 

rhe delay-thrOuQhPut perforaance of AMORPHOUS for the 

s~n~le class 'case (c~rye A ln Flg.~.5.1) II, over IIIUch of 

the reQlon of Interest, Inferior to that of the tree 

iearents e •• alned prevloully. However, the co.parison wlth 

tree searehes 11 .itlQated to SOMe extent br the Observation 

tnat throughPut ln the conteKt of AMORPHOUS has a dlfferent 

.lnterpretation ,than It has for the SChe.~s conlldered 

earller. At 10. trafflc valuel, AMORPHOUS tendl not to uae 

every slot ln the round trip del.y, therebY leavln9 vacant 

Ilota WhlC:h can be used 'for ,othet' purpoaes (bY otber 

cla •••• , for 
\ 

If throu.OhPUt 

ba.la O~ the nuaber Of alots actually uae,d bY the alQorlth., 

, 1 
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o 

then on' obta1ns curve (8) In_E19.5.5.1. 

The effeèt of the lndependence assu.ptlon of le ct ion 

5.2 11 to ca~se the algorith. to be conservatlwe ln .1*lng 

broadcast Groups. lt ls be~leved that w refIne •• nt ot the 

,alIilOrlth,. el •• d et clrcu.ventlng the Independence as.u.pt1on ~ 

wl11 also l,ad tO a .ore slgnlflçant proprtlon of Idle 

.slOts, enhancing the opportunlty to generate excess capaclty 

by uslng ~~ese slots for other ~urposes. 

o 
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Pia·S.4.1 l11ustrating Information Structures in AMORPHOUS 
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. ~1.S.S.l. AIllRPHOIIS onder Ji_l.ti~: conveati_l interpretati01l 

" of througbput (A) and througbput ~ed on 'the- byis of slot, 1I5ecl ~ 
• " "",a ~ 

by the tlgor~~1uI (B). ~ 

'"' / 
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o· • 
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CONCLUSIONS AND SUGGEST-IONS fOR fURTHER RESEARCH 

. The delav-th~Oughput behavlour of tr~e-search-based 

\ccess,protocolS has been 

slnQle-hop packet satelllt~ 

examlned wlth reference to the 

problui. ' 1 t haB been shown, tiy 

simulation, that certa~n motliflcatlons to a scheme due to 

capetenakls (191 yleld sUbstantial Impr Ovements. A novel 
'" J 

protocol haa been proposed which atte.~ts to maximile .. 
'" 

Iflstantaneous throughput pv cOMposlng broadcast 9r~ups based 

,on Bayes ian es tima tes of ter"! nal-occupancy prObaDl1i tles. 

"-Its relatively poor performance has been ascrlbed to an . , 
Independençe assumptlon. 

) 4 ,. " ' 

The conclusions tO 'be d~a~n from thls wock are the 

followlng: 

( 1 ) Tree-search-based s"chelles 

"" delay-throughp,ut performance (better 
,) \ . 

Capetenakls). 

exhibit 

tnan 
" 

o 

excellent 
'q. 

predlcted by 

(2) Direct entrV 'variant. are unlto,c-lY Prefer~ble (1n terlDs 

of delaY-throUqhPut /perforllance) tO Capetena,Kl& ~ buffered .. ~ 
entry arrangeMent. 

." 
"- " , 

c; \ "~ ': .:.7.,wt' p;r,~.~.~f .. ~.~~,';'~~~:.:·~~_ .. :::~~~.:.~lo.J~_~:~; ... - :jJt.~~?.I,'IÎ.1.,;;rt;t ...... u~.7\*):;~1I .. ~.J.~~~!t.~"l:.!,;\~t ~ .}J:'.." 
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# (3) OPtimal level-skipplng ada~tlve tree searches 'u.p to 

nOdes wnere the average Inform~tlon acQulred ln a prObe Is 

maXlmlzed. Ju~plng to the leVel where a probe 15 most 11kely 

to Yleld a sUccessful transmission (instantaneous tnroUghPut 

maxlmlZ1ng level sklPPlng) 15 s~own to be a poorer P~llcY. 
1 

(4) A global qUeue management ~pproach provides a marginal 

benetlt at moderate p values ln the statlc case, but no 

lmprovement ln the d~na.lc case 

ln tormulatlng the estl.ator. 

,- perhaps due t~ difflculty 

(5) Further work ls requlreQ to fOrMu1ate a true ,. ( 

) . 
instantaneous throughput maXll11z1nCJ~ pOllcy; '. ln ~rtlcular, 
the Independenc~ assu.ptions made ln derlving tne updatlng 

rule fOr the termlnal-busy prObabl11tlti s (Cf. section 5.2) 

mu'~~ be clrcul1lven"ted. Nevertheless, AMO PHOUS prov ides a 

framework in whlch the access prOtocol desig problem ca~ be 

condensed to the ~Ub-prObleli ot designino an updatlng ruie. 

ln sPite Of the" sche-es consldered 

here, there Is a dearth of analytlcal results. The alm Of 

future worlc couid be to sUPPly sOlle of these. Also, the 
~ 

deta1ls Of a .practlcal l.pIelften-ta.tlon Of tree aearche's needs 

further exaillnation. For example, ln a reai S)fSlte., there 

1 

'. 

i 
1 
! 
! 

-- , 
• 

" 
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may be occasional errors made in the,conducL_ of a tree 

searcn. (T~ee searches are partlcularly vulnerable tO SUCh 

1.palrMents.) The effect of such a 1055 Of synchronl&atlon 

and 1ts rellledy should be consldered. The 'use of access 

protocols ln the multl-prlority environment m19ht also be 

examlned. At a funda.ental level, the prOblem of Bceess 

prOtOcol des1gn -ay De vie.ed as a prOble_ ln team decislon 

theory (291. Such a purvlew may'answer such. important 

unresolvea questions as what constitutes an Optimal pOllcy 

for a given information structure (e.9./when informat1on i5 

acquired exclusively vla~the channel stete process Or .hen a 

1111ited allounf of s1de information is ava11able.). 

There continues to be l'1\;er_est ln ,aeeess pro'tocols fOr 

the multi-access broadcast channel. Th1s i5 evlnced by 
. , 

recent pUblications (26,28] extendino CapetenaKis~ worK and 

applyino 1t to .Ultl-hOP packet radio networks. This new 

work points to other research topies • 

. 
.. >" j Zg _ &i L 91SiW1 ~""Vw __ l4iiiNPSŒ"""'" 
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APPE~DIX A ... 

For the special case p=l, the expected delay and the 

wor5~ case dela~ for both the buffered and direct entry 

models can be computed. 

A.1 MaximuM mean delay (buftered entry): 

The delay Incurred by a packet conslsts of twO 

contributions: one 'due tO t~e tl_e spent ~ hold but fers (~ 

and the other due to time spent ln the trans.lt bufter (~). 

:Tne first 15 clearly, 

1 0 E[d,,'P=11=2N-3 
\ 

We now direct our attention tO the second cOntribution, 

Deflne, 

Then, 

J, 

, 

n =109a N 
, 

s.=no~ a19. steps to release packet at terM.(j) , .. , 
. ~ 
s~ = L..J s· 

ja' J 

f 

., 
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E Id" 1 p=lI :;5" IN 
o 

wrlt1ng the recursion, 

1-1 1 
S = 2 S + 2 (2 +1) 1=1, ••• ,n-1 

1+1 1 

S = 0 
, 

t 
0 

and sOlvlnq by z-transtorms one obtalns, 

21 1 
5 = (2 + 2 (1-1»)/2 

1 

Hence, in,S,lots, 
@ 

and, 
{ 

{ 

EID'p=lJ= 3~+n-~ 

A.2 Maximum Delay (p=!, buftered input): ! 

i 

\ ' 

The max1aua delay 15 Incurred by the r19ntapst ter_lnal 

in the tree: 

o 
• 

5 

'r 

o 
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f' 

The cycle length 15 constant at (2N-2)(R/2+1). The 

maxlaulII aean delay,... (eltcludlllJg the last round trip delay. as 
tn 

usùal) 15 then. 

ElDlp=11=(2N-3)(R/2+1)+1 
4' 

This 15 also the worst case delav. 

A.4 TOMA 

. ' 

\ 

conslder the 0 single pac~et buffer. direct entry .odel, ~ 

wltn N ter_inals and li per slOt arrival rate of p. A given • 

terminal 15 served every N 5lots. The tnrouQhput 15, thus. 

'-.J 

N 
~ (p) = 1 • - ( 1 • -p ) 

If a te~.lnal 15 ,to contribute tO the delay accuaulated ln ~ 
\ 

cycle, lt .ust acqu1re a packet .1thln N sl~ts of a service. . . ~ 

The prObablllty that a the packet. 15 acqu1red w1thin 1 slots 

of tne last service 15, 

1 
a = ~ (l-rt) 

1 

. , 

1 
1 0 

l, 
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Tbe avera;e packet delay 15, 

N 
D = N - E ta .. 1 

1=1 1 

The average delaY 15 thus, 

.. 
N 1-1 

L 1 P (l-p) 

- 1=1 
0 = H + 1 - -~---~---~~~-------

\ 6 

N 1 
= --- - -.. + 1 

6 P 

) 
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APPENDIX B 

ln thls ap~ndlx, the selection and UPdatln9 ru les used 

ln ANORPHOUS are derived. 

B.l Derivation of'partitionino rule: 

As in the body af the text; let 

N = population siEe 
o 

N = no. terMinais in the active group 

q = ocçupançy pr.obabl11ty I-th ter"lnal actl ve 11st 

x = 
1 

S( ~) 

P(~) 

( )1.) 

L 

Clal.: 

q I( 1 
1 

=~ 
1=1 
). 

=0 
"=1 
~ 

= f 
1=1 

- q ) 
1 

x 
1 

\ 
(l-q ) 

J 
), 

q n (l-q ) 
1 1_1 j 

j=1 

= S(}.) P(~) 

-- ( c : t{ (c) = .ax C (c) • 
.r, (~) 

v (1)6(~)=Ç(~ ... p IffS(À)=l 

(2) ~(~)~ &(~.1) 1ft S(~)}l 

. , 

, 
, , 
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() ~().)~ ~(~-1) 1ft S( )~ l+X~ 

(4) & ~ + 1) - ... (À) < 4"(,\) - 46 ().-l) 

a 11 1 • t. S (X ) < 1 +" ). 

Proof: \ 

The claia can be verlfled by direct computat1on. 

the par~itlonlng rule of section 5.1 follows directly 

froll these claills. 8y (2), 11 S(N .. ) < ,"" then !-L. and L 

contains no other polnt. BY (2). (l), and (4)" If s(.~) 4ii L, 

then s().) ',<1 +~ Hence, If S ( >. ») 1 and E().) f!! L. then 

l~SOU'::l+Xt If s(~ )=1, then c(À) and c(~· ... l) are bcnn 
, , 

"elellents of L. 

o 
rhoUVh the partltlonlnq rule ha~ been derlved hete 

under the Int~ltlyely ~easonable alsu.ption that ter.lnal5 
\-

snould be Included ln the broadeast 9rou~ ln order of. their 

estl.ated probabllity of occupancy, tfiis assu.ptlon 15 not 

essential ln arrlvlng at t~e results. It ean be shown 

rlgorously that optl.1zatlon over all possl~le N, length 
'" 

a veetOr. of blnary valued ele.ents le.da tO the 'sa.e 

selection rule. 

0', 

_ià.'!m. ma ! taa 
\ 

"Ff~ 
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8.2 oerivation of tne updatin9 ruIe; 

In addi~lon to the' SY-bolo9Y of 8.1, let 

qi = teralnai (l)-occupan~y probabil1 t y ln' slot (1 ) 

qi = teralnal (l)-occupancy probabl1i ty ln slot (R .. !) 

91ve~ channel state resultlng froCII the broadcast 

ln slot(1). (l=l, •••• H,,) 

;- = 1 - Cl-p) ~+, 

~ = , probabillty of 'collislon ln slot (1) 

Deflne the tOllowlnQ events: 

8 = { teraln .. l (1) busy ln slot (1) • 
C = i collision ln 5lot (1) } 

A = « teralnal (1) acqulres a packet dur.lng the next 

rOund trip delay (ln slot5 2, •••• R~I) } 

1 = { teralnal (i) 15 Idle ln slot (1) • 

There are two 9rOups of ter_inals to conslder: the broadcast 

9roup and the qulescent 9rOup __ ,Me.bers of the broadcast 

~roup (l=f •... '~) ~re updated ln slot (R+1). thoSe Of the 

Qdle5centl group ca~ be updated 'l •• edlatelr. The c~uclal 
J . 

assullptlon 15 aade that" the states Of the ter.inals are 

o IndeRendent fro. ter-lnal to ter_tnal. 

\ 

\ . 

1 

1· 
- 1 , 

1 
1 

1 

\ 

, 
1. ~ 

l 
f 
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1) rhe broadcast group: 

tase' (i): no cOllision in slot li} 

have eapty buffers in slot {1). The ~robabillty Of havlng 

acqulred a p~cket while ln the delay 11ne 15 l' • Hence~ q=.f, 

1=1, ••• ,~ • 

Case lil): conflict ln slot (1) Firsty note that, 

8y Baves· rul e: 

= Pr(tera(I);bUSY slot (R+l), collislon slot tl~"E 

= ( P(8,Cl ... PCI,e,A») I~ 

= ~ PlCe' B)PUU ... pei ,A). - p(ë, 11 AlP(A) J 1 E 
).. ). = (q'(l- n e!-q li ... ,PU-q - n (l-!1"q )-l: q fi O(l"'q HIE 

Jo jlfl j" 1 '=1 l 0 '~1 j k_l ,k . 

=[q - x P.(À) ... Il (l-q -P(~l+x 'Pl"'l- ~(~)JJ /.~ 
0'1 1 1 1 1 , 
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