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Abstract 

'0 

The hinary' tree architecture 'has been widely used in vanous VLSI (Very Large 
l , 

Scale Integralion},imp1eIJlentations. A. new modul~i, fault-tolerant sche~e ,is prop'ûsed 
~ (\ ' 

for the blnary tree architecture. The apprQach uses modular fault-tolerant building 

blocks ta construc,t the' complete binary tree. Each modure ~onsists of a spare nod€' and 
Tt • ',! " • 

sorne redundant links to provide fa\llt-tolerance. The faul,ts ar'e controlled locally within 

the modules. An optimal O'(n) area layout scherhe is proposed for an 'n' node modular 

structure. Partitioning of the complete binary t.ree among several chips is'shown to be 
' , < 

very convenient due to the modularity of the structure. Th~ res~ructur~ng ope'ration; 

aft~r each faulf-o'l'ccurrence, is very' simple and local to each faulty module, The l'esults 
- . 

of comparison show that the proposed fault-tolerant scheme is more relia?le, 'mo~u1ar, 
, , 

and easier to ïrnplement than the existing fault-tolerant schemes .. . , 

, , 

,,' 
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Lp,> 'itructure'j en arhn' binalfe '>ont lltdl~èc~ dan~ plll'>l('ur<, ((fcuits intégrés a h,wte 

\ I,,'j' ~ 

performance. L'ne llOll~P~k apprôdH' (·"t. pr()po~e(' pour pprmeltT(' il un \ITOU! av(!c une 

,lf<:hitecture en arhre blnalff' dc fonet IOIlIlI'r fT}(;mp ('[1 pn;,>cllcc de def(,(tuosltèe~. Cpttt' 
1 ('. .. 

'approche est modulaire d lit di,,(· dC''i müdull'~ llItrin.',('quemen t tült'rant aux defauts pour 

(ünstnme l'arbre bln<ure complet Ch,lquC modal(' comprend un noeud de reserve,et 

plt~slelH~ liens dddit,loneb pour p{'rmettr<' IIll comportement correct méme en prespnce 
, 

de défauts. Les défauts ,>ont détrctés locdlt'ment. dans chdque module. Une topologre 

régulière pour .. disposer un abre dt' n noeuds ~ur une 'iurface O(n) e'it ~uggérée. La 

:,ttucture .très regulIèrp de l'approche proposée permet de répartir un arbre complet sur 

plUSIeurs Circuits intégrés-. reliés ensemble, •. Lorsqu'une erreur est détectée, l'opération 

d~ restructurat~on qUI s'ens'Ûi'i: e~t 'très simple et se fait localement dans· chaque module. 

" 

~es ~esult'dts obten,llS mon~rpllt que cette approche est plus fiable et plus facile à réaliser 

que les ·approches e'(is~dntes. 

\' 
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IntroductIOn 

1. Introduction 

The binary tree is a very useful architecture for various VLSI (Very Large Scale In-
1 

tegration) implementatlOns. Networks of hierarchicatcomputing systems and Back-End 

$torage :\'etworks are efficlently designed using this arc~itecture. Basically, a certam 

L 
number of nodes (dependmg upon the depth of the tree) are connected by commumca-

tion links III a fashion to form the binary tree structure. The contents of anode depends 

upon the' designed network Anode can be a speciahzed computer interconnected with 

sorne other: computers and exchanging information with the others or it can be a storage 

site for a data storage network. 

One"distinct advantage of the tree architecture is the faster speed of lllformation 

exchange., For an 'n" element binary tree the depth or number of levels In the tree is 

O(logzn). The maximum communication distance between two elements in thls tree is 

2log2 n, which is the diameter of the tree. Thus. the speed àt which a binary tree can 

-
cbmmunicate !S.O(lOg2n), which IS much faster than O(n) communICation speed for a 

linear array 

Symmetrical hierarchical binary tree system has widely been used in the design of 

multiprocessor systems in which each node of the tree represents a processing site or 

a site from which mput or output (1/0) might take place., Sorne dlctwnary machines 

and pnonty queues have been designed using thls multiprocessing binary tree archi-. . 

tecture. Bently and. Kung designed a simple but efficlent dlctlonary machine using a 

binary tree with the data elements residing in the lowest level of the tree. 0ttmann et 

al. [8] describe an mlproved machine' wlth optimal performance usmg the X-tree archi-

tecture. Independently, Atallah and KosaraJu [1] designed another dictionary machme 

l 
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with ~ptimal pe(formance usmg the pure binary tree architecture The pure binary 

tree architecture has also been used bv Somafll and .\gan\'al l2 to desIgn an optimal 

performance but eas) to Implernent uysorted dietlOnary m4ehine 

As computer systerI)s become more decentrallzed, there IS a greatf'r nced ta -;hare 

resources that are elther too speelalized or 100 costl~ ta repIreate Thl!':> n('pd ha,> led 

tü the dev('lüprnent of speuallzed B(Jck-End processlIlg -,\ ::.tem'i \\ hlch pro\ Ide lunet lorI!:> 

that are in a ,,("nse optmllzed elnd thelt ma) oe 'ihared b~ ,>pvt>ral u~ers \I\lltlpron>s!:>rng 

Grey <'1 al. t propose a Bark-End "'torage :'\('t\\ork (H~~) \\ hI( h U!o('!:> t hl' bmar}' 

tree 'ilructufe. Each nodp of the trcp h trealcd cl!:> cl "torel?;e ~Itt' ot IcH Illt\ \dllch 1'> 

InLfrCOnUP( [('d \\llh Illgh-"p('pd ('OfJlJIlllnl(eltlon pedlt.., repf(,'ienlt'd 1>\ the IInk'i of the 

tree. 

These 'varlous us('s of the OmM\ trpp drchltecture haH' alread y prO\ed ib \\orth il!:> a 

::,tructure Howevl'r. ,>v..,tt-m relléihillt~ 1::' el \('f) Importrlnt ( nterIrl tn Jtldge t ht' PlficlPnn 

of a Sy'3tem lt is c!cslred that dn t'fnrIent ,>}stern tH' ,>ufhclt'ntl:. rellclblc cine! el\atlaolc 

as \\('11 Hut, one rnc\.Jor \\eakrH' ........ ot thl' hll;etr\ lr('(' cH(hltt'rlllrt' 1'" th,1l tilt' operation 

slIlgle proces~ur or a llllk md) lfl"dlldatP the operatlOli of the \\I!ol(' tf('C Th,t[ 1.., wh} 

Il has nePlI rCdllzed thel[ "OIIl(, fonn of falllt-tülcrane(', cl prmen dp!:>l?;nlJlf'thoJolog} for 

achlevlIlg lugh relidblht y ;-.hüuld bt' Incorporatt'd mto the olllary trt'c ~rchltect\Jre to 

make the de!':>lgned '>~ ..,[PrrI rca;,onabl} rellablt' and il.\adahle 

There eXlst two dlfferent fault-tolerance approdche'i for deslgnlllg blllar} tree ma-

chines. One approach allo\\;, 'iOI1W degraddtlOlI In performance of the tret:' ,,)!':>tcm ln 

2 



IntroductIOn 

the prpsence of faults. This assumes the system to be repalrable However. during the 

perrou of outages the rest of the tree IS available Sorne additlonal Irnks are connected' 

such that the non-faulty nodes remalI! rnterconnected lI! the presence of faulb Such 

schernes are presented ln 4 and g. 

ln the serond approach the rigid tree structure is malfltalIled even ln the prp'3ence of 

fadurp'-, Rpdundant node., and 1mb, <He provlded to rep!.tce the fau!t} nodct, and rt'build 

the complete bmary tree :vtalfltdlnlflg a rrgld structure lt, a must for Illll!tlpro(,f''>'3lTlg 

nctworko, Ir kf' dIf! IOflar\ mach 1 ne For th 1'3 r('a50n. ,.,e\ ('rai IMper" h il vr corI,., 1 den'cl 1 h i'i 

approach of deslgnlng a fault-tolerant blflary tree. Tho~e schernes art' re\ lc\\ed ln the 

next chdpter 

ThiS the~ls propo.,(',; il fault-tolerant ,;('hemf' of dt'!:'llgfllng cl. blflclr) t.re(' Ihlng tilt' 

rigld tree !:'ltructure dpprodch The uniquenes:::, of thl~ ~chenU' 1'3 1 he rnoduldr ..,1 fllt ture 

WhlCh l'i perfectl} "ulteo for VI,"'; 1 de:::'lgn methodology. -\ fdult-tolerant r;lOdllle or 

buddlflg block 1'1 deo,lgned whlch ('an db'iorb or tolertit(' a !:'llnglt'-fdult prp,>ent IfI IL 

RepetitIon of tlw module dnd Intpfconnertlon gl\1' d complete btn,lr~ Ire(' 

Tht' IHodllle con:-,hh of <l f\llrllht'f 01 Pfocp",,,or,,, (onnpc1t'd Il\ llllk~ "Ill! (' ('<1('11 

[(lodulc' (,ifl lolpfdlt' o[Jh ,1 ,,>llIglp !dldl \\ III'[l(,\(,f,l t,udl O( (Ilf'> III," lnlldule' r 11(, lll()dult' 

must be restrtlctured feplaCilIg (IH' fault\ part The (rpf' ran tolerate multiple LllltUP'> 

as long ,l'i no module ha" more t han OfW fatlurC' 

The rnoduldr approarh hd'" ('f'rtam ad,'antages o\'(-'r the eXlstmg !:>cheme~ Dlle to 

the regularl:- ~trll('t lupd deSign an optImal H-t rel' ltke lal,out i., obtarned for the dC'slgn 

\n effiCient Chlp part ltloning 'ichE'me 15 also thC' outcome of the modular structure 

The restructuflng !:'chemp 15 local and rea!>onabl} sImple The redundancy ln ltnks 

J 
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18 much It'ss rürnpared to the eXlsting ~cherne8 Rehahlltty of the sy.,tcm,uslng the 

new approach, Improved slgntfkantly cornpared to the non-redundant sY'itcm and ather 

existing redundant schemes 

The follüwlng chapters desrrtbe thls rnodular blIlary tree drchltecture ln detatls 

Chapter 2 glVPS an menle\\' of the cXI'itlng fault-toleriwt "ichemcs \\p dcscrtlw tilt' 

rnoduldr approach topologlcé1lly ln chapter:~ Chapter 1 descrtb('s'the W"it('rn o,tru(-

turally In terms of layout , rp,>tructunng ptr [n lhaptef:;. the ~ystem IS e\aludted wlth 
ry 

the Il.'lp of probabili'itlc rnodelmg and ('ompdrt'd \\Ith Il \E (RaghdvendrcL \vl'l\('nl'o 

and Ercegovac) fault-tülerant s( heme prp'icntpd ln q 

1\ .<-

4 
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ReVlew of Llterature 

2. Review of Literat.ure 

TIll~ chapter offers a brIer reVIew of the eXISl.'lng fault-tolerarü schemes before going 

mto the detatls of the modular sc he me In the following chapters The fir~t ~ectlon 

dedis \VIth sorne fault-tolcrant schemes whlch are related to. but not deslgned to be, 

mu\tiplf' fault-tolerant hlIlary lree archltf'cturc!o Hov.cvcr, the thn'f' 'iectl0n" following 

that of>scnbe thrf'e differf'nt "cht'!Il('s for deslgIlIIlg fault-tolcrdnt blllary tree d~(hlt('cturc 
1 

2.1 R('!atpd Sèh('lIws 

l', 

ln ,-)1 II~\ ('" ha" oesrgrH'd .l felult-tolerant <"y "t('nI <.,uch 1 h<lt tt réqlllr!'s 1 hf' ffilfllllllllll 

number ot ~pdre Ilode" and rcdundanl Illlb for tolerating cl ~lllgl(' fadure ln the "i! slern 

• 1 , 

\notlwr ~11Hh b\ I\wan ,1Ild 1'01da III () con"lder'i the d('''lgn of optimal k-fdult tolerant 

"y"te[l) They have extf'lIded the \\ork 1Il .) and 'itudled procedures for designlng 

optimal fallit-tolf'rant 'iy stem" for a ddSS of hlerarchlcal tree ~tructllres . 

. \notller tnterrsting rMper ln thls regard j" 11 on rnultlprocPsslllg cdl archlt('ctllre 

"ultable for \'L:-;l lmplenH'fltatlOIl. bas('d on De BrulJn graphs \Ithough not dlrectl~ 

conn('cted 10 f,mlt-tolcrant hlnan t ret' problt'tll 1) t' HruIJfl graph (cHI forrn ,1 f,lldt-

tnlt'ranl Ililldry tH'!' ln gelwr;t! the Dt' Ilrlllill grclph ha~ \ 

h ,md degrce 2d. and corre"pond'i to the :,talp-graph of a ':ihlft r<'gistcr of length k USlflg 

d-ary. (hglt'i A shlft reglster chaIlg<"> d statf' by addlllg a digIt to ~)fle side of the state 

number and then by delt'!ing ont' digit from the other side Tllus. De BrulJn graphs arp 

dho referred to as 'iluft-dl](j-ff-'plan' graph~ \n S-node De BrulJn graph with d-2 15 

shO\\ n in FIg 2 1 This (dn form a three-Ie\cl (seven node) bmary tree \VIth any l10de 

or hnk going faulty Thm. De BruIJI1 graph also gl\es a ont'-fault tolerant bmary tree 

.5 
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" 

Fig. 2.1 The 8-node De Bruijn graph. 
'~ 
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ReVlew of Llterature 

Leiserson_, In ij, proposed an O(nlog 2 n) area layut for a chip WhlCh can Implement 

any binary tree of 'n' vertices by slmply adding n solder dots. The scheme is shown In 

FIg. 2.2 r Instead of using solder dots, switches can be used at the intersectIOn of the 

vertICal and horizontal wires ta form a restructurable fault-tolerant bmary tree 

2.2 Grey et al. Scheme 

1 
In 4 Grey et al. proposed a fclllit-tolcrant architecture for designing l1ack- End 

(1 

Storage Xetworks (RS~) based on hlerarchilal tree "ysteIIl~ The bd"ic topology 1':) 

based on a bma,ry tree system in which addlt.lonal bidirf'ctlOnal rr08." bob have becn 

'\( 
placed to rnake the r('~ulting topology one-fault tolerant. as shown !JI Fig. 2:l ln thls' 

(, 

deSIgn, a sy,>tem wIll remaIn operatlng as long as ail the non-faulty nodf's ar(' rcachable 

through the links It IS not always-necess~ry to mamtam is~rphism The approach 

IS to provlde lOnnectlvity m the presence of fatled nodes ThiS IS done by provldIng the 

cross lInks The one-fault tolcrance of the resultlJ1g topology IS gUdrantced b) observmg 

that every node 15 redchablc lJ1 the presence of any Single no de failure. 

~ 
The sy..,tem also tolerate,> DOllble and \lult.lple node fatlure"i \Vith "ollle r('..,tflft!ons 

It I~ shown that the fallit-lolerant 'I( !Jerne 1" more [('lIable th,llI t tH' corre'lpfllulillg I1ull-

rcdundant tree system ln ail the case~ of IOterest. Also, the archltecturf' is extensIble 

The proposed architecture I~ a performance degradation scheme. The deSIgn as-

sumes sorne system degradatlOn durtng pertods of outages. Such dn aS5umptlOn IS valid 

when we talk about nf'tworks Itke BS\! Becallse. each node of the trf'e 15 con~ldered 

as a Storage SIte (8S) which are mterconnedeJ wlth high-speeJ communICation path" 

represented by the llllks of the tree So, as long as the node connectivity is mamtained, 

7 
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, 

. . . 2 

1. 
" 

'-'-

0 [ [ C 
L-

~~l 

Fig. 2.2 O(nlog 2n) area layout for a fault-tolerant binary tree. 
" 
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Fig. 2.3 Grey et al. fault-tolerant scherne. 
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required data can mme praperly although th~ rigid trt'e 'itructure IS non-exlstf'nt 

The hierarchlcal tree system IS widely Led In the df'sign of rnultlpracp..,sor ,j s-

tems. In sueh a sy~tern, eaeh node of the tree represents a processlng site. So, ln the~e 
, 

rnultipracessing systems, fault-tolerance shauld be incorporated in 'iwh cL rnanner that 

the rigld tree structure IS malntalfled ev('n 10 the presence of failurcs. Ho\',e'Ver, Gr('y 

et al. scheme has not been deslgned 1,0 use a!:> cl multlprocp!:>sing net\'.ork Ilke diLt}o-

nary machine, priortty quell(, etc Therefore, ItS lise is IImlted ta the deSign of sforage 

subsystems for dlstflbuted !HOCPSSlng 'iysterns 

Another drawback of the deSign is the root node [n thl!:> topology, If the root IlOOP 

fads, the rerncLIIllllg t [('l' I!:> ILü Illon' d( ces:"lble 1 hrollgh the lillk~ '"'o. 1 hl' 1001 llode 

~ 

,houlcl be weil protpcted ln a ns:'>I the root nod(' nllght be con">ld('red dS cl global 

controller f~r the entlre BS\i whlch IS heavdy fault protected through t he application 

of dynarrlle redunduncy 

2.3 Diogenes Approach 

2' and 'lOi cle>,(fibe the Dlogene'i approach of d(,'ilgnlflg ,1 fallll-toicrant blndry 

tree. The es!:>ence of Dlogene,,> IdyOut ;,Irdtegy 1:" to Icly the proC(-''>Slllg ('1l'fIlellt-. (PE~) 01 

the clesired array out lfl a line. with sorne number of brmdks of wlres runnlflg abo'Vc the 

lme. However, for the array to be blnary tree, there should be just one bundle 

faulty PE (determined by preliminary testmg) would be "told" ta connec!. 0 lines to t e 

bundle (so that It would be J11St passed over}, and each fault free PE woulcl be .. told" 

to take m 1 line. and to let out either 0 or 2 lines. thereby ta aet, respectively, as a leaf 

or an lflt~rnal node of the tree II. IS the dynamic '5etting of the control sWltches that 

10 
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lends the arrays thelr conhgurability, hence thclr tolerance to faults. 

Fig 2.4 ~hows one cell of the Diogenes layout of a depth-3 complete binal'Y tree'- In 

this simple structure the bundle contams only three wires. In general, It IS shown that 

the number of wires in the bundle rrever exceeds 

lug2(the number of PEs fabricated)). -

.. 
Thus, for 'n' PEs placed in a (loglcal) line, the depth of the stack should be log2n 

o -

So, the layout area for the 'n' no de binary tree is'O(nlog2n). This IS optimal for collinear 

layouts of complete binary t!"ee. 

The Dlogenes layout approach IS optimal when the nodes of the bmary tree are 

placed along a line But it is possible ta do better by spreading the nodes throughout 

the chip in thè H-tree method of layout. In fact, H-tree method is the optimal one for the 

binary tree layout. It requires O( n L area for 'n' node binary tree. Sa, Dlogenes layout 

is optimal for a collinear bmary tree but not optimal compared to every fault-tolerant 

binary tree scheme. 

Diogenes approach affords dynamlc fault-tolerance ln the tree structure. Whenever 

a fault occurs. the whole structure of the tree is changed. Restructunng begms from 

the nght and proceeds towards the left in the array of PEso Every restructuring glves 

a new set of fathers and sons ln the tree. This can give rise to a problem In machines 

like Atallah and Kosara)l.l. DlctlOnary machme!ll (or. Ottmann et al. machine '8-). [n 

th('~e machmes the data is stored in a ~orted order Aft('r restructuring, the oodes 

change thelr logical pOtlltlons and the sortcd or der does not eXlst any more. Thus. the 

dictlOnary mach mes Will not be able to operate with this unsorted data structure. 
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Fig. 2.4 
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One cell of a Diogenes layout 
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2.4 RAE Scheme 

In 9, Raghavendra, .\Vlziems and Ercegovac suggested a fault-tolerant tree struc-

ture whlch can tolerate multiple failures \VIth some restnctions. [n fact, this scheme 

(referred to a;3 ~AE ,>cheme ln th\ followmg) IS the mam inSpiratIOn of the proposed 

design It has been referred to. tlml'\. and again. throughout the discussion. The modu-

\ 
lar scheme is compared wlth R.\E scheme ln terms of layout, restructuring and system 

reliabdit) 

Ragha\;endra et al., in g. ha\ e p\oposed two dlfferent fault-tolerant mechamsms. 

One wlth spares and another one Wit performance degradatlon. The performance 

degradatlOn scheme has ')ome similaritf with Grey et al. scheme described earlier in 
1 

thls chapter. This performance degrad~tion scheme IS shawn ln Fig 2.5 There IS one 
, 

~fare node for the root and extra links! from each node for redundancy When anode 

rads, its nelghbor will take over ItS computation and thus will have to do more work. This 
, . 
type of fault-tolerance scheme 15 more sUitable in systems whcre the communICatIOn 15 

qUlte robust and the nodes are falrly powerful computer performing independent tasks 
.' 

The scheme wlth spares IS more mterestlng which assumes a fixed tree structure 

t 
even in the presence of failures In this scheme the fault-tolerant tree contams one ,! 

spare node per level, wlth redundant links for protection against any failure in that 

level. The loglcal struct.llfe of the tree IS shQwn in Fig. 26. When there 15 a fadure, 

reconfiguratlon IS done ta mamtam the loglcal structure of the bmary tree This scheme 

tolerate<; "('veral fadure~ if tho'ie arE' ln different levels of the tree 

RAE ha\ e extended the sc heme for hlgher protection agamst node failures. The 

technique IS to provide one spare for every 2' nodes, for sorne value of 'i'. The extended 

13 
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D AC.T IVE NOOE 

SPARE NooE 
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Fig. 2.6 RAE fault-tolerant scheme with spares., 
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fault-tolerant scheme with most spares will be that where there 15 d "pdre for ever) pair 

of nodes, whlch is shov. n Fig 2 ï 

RAE !'cheme <uses a large n umber of redundant Ilnb for fault-tolerance \ nurnber 

of these links cross each other Thl~ (Icarl) romplicitles Ihf' layollt ,rheTTIt' lor .... urh a 

structure The tayout would not be area effiCient III trrms of the numlwr of nod('s 

The fact that a lot of Itnks (at mo~t t'Ighl) dre connt'cteu 10 each floue lTl<rease'i the 

node complexlty However. Raghavendra et al ha\e 'iuggr'itrd t hr u::,e of dc(oupling 

network~ between the leH'I.., of the hlfldf\ tn't' 10 100h'r dc)\\n the no<l(' «)mplf''\lt~ But. 

dewuphng netwo,k" aga,", WII\?\",e the layont and ",ntmg ",mph") 

In facto the dddltl(HI O!:l Ge llulIl!H'rof TeJunddlit IlIIk" IllcLkh tilt' H.\/':"tructure 

less attrac tlVP from tllf' \'L~I pOIIlt of \ 1/:'\\ The "chelll{, 1.., not dTt'cl-etfiut:'nt dut' 10 the 

overiapplllg of the links. :\150 the tree cannot he convenlentlj pa.rt i t lonrd among several 

thips using this scheme. 

16 
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The Module Topology 

3. Thf> Module Topology 

The propo~ed fault-tolerrlJlt bmary tree architecture is based on a modular scheme. 

The topology of thls rnodular "cheme is descnbéd ln thl;, ,haptn Sec :l.1 descflbes 

the topo log) of the basic rnodular block .\lodule mterconnectlon. \\ hICh 1" n('c(',,~ary ta 

form a corn piete bindr) 1 rpt'. 1" dl'iCU::-'ied III :--ec :~ 2 :-;P( :~:~ de,>crdw'i ..,omp propertIe:" 

of the moJulcu ,>cherne and finall) :--ec :~ 1 givp::, 'Sollle extell'ilon.., of the '>( herne to lorm 

higher le"el modules. 

3.1 The Basic Module 

In general, cl. complete billdry tree (an be formed wlth sorne IloJes connected by 

links 'Jod("., dn' the h1lIldtrl)!; hlo< h'i or 111111" ta form tl1<' 11IlldfV trpc The brl:..ic ~dea of 

the propo,>eJ topology I~ to replacc a group of node:" by d modular block \\"e will :"ee 

later ho,", thc'.,c blocks are Intercollnected b) Imks ta forrn the complete blllaf) trre 

Th<' rnoduldr block IS a lault-tolerant butldtng block for the Dlndr) trer It «)n~l"to, 

of sorne norle., <Ollnected b'v Iinb ta operatt' a" a ,>ubtrf'f' of the compl!'t!' blTlélf\ lree 

\150 . .,orne rf'd\llldrl[l( \ 1'> Ill< orpordtprlill the !llodule to lll<lb' 11 filllil-1ojprdflt 

FI~:l ,>hOl\.., t he bu.>/(· modlLlur blutA From no\\' Oll, 1 he lerlll tr/odll!r ",dl Il\' U'-,('J 

to mean the ba"lc modular blork. uule:"s ()t.herwI~r statcd The module consl~ts of tour 

noues (processor) connelteu by links. The nodes are mlerconn('cted ln such a fastllon 

that at any tlme an} one of these four nodes can go fdlilt} and the relTldlfllllg three 

nodes will form the actlv\' s\lb-tree For (lxample. when :\2 (or NI) goes falllt ... :\3 and 

'-. 

N4 (or \"2) are the sons of )i 1 Slmtlarly, for \3 ta be faulty. N2 and \4 connect to 

NI. Fmally. for fault] )IL :\2 and :\.-1 become the sons of:\3 Ail these changes are 

18 
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NI 

Fig.' 3.1 The fault-tolerant basic module. 
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implemented by a local restructunng !-ichemc descflbed In Chapter t 

The module is a one-fdult tolerant (or, one redundant) bloà It ('dn tolt'rate at 

~~'à\ fault at any time Whether the module is fault,y or not, three out of four nodes 

roml the \\~e 'ub-tree. Thu" the module maki', a th'ec-nodc two-le,e1 "ub-leee fu' 

the complctc,\nalY tree 

\ 

3.2 Modulp Int(lfcoUIH'ctiou 

The module l'i a two-lt'\pl thref'-node 'iubtree ln order 10 form ct ("orTlEletp bmar) 

tree, It is IH'('f'SSan to ('Olll\('cl Ill(' modulc,> togethPf 1Tl <t t'prtdlfl mallrwr :-;ürne ,uidl-
, -1 

tlonallinks MC rf'qlured to conrH~ct t he module". The modulp Cdn 1)(' dp;'lgnpd lfl "uct! cl 

a module wlth mterconnectlon links lncluded ln it. Links L2 through L6 arc the normdl 

links of the mod ull' Seven {''{Ira links. Ll and L7 through L 12, dre added 10 t hl" module 

for thc interconneltlon purpo;,c .\ module hdS one node ln thl' fir"t 1('\ el and t\\O nod('~ 

ln the next Icve!. The two node" ln the 'iecond level .,hould hdve fOlJr ;,ons in the ne\.t 

Ip\pl :-;0, four rnodules drp conn('( Ipd ln thp,>c' t\""O nodf''i Ifl th!' "P( ond !f'\ el of tht' fir,1 

TlIod ule T he fi rs t l(lvei llf)dp 01 Pd( fI of t h('o,l' loti r lllod u 1('-, lorrll the t III rd lev (' 1 of t hl' 

bmary tree. 'So, the'iP four rnôdulp'i form thl' thlrd and fourth level of the trt'e Then., 

again, sixteen modules are connected to these fonr modules to forrn the firth and sl::\.th 

Jevels of the trpe. Tills lf1tercOflIlection pro(e~:-, continue" unttl the Jeslred depth of the 

tree IS achleved. The Interconnecl Ion scheme l~ shawn lfl Fig 3.;~ 

~otlce that. though each hlgher level module IS connected to four modules In 1 he 

next lower level. 'S IX m terconnect IOn lInks are used l!l~tead of fou r Th IS 1;' because, the .,. 

20 
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mterconncction betweeh the two nodes of the eonneeted modules is not fixed. Rather 

It is adynamie interconnection which can eliminate the faulty node and conneet two 

adive nodes of the two II)terconnected modules. As for example, ln Fig. 3.3. L8 and 

. L9 connect M3Nl (node l of module 3) to M1N2 and ~flN3 respectlvely This IS a 

flexible connection. When \1I~3 is faulty, L8 actlvel)' connects M3l\1 and MIN2, and 

L9 is inactive. However, If Ml;"l"2 IS faulty, the case IS reversed. Sirndar IS tHe situation 

where LlO and Lll conneet M-tNl to ~fl:\T3 and Ml~4 respectively. Thus, two extra 

mterconnection links provide adynamIe znterconnectW71 scheme SUltable for the fault-

tolerant structure 

3.3 Properties of the Modu]~r Scheme • 

A module c,onsists of four nodes conneeted by five links. Adding seven links for 

intereonneetion (one for the root and six for the sons). makes it a four node twelve link 

building block. We now Investigate several interesting properties of this topology. 

Property 1: The number of lznks ln a modu/ar tree IS gwen by 

32.5I:k 

m 

= 325 * L241 (3 1) 
I==(J 

where -lm IS the n umber of levels În the tree for any În teger value of 'm'. 

(Eqn. :U IS derived in Chapter 4). 

If the reliability of the Imks are treated differently frorn the reliability of the nodes, 

that is, link and nod,e failures are independent, then the number of links in the topology 

23 
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Influences the system reliabllity signdicantly A topalagy wlth a large num,ber of Imks 

IS likely ta be less reliable than one w\th a smaller number of lmks. ail else being equal. 

It will be seen later in the next chapter that the Imk ratio IS significantly improved 

for the modular scheme compared ta RAE scheme. 

Property 2: The maXimum degree of any node ln a moduiar tree IS flve, 

From the point of view of node complexlty, in terms of mformatlOn transfer and 

m~sage routing, it IS important to keep the number of connections per node as small as 

possible. Whereas RAE scheme has the maximum degree of nine, this topolay succeeds 

in this respeèt by güaranteemg that no node requires more than five connections ta 

communication channels, 

Property 3: The. modular bmary tree 18 equivalent to a k-ary tree with k={ 

Each module is connected ta four modules in the next level ta increase the tree 

depth Thus, treatmg the module as a black box. the binary tree becomes an eqUivalent 

4-ary tree consisting of ~ (4t
-l-

1 - 1) modules far any'i' level 4-ary tree, as shawn III 

Fig. 3.4 This is important because during the layout and other structural issues we 

consider the binary tree as an equivalent k-ary tree. This helps ta obtain a symmetric 

structure convenient ta repeat in VLSI 

24 
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Fig. 3.4 Equrvalent 4-ary tree usmg the modules 
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Property 4: The modular oznary tree can to/erate faulty nodes, at most, equa/ -io 

one-thrrd of the non-faulty nodes ln the system. 

If there are n modules in a tree system and there is a single fault in every mod ule, 

this 4n no de btnary tree can operate wlth n faults In tt. If the fault is greater th an 

n, there must be at least one module with ~bre than one fault But a module cannat 
l , 

tolerate more than one fault at any time. S6, it Implies that a 3n no de bmary tree can , . 
at most tolerate n faults in it. It is also obvious from this faet that the modular bmary 

tree has one-third redundaney In the system 

3.4 Extensibility of the Scheme 

The proposed modular scheme has the capabdity of extenSton. What It means IS 

that, a building block larger in size can be constructed out of these smaller blocks to 

form the modular binary tree. 

The first level extension scheme gives a three-Ievel module by connecting two basic 

modules However, this connection for extension IS somethmg different from the module 

interconnection discussed ear/ier. An extended three-level module is shown in Fig. 3 5 . 

LX is the connectmg link between the two basic modules for this extension scheme. 

Seven of the elght nodes in this module form a three level subtree for the complete 

~ 

binary tree. A study of Fig 3.5 makes It clear that any one of the elght nodes In the 

three-Ievel module can go faulty and it can be restructured as a seven node three-Ievel 

subtree Elther NI or ~Vl' acts a~ the module father. 

The interconneetion of three-Ievel modules, to Increase the tree depth, IS the stnular 

as in case of the basic modules. However, each three-Ievel module IS eonnected to elght 
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r' 

Fig. 3.5 Fault-tolerant three-level module. 
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three:;)evel modules ln the next level Therefore. It becomes an equlvalent 8-ary tree. 

jrhe thcee-level module has one <fi seven ,edandanl 'Lcucture" A three-level module 

bmary)tree system can tolerate one fault ln cvery seven nodes of the tree Thus, the 

// 
three-Ievel module tree becomes le~s faidt-tolerant than a basIc module tree Also, the ~ 

~~~ 

systf'fTl reltabdlty, bClng a function of the number of sparcs, gors down for the tJH'Ç~le\'el , 

module t'ee 'ystem ,_~~,~ __ /--~/ 
The seheme can be extendeo further FouC---illôdÛÎcs can he connected togcther to 

~~ 
~~ 

forrn a four-level module ~-:Xléen node'i as ShOWll 1I1 Fig :36 This ..,cherrH.-can 

-----------------------tolerate ~.('--fa--uft In every fifteen nodes The maximum degrce of connect ivrty IS seven 
~-

-~--~--'--~"'~~' 
It IS possIble tü ex tend the ~cllerne flllther, ·[3llt for the extended modules, the 

nurnber of extra lInks and df'gree of connectlVlty are gradually lDcreased whtle system 

reliability falls down. 

InterconnectlOn of diffcrent type of modules IS a/so po:o~ible For example, li ba~ic 

module can he connec ted La four three-Ievel modules (or, one thrce-Ievel module \'0 

elght basIc modules) to t'orIll ci fi ve level blnary tree lIowevcr 1 he "y~tem reltabtlity IS 

grcaler III 11](' l<tt1er "llîlctl1lP 

Thus, dlffercnt type of modllies MC avatlable wlth r1lffc:rcnt amount of redundancy 

and fault-tolerant c apabiltty The cholcP of "!- particular rnod ule depends upon th(' natur~ 

and demand of the system to be designed 
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... 

Fig. 3.6 Fault-tolerant four-Ievel module. 

29 

~ 
\ 
\ 

\ 

-~ ~ 



Structure of the Module 

4. Structure of the Module 

/-' In chapter 3 we dealt with the topology of the modular structure. In this chapter 

) 

1 

1 

we diseuss the layout and related topies. Section 4.1 descnbes the layout scheme of 

the modular tree and the complexity of the scheme. In sectIon 4.2 a packagmg scheme 

is shown for a ,multichip binary tree. Section 4.3 describes the restructuflng methods 

necessary for the fault-tolerant binary tree to maintain the fixed tree structure after 

every fault occurrence. 

4.1 Layont 

1 
, In this section, we look into the lay out issue of' the modular fault-tolerant binary 

tree in details. The standard methods of laying out a complete binary tree are discussed 

in S~ction 4.1.1 . The ways and means for the complexity analysis of the circuIt cornes 

in Section 4.1.2 . Then a layout scheme is descflbed for the modular structure ln 

Section 4.l.3 . This structure IS compared wlth the proposed structure for RAE scheme 

at the end III Section 4.1.4 . 

4.1.1 Layont of a binary tree 

In [7] Leiserson considered tht problem of laying out a complete btnary tree of 

n = 2k - 1 vertices. where k is the number of levels of the tree. Flg LI shows an 

obvious solution that requires O(nLogn) are a - O(n) across the bottom times O(logn} 

height. As the tree is ascended from the leaves to the foot. the nllmbpf of \\ Ire:, IS halved 

from one level to the ne-xt, but the length of the wlres doubles This means that th~ 

. 
wire area devoted to each level of the tree is the same. 

_ ..... --- )0 

.. 

) 
\ 
\ 
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Fig. 4.1 O(nlbgn) area layout of a complete binary tree. 
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There is a more efficIent solution ta this embedding problem The so-called H-tree 

layout shown in Fig. 4.2 requlres only O(n) area m splte of the fact that relatlve!y long 

wires are used towards the root of the tree In this layout the number of Wlres is halved 

from level ta level as we ascend to the root, but the length of the wlres double every 

two levels. Whereas the standard O(nluyn) layout use~ Jli!:lt one ulrnenslon for routmg 

rnost of the Wlres. the H-tree makes better use of bath spatial dlmenslOns. 

Aiso in 6' lllman shows how ta layout a complete bmary tree III O(n) area by 

placing leaves throughout the chip Hawever. if the leaves of such a tree are constramed 

to be on the border. then O(nlogn) are a IS needed far It It 15 also shown that the 

H-tree, both theoretlcall) and ln practlce. 15 e!:l!:lentlally the mûst area-effiCient way ta 

layout a complete blllar~ tree Ta wlthill a constant factor. rhe H-tree IS as good as 

possible, smce surel) O( n) area l!:l needed to layout anr graph wlth n nodes 

The length of \VIres ln any layout IS of concem because It Itmlts the speed at whlch 

the chlP can run rehably In 6 It is shown that n( \ fi 109n) IS a lower bound on 

wlre length for complete blnary trees and this bound is aChle\able -\lthough the H­

tree layout cannot achle\€ thls bound. qlll It IS closf' to The bound The H-tree has 

individual wires half as long as a slde of the layaut In term,; of the number of nodes of 

the tree, n. the longest \\ Ire has length Il (\ Tï.) 

4.1.2 Lower bOllnds on Area and Time 

In the \"L::5r domdlfl. the comple\lt~ of d. urcuit I~ d.nal~ zed lf\ terms of 100\er bounds 

on the are a and tnlle or sorne cornblilatlon of these 

One of the slmplest forms of lo\\er bound arguments concerns the memor) requlre-
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. . 

Fig. 4.2 H-tree layout of a complete binary tree 
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ment of a circuit and its relation to the are a of that CIrcuit If a circuit has area A, 

it do es not have more than A circUlt elements, and therefore cannot remember more 

than A bits from one time unit ta the next. Thus, the lower bound on A, the area of a 

circu~t, .can be used ta analyze its complexIty. 

According to :6], in many cases, area based bounds are weak, ln the 5ense that 

there do not appear ta be circuits as good as the bound Irnply might be possible :Vlany 

strong lower bounds, that do match the best circuits we can construct, are lower bounds 

on the product AT2, where A 15 the area of the circuIt and T IS the time used by the 

circuit. So, we will analyze the complexity of the modular sc he me In terms of A and 

AT2 bounds and compare the results with those of RAE scheme ln the followlng two 

sections. 

4.1.3 Layout : Modular Scheme 

It has been seen at the beglnnlng of this sectIOn that the EI-tree rnethod of layout 

IS the optimal and the most area-efficlent way to layout a complete blnary tree The 

modular fault-tolerant binary tree. structurally, tS ddferent from a non-redundant binary 

tree (although It is eqUlvalent from the functional point of vIew) fn spite of that we'have 

a layout scheme for the modular structure which IS H·tree /ike The most interestlOg 

feature is that it has an ~.r)a-bound of O(n), which is optimal for this n [Jade graph. 

'~ [n the wnventionalj,ee layont, the nodes of the complete bma,y 'cee ace placed 

on a gnd ln a recursive pattern like the I~tter "H"' However. ln the H-tree IIke mcthod, 

a module corresponds to a Single llode ln the H-tree layout. Here, n.ve modules are 

. connected together to form the H-structure. Four modules are placed at the four corners 
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These are connected to a fifth module at the center ta complete the H-tree pattern. Such 

an H-tree lS shawn in Fig. 4.3 Four levels of the binary tree have formed this one-level 

H-tree. The one-level H-tree can be repeated in a recursive pattern to get deeper trees 

Thus, placing four one-Ievel H-trees at the four corner~ and connecting those with a 
'" 

module at the center give the two-Ievel H-tree or :::.ix-Ievel blndfy tree (~hown tTl Fig. 

4.4) In general, any 'i' level H-tree is equivalent ta (2i+2) level bmary tree. 

Therefore, 

1 = 2h .. 2 

or, h=2i+ l for h::: 3 

where. 1=levels of the binary tree (only for even 'l') 

and h = heigh t of the bmary tree. 

Now, for any 'i' levels, total number of nodes in the fault-tolerant bmary tree is 

(2/ - 1) J.. (2/ - 1)/3 

= H2l - 1) 

By placing the nodes and links of the modular binary tree ID gfld, we find that, 

For i=l (or, 1=4), area :\,=8 • i 

For i=2 (or, 1=6), A=(8 ,,2 ~ 1) * (i • 2 - 3) 

For 1=3 (or, 1=8), A=(8 • -t - l * 3) * (i * -1 - 3 -4< 3) 

and 50 on. 
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~ NODE 3 : 

D C,â ...... Co • f , ..... ...,cc:.+. ""y = S 

Fig. 4.3 H-tree like layout of a modular binary tree (H,=l). 
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Fig. 4.4 H-tree like layout of a moduJar binary tree (H=2). 
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Theorem The H-tree like layout fot a modular binary tree of n nodes has area 

O(n). 

Proof: An easy induction on i shows that the H~tree of order i has area, 

A'= [21+2 + (21-1 - 1)1;. [(23 - 1)2'-1 + 3(2'-1 - 1)1 

= [21-1(8 + 1) - 11 " [2,-1(7 + 3) - 31 

= [~(21+1) - 11 " [14° (2 t +l) - 3) 

= O(J2 21 + 2 ) "O(y'22:-r2) 

= O(yn) t O(Vn) 

= O(n). 

So, the H-tree like layout tS optimal for the modular fault-tolerant binary tree. 

In case of the conventional H-tree, the individual wires are half as long as a slde of 

the layout. The H-tree like layout given for the modular binary tree also has the longest 

wire ha,lf as long as a side of the layout Thus, considermg the propagation time to be 

proportional to the length of the Wlre, 

T =O( Vn). 

So. the bound on information flow IS found to be 

4.1.4 Layout: For RAE Scheme 

Raghavendra et al have not glven any layout for~'their schem'e. ~o, for the 5ake of 

comparison. we tried to layout their one "pare per proces . .,ur ,>cheme ln a grld \\ hile 

laytng out, we tried to mamtam a modular structure as far po::,slble so that an order!!, , 
" 

extension IS possible. Decoupling network blocks are omitted for the sake of simplicity 
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, " 

The scheme consists '6f three types of blocks, SIX nodes In the lowest level together 

with three nodes tn the next level of the tree form a building block (Black A In FIg t 5) 

Two such blacks are then connected to another block with three nodes In the next level 

(Block B In Fig -L6) FInally, thls bIg black IS connected ta a thlrd t} pe of hlock 

1 (Block C ln FIg 46) con~l~ting of the Iwo noues ln the hlghe~t level of 1 he free This 

completes a four level binary tree, Ta construct a five level bmar:,- tree. four blocks of 

~" 
A are connected to two blocks of B These are. ID turn. ronnected to anothf'r block of 

B WhlCh IS finally connected to Block C [n generaL to increase the trep depth Block 

A IS repeated ln ItS own level side b} sicle, Black B IS also repeared ln lb own level 

However, an extra level ha:-, to he created eaeh urne wlth Blo( h B netween tht' pre\ IOU" 

last level of Black Band Blo,k C. One leHd of Black C alway~ Ilt~ at the end 

As the numoeroflevels 1, Increased. the gnd groVv'lfaster ln length than ln wldth. A 

rectangular gfld 15 obtatned w Ith a lot of wa~tage In spact' A large n umber of processors 

(nme) are dlrectl)' connected by means of redundant links Th!:> makes the layout area 

ineffiClent 

For any '1' levels of the rrec. toral nurnber of node::, 1" 

(2'-1)-(2'-1)2 

By plactng the noJes and links of the tree lJ1 grid we find trlat, 

For3Ievelsofthetrt't'. dft'd \ -:cIl '1') ~ 1) - Il ,() 

For 1 leveb €lf tht' tree .. \ ( LI, 2 - -t) , (1 - ..! -:: - 1 1 '2(j " Il 

For .1 levels of the tfee. .\ (11 . 2) . 2 - 1 • .1 • (( ,J - 2 - :j) - :?) -:l + l - îlj. 1 h 

For6levelsofthetree,A -((11<2)",2)<2-(4<3).2--t, 15-2-3-1 =116,21 
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r- --------- ----------, , 
1 
1 
J 

J~ X ~ 
1 
J ' 
'- 1-- - - - - - - - - - -

1 

1 

1 
1 
1 
1 

_1-_ J 

r ----'-------1-------, 
l , 

L ____ - - - _,- - - - - - - - __ 1 

Fig. 4.5 A layout of RAE extended scheme wlth spares (1=3) 
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\ 

\ 

r--------------i ,-------------l 
1 1 1 1 
1· 1 1 1 
1 6LOCK Ail BLOCK A 1 

1 1 1 1 
1 1 

~---------r_ - W L __________ _ 
-----1------- - ~- -----~---- __ 

; ~ ~~~4_----~ 
BlOCK 8 

~ - - - 1- - - - - - - - - - - - - - - _______ I-_J 
- - - - f-- - - - - - - - - - ...... -r-_ - - - - - - - - - - 1.-1-+-.+, ____ l ________________ .~ ~.::.. _ '" ________ ~ 

Fig. 4.6 A layout of RAE extended scheme with spares (1=4) 
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Structure of the Module 

Therefore, for any 'i' levels, 

A = [11 '" 2'-3 + 4(2'-3 - 1)1 * [5(~ - 2) + 11 for i2: 3 

= (18
5 

'" 2' - 4) t (5z - 9) 

= 0(2') t O(z) 

= O(nlogn). 

The longest wire in this layout traverses the whole length and width of the grid. 

Thus, the longest wire has the length of O(n + logn) ~ (9(n). 

-" 

Therefore, 

T = O(n). 

Table 4.1 shows the ratio of the layout area required by the binary tree using 

modular scheme and RAE scheme for different"tree depths. 
J 

( 

4.2 Link Ratio 

Both the modular scheme and RAE scherne have redundant links in the tree to 

provide fault-tolerance. The number of links in the system has an influence on the 

layout scheme of the system. In fact, we have seen in the prevlOUS section that the large 

nurnber of links in RAE scherne have made the layout complicated. Here, we compare 

the number of links used in these two schemes. 

We beglll with any four-level section of a binary tree system as ,shown in Fig. -1:.7' 

Let there be k non-redundant processors III the first level of dus section connected by 

k non-redundant links to the next higher level, whcre k = 24 , for any. integer value of 1. 

Beginning with thls assumption we get the data in Table 4.2. 
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'No. of Leve/s' 

'," ln 

Binary tree 

4 
6 
8 

10 

Table 4.1 

, 

J 

, 
) 

1 
0 

1 

1· 

, 

Layout A rea Layout Area RatIO' ! 

1 1 

for for 1 of , 

RAE Scheme Modu.lar Scheme Areas 
.' , 

1 

308 64 1 4.8125 
-

1 
\ 

'\ 

2,604 361 : ï 2133 \ 
" 

15,748 1,681 93680 
, \ 

" 83,804 7,225 11.599 \ . 
- ! , 

. 
" ~ -

Comparison of the layout area requlrement for a 
. 

complete binary tree using two different schemes " . 

-1 . 0 

, , 
" 

" . -
, 

~ . -, 
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Structure of the Iv/odule 

I/,)~ 

.... 
. '. 

v' 

.' Level ~umber of :"umber of SchenIe 
use~ ~umber Active LInks Red undan t LInks 

l k k 2 
Modular 2 2k 3k 
Scheme 3 4k 2k 

4 8k 12k 

! One spare per pair l k 2k 
(RAE) 2 2k 4k \ , 

Scheme 3 o4k 8k 
4 8k 16k 

Table 4.2 ~umber of links ln a 4-level section of a fault-tolerant bmary tree. 

/ 
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(a) 

--
--.::::.""'<."'--- - ~--

...... --...->- .-
..... /~..-
/'.. / \ 

l' '- \ 
'-, 

'0 

( b) 

Fig. 4.1 The four-level section of a binary tree using, 

(al the modular scheme, 

(b) the one !:>pare per pair (RAE) scheme. 
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Structure of the Jfodule 

From the table. for a 4-lel/el section. 

Total links (~lodular scheme) = 32.5k. 

Redundant links (:-'lodular scheme) == 1 ï.5k 

Total links (RAE scheme) = 45k. 

~Redundant lInks (RAE ~cheme) = 30k. 

:\"ow. the total number links ID the tree can be obtained by summmg up for dîffere~t 

values of k 

Therefore. the ratio of total links is 

45~k 

32.5Ek 
1.384 

, . 
a.nd the ratio of redundant links is 

" 

30~k 
',. 

= 1.71428 
li.5Lk 

~ote thar. the link ratiO remams the same for any number of levels in the tree 

Thus, RAE scheme require:::: ] 71 tImes as many redundant IlIlks as reqwred by the 

modular scheme. 

4.3 The MultiChip Binary Tree 

Although integrated Circuit technology is advancing at a breathtaking pace. one 

sector of that technology IS crawlmg In comparison The number of external connections 

from an trltegrated ~Ircuit IS severely llmited. \Vhereas sorne enthusiastlc technologlsts 

( 

proJect an eye-openmg 10~ components per chip. two hundred pInS per chiP seerns a 
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Structure of the Module 

. large number to most. A chlP that requlres many more is ~.nlikely to be rcalizable for 

qUlte some time 

Accordmg to Leiserson -;. a complete bmary tree is an attractive structure from 

thls pomt of vlew tf the tree fits entlrely on one chlP and the foot 15 the only off-chlp 

connectlOn Several researcher'i have proposed. however. that much larger tree s)~tems 

be built When any system IS larger th an a smgle chlP .It becomes necessary to partitIOn 

it among separa te chips that can be assembled at the prmted Circuit le" el 

As It is clalilled eariier. modularity I~ the most attractl\ e feature of tli.ls design. 

The module can oe repeated as many tlme~ as requlred to get the deslred tree depth. 

However. for greater tree depth, the complete bIndTY tree may not fit on a sIngle chlP 

In that c&>e, partltlOning IS necessary Here, agam. modulMity IS a great advantage. 

We can house one module !fi a sIngle chlP with five off-chlp co~nectlOns (four for the 

two son~ and one for the module rather). Thus. ~rbitrarIly large complete bmary trees 

can be buIlt out of a smgle chlP At the prmted èlrcult level. the 'itructure IS a complete 

k-ary tr,ee wlth k + 1 off-chlp data paths. k IS four ln thls particular case Thls is shown 

in_Fig. -18. 

~' However, with the increasmg density of components In the Integrated Clrcuit, It 

, is possible tü accommodate a large number of modules In a single chip A. chip wlth 

fi",e modules (20 processors) 15 shawn lT1 Fig -! 9 It has seventeen off-chlP data paths 

(whlCh is weil v\ Ithm the avadable pIn hmlt) ThiS ChlP can also be used In the same 

rnanner tü form a large binan tree 

An even hlgher density !S pOSSible 'v\o ith the structure as a complete k-arj tree wlth 

• k~ 1 Otf-chlp data paths where k = 2 for 1 = L 2. 3 .... 
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Structure of the Module 

Fig. 4.8 ~ultichip packaging of the modular binary tree. 
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Structure of the Module 

" '1\ r-

LX e [2<J 

, 

: lX 

1 ex 1'2<1 
, , 

,II 

"r 

Fig. 4.9 A denser chip wlth five modules. 
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Structure of the J{ooll/e 

4.4 Restructuring 

\5 was J('scrIbed carller. the module conslsts of four nodes conlH'rted b) twclve 

links. Detng a fault-Iolcrant modulf>. any one of these four nodes ran go LlUII~ cino the 

rerTI.ltntng nodc~ clct <1" d t\\o-Ie\cl thn'c-nodf> <;ub-tree \\ hene\pr ct noJe fatls III Ihe 

module. thls [,lUit ... [j()lk ..,hould go ouI of 1 he d( 11\'(' bindf~ 1 n'l' cllld el,ri'dulj(j,tfll !lod!' 

should replace tfll~ felult! florie bdort' 1 ht' trpc b('gIn~ to 11Inl IIOll elg,Ull 'l'II!" Inlernal 

chang(' III the module 1" HP( P'o"'My for meunt,unlng tl\{, fi"\cd hm,H\ tft't' ..,tf\J( tUff' Thu'->. 

re.~tru.rll1rzrzg, dS \~e (an cdll Il.1') .t \ en Irnportdnl kature for the lültlt-Iolerdllt blfldr~ 

tree 

Re~truct unng 1') an opNal Ion \\ hi( h IS nol reqlllrt,d lor 1 he lIon-t,illll lokrùnt <1[( hl-

tecture It IS clcar 1 hal clll the nor[Jl,d Opl'rdt Ion, "hOlllri be !Jedtpc! ri llflllg 1 he r<'~lrllc-

tunng penod. ln other word~. f(";l.ru( turmg 1:' .ln Ull\r\dllted ITlterruptlon III tilt' llorrriai 

operatIOn mode "o. 111'1 deslrpr! that tht' re..,trtHfurlflgoperalloll of thl' f,tlIll-tolt'rdnf 

archItecture "hollili he Ll::,t dnd 'llrnpk (omparrd 10 the Ilorrnetl o[wr.tl Ion O\rprht'dd 

invoIVt:,d vnth rl':ofructufll1g ..,110\11<1 rl!-,O [)(' ..,mall 

WhlCh I~ (OIIlrtlOIl!or ,li 1 lylH''o III Ir,'''''' (rt'dllllddlli or llotl-r"dulld,illl) 'w(olldh Iht' 

restructure mode WhlCh IS ~pe('dj( for the lalllt-tolerdnl 'itru\tun' Bill. prl(H 10 r('~lrll(,-

tunng. we have lo thlnk of another mode. namrly• thp te,~t mode Thdt IS the t,lUit 

(hagno~ls Issue of the ~trurtllrc For the dptectlOlI dnd IcKdtlon of f,lUlh. tht're "hould 

be "lorne testmg '1chernc .\t pre'3cnt. Il. l'i a:,::,uIIlt'd Ihdt ') 0 Ir\(' 'it.llldrlrrl 1('')IIll~ "chelTlf' 

Itke pertodlc tcstln~ tdkes (are of th!' feLlll1 dlagno'>l::' peut BUl II 15 rCdll ... dn open prob-

':1 

lem. One can thmk of an on-lîne real-tnTle te!otlng or a HlT (Butlt ln Teslmg) '>( herne 
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Structure of the .'vfodule 

particulari) well-~uiteç for this modlliar structure 

As ~oon as the te,tlflg IS done, re,>tfllctllring operatIon should heglll So far, the 

nodes in the module are con~ldered as bldck boxes But, for throwing out a faulty node 

and brtngll1g d Il!'W Hode III Wt' ha\ p to look into sorne delalb of the,>e bld( k boxes' 

Anode con'>I')!s of ,onH' ~)fO( e""mg rk'n'wnts fornllng the pro( ('~sor dnd the ddta 

element'i ln l tH' fdult-lokr,ult module whenever d nod~' 1'> d. pMt of tht' dlll\t' tree 

Its proce:,'~or 1" (onnp(teJ 1)\ Illlb to the re,>t of the tn'p But for d. fdllit y nodr the 

pr<KrS'Jor cl.nd connecte. Mlother Ilnh. Rderrtng to FIg LlO. if \1 1'> not Lwlt) L.~ 

conn('(\-' LI '-Ill1ltl,llh I\hefl \~ l'll,tIlltl L, 1)\-Pd~..,('~:'\2 ,Uld (onn('ct~\/:i Thu.., tht'rp 

are b,t.:lICcllly t\\O t\'pt'~ ill (0111]('( lIon 

(i) A 11Ilk rOllllf'ctlng ,i prOf (',>,>or 

(2) \ "llk (Olllwcttng ,lllother lillh. hj-pa'iSmgd procpssor. 

4.4.1 Rp"trllduring RAE SdlN}l(' 

pllrposp proU''':-'Of ,tt t il( he!! to cl. hO,>1 (ornpllter The ho,>t (,in [WrfOrlll '111( Il td~k,> il'> 

comptltng dnd Inltl,tllL:wg t Iw t [PP ~\ "tPrI! \\ hen d fdJiurp I~ rlf'lt'ctt'd l,) an\ [lode Il "'l~-

i 

na!;, the ho'>l \\ hl)h (d.O [H'[forrn rp( olliIgllfcl11on d.nJ rpcovI,ff;' of l hl' (,"('( ut Ill)'; progrdfIJ 

figu rallon IS perforrrwd b, ..,et t IlIg ,\\ 1 t c1H', 1 li tlH' decou p 1 IDg net \\ <H k \ \ hen cl p rOt (-""or 

raIls. dl! the Ilnk;, of the prO((j,>;"or to tht' [Ight of It dfP ddJu;,lPd to rtght IH'lghbo[" ')0. 
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The module wlth interconnectlOn links 
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Structure of the Jlodule 

at level 'l'. a readjustment of 2' processors may be necessary In the wor5t case. For 

large value of 'i', this can be a huge readj.ustment for a sIngle failure. Aiso. the sorted 

machInes like Atallah and KosaraJu '1] dlctlonary machme cannot operate with this 

readjusted structure. The sorted data structure will be lost due to readJu~tment Sa, 

the datd have to be shifted dccordwgly to get back the 50rted arder before the machine 

can operate again This, also. can be a huge shifting which may requlre addltionalloglc. 

4.4.2 Restructuring: Modular Scheme 

In contrtlst to R.\E restructurmg scheme, we propose a Simple switching scheme 

which is local to the module. The use of a separate host lTl RAE scheme means that 

elther the restructurmg '~,nformatIOn should flow through ail the levels of the tree (which 
't 

- JP' 
is tlme consuming) or the hast should be dlrectly connected ta each node Direct access 

to each node compltcates the layout A-lso, the use of decoupling networks does not help 

much. This network would. agam. requlTe external control Thé msertion of a block 

of decouplmg network between each Ievel of the tree would make the Iavout even more 
! • 

cornp\tcated 

Keeplng these drawbacks In mlTld, a restructunng scheme is developed which do es 

, , 
not reqUire any external control or decouplmg network as a separate Untt The basic 

idea IS to connect the processor If It is faulty;.and to by-pass It for faulty condition This 

IS done by USIng several sWltches connected to each node. The controls are generated 

for the~e \\\ Itche:" based on the test results of the module 

From the restructurmg pOint of view, .\rl, .\r2 and ~4 of the module are Identlcal 

(Fig ·1.10) This IS because, each of these processors IS tnc\uded In the tree lf it IS good 
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and is by-pasô>cd If faulty In fact. the.,e three nodf's (an be tcrrned as ,elf-,ontrulled 

nodes Looklng dt Itô> O\\n ",talll:-' (faull)' or good) the pro(essor can (ut It~elf out of the 

tree or 'Ml conncct \ t self dS an ,tC t!\ e noJe \one of t he~(' th rce I!oJe:o tH.ô> lo JepoenJ 

upon thl' ,>"du!:> of dIl} ottlt'r nodp ('vell tri Ih own module Il 10, d~SlllIlPd that the test 

result IS 'ltored III a one-Dit f,lldt-tolcrdnt fcght('r lor cù( h of t!Jese noJe::, The ,>Lltus-bit 

become~ t he control hl t lor the ,>w\tche'-, c,urround mg thl' proccô>ô>or 

HO\\cvpr, \3 of d rnodulp 1'-, dd[erpnt Irom the other thn'(' node'i ln ,>orne "f'n:"e 

It supplenwnb the othef [lode.., nt the moduk l-'c)r p\.dTllpk wheI1 :\ 1 h LUilty. :\:) 

replaces .~L and bc(orne:, the' fctth('f of ~2 and \1 But whefl .\2 \'-, fault\, :\:~ Idke'l the 

place of \2 as t 1](' Ipft "O[j of \i 1 :-\w1!ldr 1'> the (d'le for t ht' 1,1I11If(' 01 .\ 4 Tht' rolt' of 

module IL ha,> Lo look dt the StdtUo, of the (emal[\lJlg thre(' llodec, dno restru< tUfe II ,t::, cl. 

[ather, left ..,on. flght "on or a "'pMe dependlng lIpon the (,nvlr!nrrlC'nt Inter('~tm?;ly.:\"3 

doe~ not hd'd' to tdke IfltO dC(Ount Il', own ~tatu~ 'l'hl'> I~ dl/(' 10 the hdSIC d:->,>urnptIO[J '. 

that only on(' Tlode (,Ln go f,ll1!ty 1!l cl module dt OlH' tUlle So. \\ !JPf) 1 he "tdl uc, of .\ 1. :\"~ 

'-,ufficlf'nt 10 ge(]('f,lIt' (onlrolc, lor the 'l\\ltchl' .... 'lUlrOllfldlTlg \,;: \lt!WIlgh 1 hl' (()f\lrol'i 

for ~3 are not ci!:> ::'lfnple ci" l!l·(ci'-,e of .'i1,:\"2 of.'il It I~ bound \\Ithln 11](' module 

Fig. 1 LI shows the location of the sWLtche.., controlltn!-!; cllHerent proceS::'OfS III the 

module The location of the :"wltches Mid thelr posItions (,lo"iC Of opf'n) Me ~hown ll1 

Fig L12a through l.12d for the faulty cOndltlOwof dlfferent prOCC'isor!o If! the rnodulf' 

Table t 3 glves the sWlteh pO'iltLons Lu-h of \" l, \2 dnd :\" 1 ha" n"e 'i\\ Itehes (--; l 

through SS) For d faulty llode. S L is clos cd and S2 through ,",5 Me open. T111~ pub the 
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52 

54 ss 

53 

S~ ~~<1 51 
:'5 

S1 

N2. L ~ N4 
52 54 54 S4 52 

) 53 SI 53 

l 1 i ! 

Fig. 4.11 Switches for restructurmg a faulty module. 
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S$" 51 SS" 

51 S1 

N2 J N3 l N4 
S2 54 S4 55' 54 S2-

S5 52) ~S3 53 

1 

Fig. 4.12a Switch positions for faulty N 1. 
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Fig. 4.12c SWltch positions for faulty :-\3. 
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l 
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51 
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Fig. 4.12d :3" Itch positions for fault) \4. 
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Structu.re r1 the .\4odule 

'1 

.\1odule Statu..! .'VI SWltches .V2 ::!wltches 

~---------------------~------------ -~---

.Va-Fault 51S2S3S4:35 SlS2S3S4S5 

.Vi Faultv 

~---------------------------~--- -------

.V!2 Faulty 51 S2 S,3:34 55 

------------------------- -~----

.'V5 Fauity :;'lS2SlS4S5 

.V4 Faultv :;'1525354:35 ~ 1 52 S3 54 55 

------ ------ -------------------------- --------, 

Table 4.3 State of the colltrol :<wltche:, for dlfferent ;tatll~ {)f the rnudule 
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processor out of the trce and the norle Is by-passed For a good node the contrais are 

re\€rsed. 1 e . ::'1 IS open and S2 rhrough S.') are closed. So If the status IS Good for a 

non-faulty node and Goud for a fault~ node. then the control for 51 iS Good and that 

for ~2 through ~J 1'> (,U()J 

generatf' control for these ~\\llche<, l'he rruth tah[e \\\th the ,tatu~ Inputs ana control 

the controh for .... 1 through ";j of \:~ 

It has ht"t-' '1 /"Péll t r at. ,l<ll u;, uf \ l '\2 and \~ MP ')utlicH-nt III g;f'nerate (ontro[:;: 

/ 
for \3. \'0\\. t 1e quec.r:on I~ Cdn \\f' generate lhese contrai!:> for S.i 1l~lng the ~tatu~ of 

/ 

\i2. \3 and \' 1 onl) (v"lthout u')lng the :he ~ta:lb of SI J The dn:o\\er 1'5 \0 for thls 

partlCular S\\',tcnlng 'ocheme ln thlOo case \3 flOté'; not hd\(' tht' Information ahout \ 1 

50 \3 ha> (0 a-'5U me "1 ,'n he' good oc f aoll> Bol m hol h Ih. c "-,,-, 1 he a" u nt puon, 

can be wro~g 
1 
1 

.\ ::,whchlllo ,cilPllll' 1'-1 d.'~crtlJPd \\hICh ha.,> .. t'ry ",mail addlf!oll,il hdrdware la rew 
l "" 

[agic gaLe" and ,)\\ltches for each rnodulej The '>cherne operatP~ \\lth local contro[s 

wlthouL any extt'rnal :,upen ISlon ft 1'3 clear that the extra ClrClJltr) ht'cornf'''i thp part of 

the no/de and d()p" not ha\ e .ln) pffect on t he la~ out comple ..... lty or dt'grp~ of rortllectl\ It\ 

1 

of tht' str1lcture 

u 

The "'[dtu~ hll regl..,rl~ .lad the 'owltchmg (lr('llltf\ df(' hdfd-c(Jrp pd.rt of the nude 

\ 
It l~ assumeu rha! the probabl1!t.l of ttH'"'' part., of the node gomg fa\llt~ 1" \er! -,mdll 

compared to that of the proces~or gomg fault) ThIS IS a reasonable assumptlon ln the 

01. 
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Structure of the .\4odule 

A B C ZI Z2 

0 0 0 0 0 
1 0 0 0 
0 1 0 1 
0 0 l 1 0 

From the table. after sImplIfication. 

Z1 = A. ~ B < C 

Z2 = A" B· C 

Z3 = 4 ~ B· C 

Z4 = 4' B 

25 = B(A • C - A «C). 

Z3' Z4 Z5 

, 
" 

0 0 0 
0 .. l l 

0 l 0 
0 l 

Table 4.4 Controls for the switches connectmg ~ode 3. 
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Structure of the .HoduJe 

fault-tolerant design approach. 

An important Issue IS the revival of the data from a faulty node. Thi~ is also 

an open problern Howe .. eL the local restructunng scheme <;hould be convenlent for 

data ~lllfting Thl'> Invoh e::, the '>hlft mg of data 01l1! wlthm the modllie \\ ht>rPd'> lfI the 

global n'~trll(\\lrIng ,>dWrTH' ttl(' (Lita "hould he mm mg IlmI! ,ln (lfTlpl\ nod" 1'> ,Hallahle 

For p)Cd.rJlple, III H \E '>ch(ll!lp ttH' data ..,hould be mO\ lIlg:.!1 place,>, ln tlw \\or,>( Cdse. 
/ --\ 

for an) 1- th 1('\ l'l 

6) 

... 



Eualu.atlOn of the System 

5. ' Evaluation of th<, System 

So far the propost'd 'J"stenJ h descflb~'d from the topologlcal and 'jtructural pOlllt of 

Vlew. In thls lh,tptC'r wc (',alUd(p IllP 'lys(pm and comIJdrt' lb pertormdn(e \\lth that of 

5.1 Reliability AllaIy~is 

-.) . 
) -

of thl' 'lhll'[[J ln till" "1'(tIOll \\1' \\!III'''.lTlltlll' hm\ fàr t[lI" g;<J,t! lid' hl'I'll d(hi\'\l'd III 

1 
(,1:'(' of tlH' fd 1llt-tol.'r,1IIt ll\odllidr Ililldf\ Irl'I' df< hltl'( 111f1' l'II" "\'11'1/1 rl'lldhtlll\ 01 tht' 

lIlodul'H (n" h 1"lllll<ll<'d .ln<l «llllpdrpd \\llh Ihd! of d lIoll-redllllddllt trpp to ..,pp Iht' 

Tht' r('..,tdl- ,tr"' {()11IPdfl·d I\lth H \1 ~{ht'lllt' III 1 lU' Ill,,,t ~t'(llt)[I, 

" Ihl' 'l!"1t'1ll \\111 pt'fforrn '<ltl":,\( tOflil IrOlll tHW' lITt) III 11f1l1 t. g1\('l1 thd.1 orWr,tt!Oll 
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EvaluatIOn of the System 

It IS assumed throughout the rest of the sèctlon that the fadure rate of links IS 

negltglble compared wlth node!>. thus only no de fadures are con51dered Admlttedly, 

this is an optlffilStlC assumptlOn. but It IS supported by the fact chat sorne of the link 

failures can be treated as fadure of nodes those are connected hy the~e ltnks Relatlvel)' 

simple rehabiltty analysis of the topology 15 pos~lble by thl~ ~SUlllptlOll 

5.1.1 System Reliability 

The rellabdlty functlon for a sIngle component i5 Jefined In 13: as' 

R(t) .cc Pr 0 failures !fi tlme (G,t), 

where mit) ~~ I~ ::(.x)dx. 

and z(x) 15 the time-dependent failure rate called hazard function. 

For a constant fadure rate À. 

R(t) ='e - \t 

For a non~reJundant ~ystern, every component must function properly for the ~ys-

tem to work If component fat/ures are statlstlCally tndependent, then the ~ystem re-

liabtllty, ln thls case, IS the product of the component reliabilltles and IS thus also 

exponen tlal Therefore. for n componen ts, 

n 

1=1 

n 

II ~ \ t .::.. e z 

1=1 

·=e 
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EvaluatIOn of the System 

In a non-redundant binary tree wlth 't' levets. there are 2' -- l nodes. The rellabtlity 

of eaeh node is the same and equal to ,\, So. the system reliablllty of such a tree 1& 

21-1 

Rnr(t) = II Rttl) 

(.:;.1 ) 

1 
by tettlng R :=: Rt (t) for ail 1. 

The modular bmary tree structure wlth spares can be consldered as a fault-tolerant 

system conslsting of a senes of homogeneous 'Subsystems :il' . p-'C L.2. \t.\ sub~~ 'Stem 

For the moduldr -,\ ':>tpm. ('d.( h module o . contams sorne active nodes ,lnd d .,pdfe node 

with three nodes and a spare IS a subsystem \Ve now andlyze thlS fault-tolcrant "':' 'item 

to deTlve an expressIon for the relIabtllty of the sjstem ln terrns of the noJf' relIabtlltles 

In the redundant tree structure. eaeh subsystern can tateraLe a slflgle faIlure In 

general, If the subsystem con tains 'x' nodes and il. spare. there cannat be more th.an one 

node fallure in the subsystern So. the reliabdlty of the suhsystem IS 

Ali the subsystems must be worktng for the system to be operatlng Thus the 

system reliability is 

H 

R,y., -- fI R f
-

I 
- (x - IJR.l(l - R) ( - '») } .} 

p - 1 

Goverage IS a concept most often used III reliabliity modetlng of redundant Sy 'items 

[n its ct:uantltatlve sense, (average lS the prabablilty that a partlcular class of fau!t IS 
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EvaluatIOn of the System 

successfully detected before a complete system corruption occurs. Sa, taking coverage 

factor mto consideration, the system reliability IS given by' 

,Iv[ 

rr~RX+l -L (xc .l..l)R x {1- R)). (5.4) 
1'=1 

For the modular binary tree. x, the number of active nodes IS three. 50 eqn. ,5.4 

becomes 

1 

R;!jd''= R 4 -r'(3c, 1)R3 (1 - Rf'w (5.5) 

However, eqn. 5·t can be used to compute the system rehablltty of any other 

extended modular scheme and also for other redundant tree systems 
• 

The UI11tS are normaltzed ,;ueh that the dlITH'IlSIOn of product of faIlure rate and 

tlme. l.e ,,\1. IS unIt y T) plcall). faIlure rate::, arc per filillion haurs and thus tIme IS in 

mi Ilions of hou r'1 

, As an exarnple. \\P cOlblder a l-Ievel 'jstem for reliabdlt y computatIon The system 

rellabdlty of the l-level nün-redundant blnary tree for a typlcd~ valut' of node fatlure 1:1 

. calculated uSlng t'qn ') 1 étnd ::,ha\\ n ln Table ,') '1 \\ hered~ Table .').2 gl\ es the ,,}srcrn 

rellabdlt} for the t-lf'\el fllodular reclundant blfldf~ ([Cf' \\ )th the ,am!' \alue of nad., 

failure r,tH', and dtffprt'!1t \ ,tlllE''- of ('O\l'rag-p It 1" ;l:-'SUllH'd t hdt \ li 

plottmg 
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Evaluatz'on of the system 

w\ 

, ' 

t Rsys 

0.00 1.0000 
D.05 0.9275 
0.10 0.8600 
0.20 0.7397 
0.30 0.6371 
DAO 0.5480 
0.50 0.4721 
0.60 04061 

1 
0.70 0.3499 
0.80 0.3011 
0.90 0.2591 
l 00 0.2229 

Table 5.1 Reliabillty of a four level non-redundant system 
with"\ = p- =0.1 
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EvaluatIOn of the system 

t Ro1Ja R~Y8 Rays R01J3 R31J3 

for for for for for 
c=l c=() 99 c=O 98 c =0 9S c=O 90 

v 

0.00 1 0000 10000 1.0000 10000 1.0000 
005 09990 0998.') 0.9975 09955 0.9915 
0.10 09970 09955 0.9940 0.9895 09826 
020 09885 09855 09826 09749 09611 
0.30 097-17 09;08 0.9620 09553 0.9357 
040 09567 09519 0.9466 09319 09067 
050 09347 09286 o 9~29 09053 o 8ï65 

----------060 09094 09053 0.8956 0.8761 0.843'i\-
070 o f\R06 08734 o 8662 o 844Z 0.8090 

'f! 
080 08499 08420 0.8342 08107 o 7ï33 ~. • 090 o 8170 08090 0.8006 07762 07366 
1 00 07832 o ÏÎ40 0.7656 07405 0.6998 

Table 5.2 Reliabtlity of a -l-level modular system 
wlth ,\ = J..l = 0 1 

--'.-
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Evdluatzon of the ,system 

0·1 

0·6 

5 ys!-c.,.,.. 

Rel,,,,bil. ~y 0.S' 

t. 

0·3 

0·2 

0·1 

0.0 

0.1 0.2, 0·4 0.6 0.7 O·B 1·00 

Time. 

Fig. 5.1 System reliability of a four-level tree with drfferent coverages. 

70 



" . , 

.. 

EvaluatIOn of the System 
" 

5.1.2 Reliability Improvement Factor 

A convenient way to compare the reliability of t'he redundant tree system,with that 

of non-redundant tree system IS by evaluatmg the reliabdity Imp+Qvement factor. whlch 

is defined in : 9' as ' 

RIF (5.6) 

where Rnr = rellabillt} of the non-redundant system 

The rehability Impn)\ement factor aCl1le\Hl b~ the rpdundant ~\qt'm wlth coverage 

factor o( 1.00 (perfect caverage). 099 and 098 are ~ha'v\n in Table.) 3. 

5.1.3 Mission Time 

AnotFi.er'cnteria to studv a redundant btnan tree IS the rnl~"lon tune. The m,ss,6'n ,u • • 

time function .\lT(r) gives the time at whlch system reliabdlt) falb below the lever r 

The relatiùnship between R(t) and .\IT(r) is give,n by 

R[.L\fT(r)] = r 

For a constant failure rate À, 

/' 
So, the component mission time function is 

j 
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EvaluatIOn of the system 

Coverage t Rays RIF 
~ 

0.05 09990 -') -
1 ~ ;:) 

o 10 0.9970 -1666 
020 0988.) 22 63 
030 o 97-17 14 3-1 
0.40 09.')67 1043 
o SO 09347 ~ 08 

') 
---~----- - . 

0.99 005 o 9985 18 33 
o 10 o 99.55 :31 Il 
020 o 98,),) 1795 
030 0.9ï08 12 42 
o 4.D 09519 C) 39 
050 09286 -; 13 

-- - -

0.98 0.05 0.9975 2900 
0.10 0.9940 2333 
0.20 09826 1496 

, 

0.30 09620 955 
j 

0.40 1 0.9466 846 
0.50 0.9229 6.84 

Table 5.3 RIF of a 4-1evel modular system 
with >. = J.L = 0.1. 
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EvaluatIOn of the System 

.\-IT(r) -
ln (r 1 

(-5.7) .n n À: 
~l 

However. for a redundant tref' '3~'item \\c ha\c 

\1 

R', './,' rr R:=' 1 - • Ir ~ 1 ) R:r (1 - R) 

and 

Rtt) - e \~ 

for a g!\en \alue of R thé 1wIf' t \\f)lch 1::> thi' ITIIS"IOn tiITH' \fT ri for rne 

redundant . fee '~'tem (an hf:' calr Ldted crJrnhlnrng . tw"p t\\ () "qn'- The (jt" dd, ut the 

uatrng mI~Slon tmw Imprf)\ t'nIellt t'a\tor (\ITlF) 

.\t:rIf [s deflDed a.:, 

\IT J F 
,\lT(r)r>:l " ~-~~~ 
,\IT(r)nr 

where .\1T(r)red and .\lT(r)lIr are the rnlS~Ion time of the re'dundant and non-

redundant tree' system rfspectlvel~ 

The missIOn time and miSSIon time Improvement factor<ior a four-leI/et rnodular 

binary tree '" ith coverage f ac tor of 1.00 and' 0 98 are s hown ln Table 5 -1 

5.1.4 Mean TÏIne To Failurc 

The MTTF of a system IS the expected time of the fiJ.st faIlure in a populatIon of 

identical systems given successful start up at time zero. It assumes a perfect system at 
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Eraiuatlon of the 'y5tem 

---- ----
RIt) (~O\erage-::: 100 Co\eragp.-:O 9j;, 

\tTfF-----q-f - ~Tlf --
\11 

---- ------
080 077')9 ') 21.');) o 744"1 ') 0067 

090 o jOQx 7 2') -; 1 (] t 79:l 68276 
09.'1 1) 3H9 lOO79fJ o :; 152 9 216:~ 

096 0::;05::; 11 20::;6 027;9 10 14:):; 

098 o ~ 106 l ') 6~ 1 ! 0 It<:21 1:; ')>;9.') 

099 o 1465 :!1669S 0 1191 J 7 7'Tf) 1 
~----- --- --- --~-- - -- -----

Tabtei 5.4 \tlsslon Tlme and \ll""'lon Tlme ImprOVelJlent F dctor 

of a.:-4-le\e! modular "':' 'item \\ lth A ).1:': 0 l 
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Evaltwtwn of the. System 
\ 

tnne zero For The reiIabdlt) functlons used earlie~. the \fTTF is defined as 
" 

.HTTF = IX R(t)dt (5.8) 

1-

For a non-redundant tree system \\ Ith n nodes each wlth mdlvldual constant failure 

rate. At 

.HTTF = IXRitldt 

Henee. 

.\ITT F ::: 
1 

\', 
\ 

Eqn. 'j 8 15 equall) appltcable for the redundant bina'ry tree system. The details of 

the..proeedure 1<; glven ln Appt'Ildlx B 

The mean time tü fir<;t fatlure of the four-Ie\el modular redundant blllary tree 15 

2.03 tlme urllts, cornpdfed ta 0.6667, which IS the correspondmg figure for four-level 

1 
non-redundant bmary tree l, 

5.2 Comparfltive Estimation of System Reliability 

In the precedmg sections, we have evaluated the modular bmary tree quantttatively . . 
based on probabilistlc models As expected, the redundant tree system turns out to he 

much more relïable than its non-redundant counterpart Improved system reliability 

and MTTF together wlth high values of RIF and MTIF stand III favor of the redundant 
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Et'UluallOn uf tht-: "'/I.,tnn 

trpe ,>~,>tPTIl III ('\ f'f\ r('rfll nI «()lIlprtrl~()[1 

"'\ ..,reIll \\ 1 rh H \ l ,( heffl' 

tree. the rpllahility ngur('') cH(' better lTl the former ..,dH'flH' For r Il<' ~dIlle rp,tbon. the 

relidl)llIty figure') <irc oetter for t h(> rnodular sdll'rne thdll thdt for olle '>part' pN kvd 

')cheme. Thu~. the~e felIdbdll y ngllfPs fadoto rnakf' a 'valld and Jusuned cornpdfl~on of , 

·these scheme~ InstedO of (ompdring the pffetflvt'n('s~ of the two scherncs. the rcsults 

only show that the system relldbdity tncreasf'S wilh the lflcrea'je III nurriber of spares 

used ln the system 
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-. Et'(lIaat IUT! of the "ystem 

---------------------------------

._--~~----

000 100nO 1 0000 10000 
005 09990 0.9988 o 999.j 

0.10 09970 o 99.')2 o 997i< 

O:W o 98t'..'J 09812 0991 ':1 

030 09747 0.9613 o 981.~ 
0\0 o 9,')67 09033 o ~}f) 7") 

Table 5.5 Rellabdlty of d 1-\(,\(,1 system usmg dlfferf'nt <'chemes 
\VIth c= 1 and .À = Il :::: 0 1 

77 

n 



, 

\\ Ith t Ill' IllHTlbrr of 'par/', ,., 

f ) r 1 f ~ i)(\ r'; ) f ri) cl 1 ., f T ( 

t j ........ ) ( i . (1 ~ ( \ t \ .... • \ (. ! t t " Il.t r '. 1 l , , 

1 

1 

to cl totd-I,·\, 

H \1- lrt'p ILl' rH"'11 "lfJ-,lr'l' 1,'01 'lill o( (11](' ~p(\[t' f!l'r p,ur 

Cllrve 11t'~ ,!llO\(' tht, H \/', rt'llrlbdIt} lune ln ,\.II the thn'!' (,d~t''> ,>/lOW~ thclt th\' lTIodulM 

for the two cases. Cledrlj thts IS an. even (omparison Whllh shows the arl'dntdge of the 

modular srheme 
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- -- --------------

\Indult' lbed R '1' 

-- -----~- -- --- ------.< 

\I,)duLlr 

:,C helne 

R -\E 
:'Cht'Ille 

.!- \1 
)- \1 
1- \1 

1 - 2 
1- 2 -1 

1 -.! • 1 -~ 

2 

j 

-----~--- ~~-- -~--------- ---

1) 'Ill!) 

1) ~.j01) 

1) ~17q 

,) ')'i04 

1 l '12~(1 

'1 '11)1, 

Table 5.6a [l'lLI t'Ir pl<!lllllg lile [ell,l"tlll~ '\l[\'.>- ,)f " ~_I",\'I 
,\ "( (' III \\ J[ II ( co l ,Ill d t -1) ~ 

\loJul,u 
:,rhellle 

RAE 
"cheIlle 

2- \1 
)- \1 

12-\1) - (l-\I) 

21 
') 

- ~--- - - --~ ~- -- ----

l + 2 ' , ,-
) -2 - 1 17 

1-2-I-x ](1 

1-2-4-8--)h 7 

H"" 

1) ,'HI 1 

I} 71 \7 
1) :;720 

' 1) ~t)81 

Il "\I)W 

Il -'14 \ 

'I "j'JI)I; 

Table S.6b DélIa for plGttllll( the rehabIlIt)' curve< of a ti-Ievel 
-Y':;lem wlth cc= 1 and (=O.j 

-<: 



E!'aluatlOn of the bystem 

1·00 

0,. 

Cl .~ 

S],stc:m 090 

1\ .. \, ",\"i I.~r 

0·88 

o .•• 

o • • -4 

a 82 

0·80 

-------:>;7" N Ul'nb ~" 0 f 5 p Q. 'l'e 5 

Fig. 5.2 Reliabdlty curves for a four-Ievel bmary tree. 
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Er'a/uatlOTi of the .',ystem" 

' .. ' 

o ,. 1 

Modula:,. 

o 84 

o B!l 

o Bo 

o +9 R AE Schem~ 

o 76 

Systf!Yl'l 074 

Rel ,'o.b: \: ~l 012 

010 

o 68 

06' 

o 6-4 

002 

0·60 

'.J 

o SB 

o ~6 

----->~ NvrnbeY' of Spa.res 

Fig. 5.3 ReiJabrllt y curves for a slx-level binary tree. 
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Evalua/lOrI uf the ,.,ystr.m 

0-8 

0·6 

R.AE Sc:.he>"YIe. 

0·5" 

Sys. ~el'Yl 

Rd 'D.b, L ~r Q. 4 

0.3 

o 2. 

o 1 

10 :20 40 so 60 10 80 100 1:2 0 1.! 0 

____ --=>~ Number of Sp"-res 

Fig. 5.4 Reliabdlty curves for an E'lght-le\el binary tree 
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6. COllc!ll..,ioll 

\ fllodllidf Idult-lnlpf,Ult ..,cheme h pfoposed ln thlS thesis for th€' blOary tree ar-

rhltecture HqwtlllO[l (J! th!' Llult-toleranl rnodulp a!:> many tmIe!:> ,lS requlrpd gl\C:" the 

fdtIlt-!ol"fMlt },lrldr\ trf'P 1 lit, mOc!It!e Int('[(On!l('ctlon IS ~o ed~\ ~r~d ..,tralght forwafd 

Ihd! p,trtltl()lll!lg <l! the Irl'C ,llnnng -,l'\t'f,d (hlp" he(OflW'i \pr, COIl\I'nlenl \n H-tn't' 

rhe Id\Out 1:" optllllllPr! III 

1 lit' Il n ~ 1" d 1 1 (J \ \ fi l! il ,.., d 1 III' d " 1 1 ri' () 1 ( ()[ Il P 1 (' \ Il \ Il d ~ "1 g Il 1 fi ( d ni 1 -" 1 TTl [1 f n \ f' d t () f 1 h P !Tl () ri -

more Id\OUl ,in"l Mid lrl'I' dt'pth (MInot hl' !Tl( n'd~('d .... Illlpl\ hl ,l(ldlng (',<Ira [nodule 

III f? \ l '( II<' Ill<' 

Ill<> 1'" ,l!~() "ho\\n lH're. \ thn'p-!p\pl. fOlH-\P"P\ Of ('\pn Illgher 1('\('\ rTlooul<> (,lIl Il<-' 
1 

(OIl'itructed b y UéJlng the b<t:'I<- module .. \Ithough the fault-toler,\llt c,lpabtllty r('du( es 

wlth the lligher \e\«'1 module". the,,!' (an he Il:,,ed in '>l'stem:" when' fault-toJprdllC(' relIl 

be t raded fOf cost 

I10W('VN, Olle very slgnlficant. Issue of fault-to\erdnce 1" still remained un~olved. 

l'hat 15 thp revI\dl of datd from the faulty element To our knowledge, no ~cheme Of 
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Concluswn 

paper, so far, has dlscussed titiS. problem. But it is very much essential that the data 

in the faulty nade should be recavered and stored m tlte replacmg node before the tree 

begms ta fUllction again This IS an open problem of interest It ::.eerns,that the modular 

scheme wIll be advdlltageolls for !:-Juch a data-recovery procedure. The modular scheme 

treats the fault locally and henïe. data recovermg and ~hlftlDg would be restricted wlthm 

the faulty modlde But, in mo"t 01 the existIng "cheme:, dc1ta-,,>h,ft,~g would be ngorous 

10 rr"torf' th!' pre\ IOU') d,lt<l ~tructur~' 

\. rncthod of t(''>t mg ,wd fau Il dlùgno"l"> hit::, not been worked out lor the rnodulcH 

!:-Jcheme .\1 though tlH' e\. 1::' Ling,> LUHlctrd met ho\b can serve the pllrpose, a met hoc! w hl( h 

doe~ th(' tr~tIng ,wd rf'COnfig\lrATIOn \\llhollt ,uly' IlnterrllptIOn In the normAl operation 

..,hould 1)(' 01 [[l U'rI",t 

, 
ln the mod ul,n ,>cherne thef\' .ln' four nod(',s ;'-.1 through ~.( Out of the~('. :\ 1. :\:l 

and), t,He Idcntlcal ln t('rrm, of node (Omplexlty. r<':,tructuflng scherne etc. RemdiIllng 

)i:l 1" m(?re romplex than the re<;t It has to replace any one of the other three nod('s 

d<'pendlllg UpOll the fault (ondltion ThAL 1:' why It has higher dcgree of ("omplf':"'lty 

and Il rcqulre,> more co[)trol~ fOf re~lruct\lrlIlg The fd.ct thd.t the module a,> a whole 
\ 

l:-i COllè>ld('[ed cl'> Ihe blllldlllg block for the trpf'. '\·t doe,> not bredk the regulaflty 01 

th('-,tr1l(I\1I(, Th(,(Olflpl<-te IJlll<1[\ tl(,(, l, IIH' [eglrl,u' repetltloll 01 th(' .... dlll(' hlo(h 

HOl'rcver, II \\Oldd h,l\c I)CCIl more (on"Cnl<'llt· d' the block Ihelf \-\Cf(' mOfe I('glll,l[ ln 

"truïturc ln terrn'o of t he four Ilode.., 

III ..,Ollie of the t'Xlst mg ~rh('rnes, the root. noJe of the binary Iree IS the bottlellt'ck. Ît 

Îs found that. t.he entlre trt't' beconH's 1Iioperdtlvl' when the root rads. Sa, sorne 'l( hernes 

have\to con~IJer the root llodl' to be ~p(,Clally de:-;lgneJ and protectcd Other '3rrrerrH's 

provlC!fu an extra redundant llode to tàke care of the root The modular scheme does Ilot 

suffer from thls drawback The fa!lure of the root nodc is nothlng but a normal fault 
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ConclusIOn 

in the hlghest level module an<hhf' fau Il} rnod ule IS readjusted acrordmgly HO\\(lwr. 

sorne bina'ry t ree machinf's tike dictlonar! mru~hine rI:'q\llre the root nodf' to serVi' cl;., the 

global control 1er for the tree In that case there 1;, no cholcr but 10 design a =>peClal 

pu t'pose no de . " 
'1 

- .In fault-toleranre desIgn rnethodology ;t 1s Cl u,>udl pranlCC to conslder the P{)'-,~I-

bility of Imk fallure to be negliglble compared to Ihdl of lIori~ fallur<' \j.,O,'"O!lW II11k 

fatlures can be con<;ldered to lw t'quivalenl ta the failu rt' of one of ,\ hl' COfrt'"pondlllg 

link connrcted lIodrs ln thr modular .;;,hem!' dll tll!' IlTlk failllrp" hdH' t'qlll\dlprlt Ilodt' 

~ fatlure r('prt'~ent<ltlon p'{ceplmg LI (Sep Fig :~ Il \otl( t' thel! 1,1 conn;'ct" <i 1t1OduIP 10 

another module Thus th\' f,ulurt, of LI < ,l.JJ fl{,lt her f)(' t fpa!pd ,h the fa Il IIrP of :\ 1 nOf 

be transferrt'd to tilt' < OIlIl('clpd modllie Thil'> lillk LI of ('\('r~ [Jloduk h \en ~t'!l"ill\(, 

Wij can thlllk of '-,Oltlf' ~r)('ual prot(,~\IOIl or dup 1 \C ,l.l Ion of LI III p',.('r~ l1lodul(,,1 

1 The result,,> of (Ornp?-fl,>on "hO\\ that the propo~('d fault-tolf'ranl s,henH' 1" more 

reliable, modular dnd easier ta Implernpnt than the eXl~tmg fault-tolerant ~rhenH'~ 

However.,the scheme is flot frce From .;hortcoming-, Hut th(,' cHhantage::- Il [HO\ ld('s 

are SUrf' tn outplay tht' accompanylllg drawbacks \Y(' 110pe further works and develop-

ment&! on this scheme wdl make It mor(' attrdctlve and useful as a fault-tolerant Je~l-~n " 

approach .. 

" 
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Appèndix --A 

Calculation of Mission Time MT(r) for a redundant binary tree system ,. 

The mission tlme funetlon MT(r) give~ the tlme,at WhlCh the system rclldbtlity falls 

below the level r 

In ehapter .5 the system reliability for a redundant system 1S glven as' 
M 

ROY9 = fI[R X 1-1 t (xc ~ l)RX(I - R)j 
P7"O 

w~~~e R=node reliability=e-,\t 

x=nun~bf'r of active nodes ln d sub~tree 

M=number of subsysterns Hl the tree. 

c=coverage factor. 

For find~ng the missIOn tlme of the system, sorne arbltrary value can be assigned 

to Rsys and the corresponding missIOn tirne is obtatned by solving the abov~ equation. 

The equation simplifies to 

M 

Rsys = II [R x 
i- 1 -j- (xc - l)RX(l - R)j 

p=o 

M , 

=, II[RI+l + RL(1- R) + xcRx(l- R)J 
p",,1} 

M 

= R zn 
-1 TI [(xc "7 L) - xcR\ 

p=O 
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For a modular four-Ievel tree. M=5 and x=3 Assurnmg c= land ,\ = 0.1 

Therefore, 

where y = e-o lt 

Solving this polynomial eqn. for different values of Ra~d gives the corresponding 
, 

value of mission time. 

'1 
, ,/ , 

89 



r 

Appendix B 

Calculation of Mean Time ta Failure for a redundant binary tree . 

From eqn. 5.8, 

A/TT F = 10
00 

R(t)dt. 

For a redundan t binary tree 

M 

R(t) = II [R X + 1 + (xc + 1) RX (1 - R)) 
, p=o 

From Appendix A, for a modular four level binary tree with c= 1 and .À ;::::: 0.1, 

R(t) = 1024e- 15t 
- 3840e- 1 

Gt + 5760e- 1 7t _ 4320e- 1llt + 1620e-19t _ 243e- 2 Dt 

--\ 

Therefore, 

lvfTT F = 100 

R(t)dt 

1024 3840 5760 4320 1620 243 = __ - __ -J- _____ + __ . __ 
·15 1.6 l.7 l.8 l.9 2.0 

= 2.033539. 
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