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ABSTRACT 
A cellular array is an iterative array of identical information processing 

machines, cells. The arrays discussed are rectan1ular array~. :of procrammable 
logic; in which information stored in a working cell tells the cell how to behave. No 
signal line connects more than a few cells. A loadi('I mechanism in each cell allows 
a computer directly connected to one cen to load any good cell that is not walled 
off by flawed cells. A loading arm is grown by pr.ograrnmin1 cells to form a path 
that carries loading information. Cell mechanisms allow a computer to monitor the 
growth of a loading arm, and to change the arm's rout&\ to avoid faulty cells. 
Properly programmed cells carry test signals between a tested cell and a testin1 
computer directly connected to only a few cells. The computer may ~scover the 
faulty cells in an array; and repair the array by loading the array's good cells to 
embed a desired machine. ' 

Terminology and network models are developed to describe the 
characteristics of a machine that are irnporhu;ll to the \•Jt and repair of an array 
embedding that machine. Important machine classes are defined, and their test and 
repair requirements are compared. Computer simulations of repair aid this 
comparison. · 

Each machine class is represented by a particular ceUular machine 
design. Arrays are presented for realizing hiahly-intearat8d, computer-maintained 
memories, such as variabla-len1th shift-registere, r~-.pua memories, and 
track-addressed sequential-access memories. One flawed array of simple cells 
may perform like any digital machine, within limits set by the size of the array, its 
number of input-output leads, and 'the speed of its components. One such machine 
can test, configure, and repair its cellular environment. Applications for. these 
cellular arrays are discussed. 

The thesis' approach is oriented toward the realities and trend• in 
large-scale integrated circuit production; and has potential integration level, 
reliability, maintainability, and flexibility advantages. 

THESIS SUPERVISOR: Edward Fredkin 
TITLE: Professor of Electrical Engineering and Computer Science 
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CHAPTER 1: OVERVIEW 

Section 1.0: Introduction 

A cellular array is an iterative array of identical information proceasina 

machines, cells. Test of an array discovers its flawed cells. Confipation of an 

array programs it to behave like some machine. Repair of 8n array procrama it to 

behave like a desired machine in spite of faulty array ceUs. This thesis develops a 

practical systems approach to hi1hly inte1rated, computer-maintained cellular 

machines. The structural simplicity of cellular machines 1ives them many 

advanta1es, especially now when larce-scale inte1rated circuits (LSI) are 

proliferating. We specify cell mechanisms and ouUine associated support programs 

for an arbitrarily large, two-dimensional, rectancular array. While we focus on 

two-dimensional rectangular arrays, our approach has obvious extension• to •rays 

with different interconnection geometries and more dimensions. This approach 

allows a digital machine to electronically test, confi1ure, and repair an array by 

direct communication with only a few cells in the array. The fact that a computer 

can test and repair an array implies that the array need not be perfecl All the 

cells of the array may be simultaneously produced as a very large, integrated 

array device. Such a device usually has faulty cells. After the array is first 

fabricated, a computer can find the defective cells in the array and load a perfect 

machine, which incorporates only 1ood cells, into the flawed array. Thus the same 

mass-produced device may be program-customized by a mass-produced device, 

----------- -----~- -----
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develops a new flew durinc it• operation, and if this flaw ceu••• a noticed 

performance ..,...uon, the artTJ fR1Y be pertly or ~·'8-t•t.t and re­

custo.Nzect·by • .....-.. n.. .n fMfll' ·11:at4'fld ....... ., be eleclf'oniCllHy 

tested, and''"**' to .. ...,,_. ttty· _.,ah· ·nn ••Nt tt.. ·"""Y rney 

be Mlint ... ·by ................ ftOr....., 9'*'11iay -····rHUitolized 

at any·tbM. 'Thh ·eppr.ecft i1··ltallored·te the~-Md&._. 1n·ctn1an. 

menuf8cture,'·~ ..... ~.ot··--· .--·~ -~ 

We ._. ll'f'•Y* ·of ,,,.,.,,......_, lolkf; ~ WGirtatlon loechld 

Into,_..., •••11• lft a· ..... ~·tih'tladlfh*to......_ ·No..., line 
eennecl• ,,.Y . ..._ A ................ ~ Mdt aiH ln en lrray; 

tN• alowe • .. ..,. . ._., C011lict.d to'orfy ft; Wt';;ito told any pod cell 

thet ll ftOt Wiiied Off1 .. ..,... :cen.. ,,. . ..,. mf•IMhft ~··;h eolftPUt• 

8ends to the Wn1J fMY -.ct ._. of 1· ..... let of _. ... ,.... for· a 1oaclrll 

arm· that;~ to.dine tnfornlltlon to a· ct111: ·w. -.rap Oil:..,_..,.. that 

lffow the ~ tb _...Jtet the trowth of • 1..._ .,. to • .W, and to Chana• 
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allow faulty cells to affect Its behavior. Therefore an •~added m~ne I• 

programm~d to i1nore sianal• sent. fr:-0"9 faytly c,ellt, We find that the 

communication paths required betw..n U.. .. •"81i1Jl cell• of an ~;machine 
' . . -. ~ - ' • J -,t:;_ ; - ,. .... ,: . ' .. - -~ . , 

affect test and repair of .. an •r,y for ~·.that lllehi• .. ~velopment of 
~ ~ - :- , . ~ . -; ~ . ' ' ,_ ' . - . 

terrninolol)' and network model' allows. "f~.lo,~~ ~·more 

precisely. Important ~ ~ne d_.. •• .4'fined, -' their aMOCJated 
. ' ' . ~ . . . '• f· ... ;1__- ' ; ' •• - • ' -· -; .;;,o·,/ . • •. ' - • , 

test and repair requirements are detellg CcnAut~ .. '"'""''tione. of ra,palr 

facilitate this comparison. 

For each cl•" of rnachine,tb•l'.• -.~ •·~t•~F• PtW.Ualty 

useful representative of that ~· ls ~tfjl."1 ~ _,,., ~ conbltrt .. -..; .. ~na 
mechanism. Arrays are praaen~ tor r .. Qac.)i;iy ;;;Wffr•lei4, .~er­

maintained me~ries. These include errar• tor ~ ¥_,.ia~entth ahlft­

re1ister91 random-access metnories, .and trJCk.~,...e.aMC:t ~i~~··• 
, . . ::·· .. ' .' ,, ' 

memories. One array of simple. cells •Y • pr;~;~.· embe{t an •l:•Urery 

digital machine, wit~n limits set by U.. size of..lhe .,,~. it• mwber· of. N1Put-
• , < • • • - "'" ,,... ,,... •• -. • • 

output leads, and the speed of itt componen.t~ ,.An ,mT,;8Y~ compuW can 
. ' . ' . ' ' ,.,· ·: .... •"" , .... ,,.. ·. -· .. ' . ' 

test, confipe, and. repair its cellular envir~t ~~t~qu4111.we ,de~op. 

Indeed, two or more .,-ey ... ~ ~·--~·t~,_. o~. 
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som4tkeyt--. 

A c""""' ""*'J lt'lft ·ll'IW'/ of ffttlWlly1diftW ........... ..,...... 

rnachtft8I, ull1, ~~ lft ln;·tt..wtlV. --~ ·Eich c.1··., in ~ ... 

array occupiel'* tattlee pond lft af~1 trP1o&' t8ah c8H comnuicates 

cirectty-wtth'o&r ..-. ......... a Mil tltlf • ...,.._, A.n i.1 ehowe 

• pcmibte layout et• cetkl• tlfWI. ··Eich cl1t ht i~·jWift ariiy lM •·fixed ...,... 

of ........ tlM : ... Jlfl, ..... correp ..... fO ~· clftct~ with 

another cell,. a.,,,,.,,. If 11f1 .......... of a ... ..t ·~·.to a M1&hbor, ell 

......_. of·tt......,Mf<*lild toht·;i..,1M1r} 1rl'*M~.._., connect to 

a nellhbor, ..,. or .a Of Its ........,. •·t:dt1ttldt ·to ·lh ~ rMchlne. 

~acted tftpa11 ad ••,ff they lfW co\Nettrd to a blMry OJ lhl• I• •••HY 
·Implemented. W• CfMCltltrat• • tiitwW14 c.wutar ·ah'~~ two-tJID.ri9l0n.a 

..,..,. tfkethet ..._. fn 11....,.. ·1.1, WIWl:fldi _,. fM tW ..,.. .. t., with input 

and output ..,.... lfrlk It •91Ch .._. .... ·w•i'lllt tire .·id ...... .,..,... to 

qp.t aft ...,. i.,out· for •. .,.,., With---,~ ...... . 

for -tm ideftttcal cell. sen. ·hav• ptipotM ...,_,. tH ..... ..,... bus .. • run 

thrOuah "*'Y C9111.- ._ • array It otten·catWr~y :~ When a liaMt 
tu·•·--.• -.:T..,.'ht ._.be,...,.., ~'1n cheek....,cfirray., 

at most, a """' line corNCll a cell to it• four Mi...._ a.ckW'boli'd .,. 

•• well-suited to the etep __,.,,.. natan of _,... fnt9ll .._. clnUt (IC> 
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Fi1. 1.1 Layout Of A Checkerboard Array Comected 
,, J'•TllO.~~M.aW.• .. '·"'·'··· ·" 

M 

M 

··~ 

,. 
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' ' 

production. r-. .,.,.., . .,., .... ~, ..... ~and repair edv•taa­

An .,_,, .. ~,,,. ,.,,_.., tq:b • tW of ~P• 1.2, partially delcribes 
' 

an array's 1~·1f ··--11iW"81cffeilfClr~Uf~ with It• c.ah.11• 
-'<..~:-. - -·t :~. - " '·~-... ,t~-···. 

nei1hbor• or Ptr~•'tY ....... In .. 1"4 ......... -work, Heh .. 
. i . ' 

·+· ~."'' .. ~\" .. ~,· ~---~··"'--~~ft-

repretenll a ctH, - eah ·~ r•Mfnt• • ....... frray machine. A node 11 

llMed to ........... .:·~If~~·. ;.t;j.._.,..·~ cl~ 
'_ . 1 ': . . 't 

Unk the -~· ~ .. :.A.~ hit! Hpfl a if n 1* ,.,.pt to the node. 
• i" :, ~ { ;.: { ~ f; 

tt's ••• '*--• ,.._i.._. _.,,~ • .....,..,, .... .-uy, 
. . : . , I 

lt'e valldtol- the ~ln
1

a ~~--..;iiftr1 .... treat lw ceh 

outtide Wt . : ,, ' ...-..=r• ' ..a ........ · ....... ;;:. ' .. ···t···'·· ' .,,., .. ' ' fl!llJ .,....,, 
' . 

cont.int fll.*t"11tff#dftM.tln ''°'' 6111 affectirW which of· .. .- ...,... the C911 . 
performs. Eiotb ceu. .. lrrl)'f ... viewed ....... two functional lay•• - • 

. • , . -~_'' _:,.. ...... :~ ..... ,. :~. ~ --~,: ,.,:"t·t,_,.~ 

. loadt?Jf.1~~ •rvl.,t: ltf1Us1ilf1·m'llr' ~ .,;~· _,,,.(_."'-f;,.-1fMIPOl'Y 
elern6ntafor ~'f~er .. )Ot ~ ... ~-~.may ti:'~y-,int"'twlned. 

At eny aiven h inltlftt. only one of 1 ceU!e lay ... is acti~ TM P'oceeeinl 

layer of .... nwi•.-• ................. ~---· iiilril•itety ' 

uteful to an ...,._., ..,. The proc8""" layer's output Md et.le •• • fwlcUon 

of the pr__.. ._.,., input Md tl•te.,.f'@il lit (lmettlm "'"' - the state of the 

fuiction-tpeCif1e9tion .i.t• bib. Tt\8 tw.tion--..-:lficltion state blll may enter • 

particular Motion -... when 1n array i• ,..,,.,.... .,. lfter W., they may only 

be loaded throup wte of the erray'e leldiq inputl. The tole function of the 
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loedins l9er it to INCt U,.. ~~ .,q ~~ -~lill..,.onned In the 

proce11in1 layer of the arr•1~ Thu• ~ fw~•llJo._,tlen~.t•:•t •• 

intermedi.-i•• betwten tbe.J ..... Jtra.r.~•4,,.l'P1111'.lll)..,.. o'.9• ....Uon­

specification bits •r• thtt· o~y ce,111. •rte8*rltlb .. #lijff eiU.:teyer. 

Ty~~al u1ae of •ri array i~vol~ .. lOJdiMJ;M·~•-....n •We !Hts, 

~ebY apecif)i"l<""'··~cari.~,~ Qlf~P·!~ ·~the 

loader is q.i~t ~··~~ l:at: ... OIJR ~ ~ ~.of the. 

loader.~ re-pr.-111m the Pf~:··~~~~·~ · 

For many ac.~ ll'f~-:~;',.. .•M'Aft.~_... of 

M arr~ to remain. f~.~~.llv•,~1--,~ -~- .. ~ 

. ~i.~t .. di~!·.~· i,.!.~~~·~+ttf ~···-~~ ,,.i...--. .... t .. ,,_.. • 

.. P'OC:~~~ inp.&t~~ ..• ~ -~~~ l"~LWi·\f«·•·.,~· ..... 
ju~tifiabl>: thin~ of hi,, arr~; 8' .,,.8')~~~-' <1.lfr~ ._,.,_.. Ip ,the 

. '·." . ,. . ;-; ', ~ .. . '(,· 

proce~tl"J layer, .~.thf\ fix!d .•"1~. •t~~~~M• ,._,~.,."~ 
' . - ' - - ' - - ~ ' , ' ' . : - - ;., . 

m~~i"':· S.imil~I~,; •.u•r J1'1.J.ht .og ..._, ~:..:r.,;~ tfwll•·-- an 

interval devot~ to .~~· fW\Cij°"""-~~~W.v 'TMtMNJ~ Wolltd:then 
- ,.,, -

think of the array 11 "9 envir~ •. f~~~ ...... -,._.,,....;_,.,. · 

durin1 thi• il)ter,v~ fj1"1)11;• . .u.r~ .• .,_,.~~aBev•:M 11rllA1Pueinl . . ' ·- . . . . .. 

loldins inJ?Ut'- tqtJ~·..,..:P"W•,,W...,....d,••'*"9r, .... •1iMl:ttf.t. 

The U!•r, co.ul~ think. ~f an .tmb.edQcl ~. ~~<t-•1 IMCli .. r,;>tlnd . - . . . 

procea•l.fll J•Yt!r• •jna l.l\t; j~val.. ~t.• 9'lhlu••,t11e· naiur.:•:the 
, ' ~- .. ' . ~ ( : ;.- ; ; ~ . - - . . . ' . . . 

embedded machine profcudy affect. the ... W., ........ , .. ...,. 
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Kft•edc• et the eOMtrlint• an·'aft· · aitty crurtnt an int..,Val affect• 

testtna and "" llr • pNfotnly ht we •ftllp a . .._...to d81cribe thMe 

cwtralrts. .,,,. • ..,.. •MtloM ra.ttv. to llie~td -trr.Y ~ • jven time 

iftterval. The ... ,.,.._ .... _. .. Mt "* tNI ......, ... ..,... dtecUy 

intere.t him Oilinl •·tftlrnl; hlee n·fi··~ ~ The lnput­

ou•ut tHltt •f1ift tfrtil1 tt\at cGt\nettid to ·a· utir .. nMdthti·· 1At..,t be the 

int ..... tina Hnee fir N· USlr. ...,._.,, ftdM~tpecliC.UiffWll' Which wcUd 
affect tM fUflltton Mt _.,., pert._ tw I '* · •j\t h 'itl\.,.tlnS;" while 

ftaneti~·ifts in a rtifftOte ·Mdftin .,. In array Wpt be winterMtlnl. 

Thul· iftt.,... is...., ifti--of a utit'•IM.,....: --~•in. Tfie state of the 

... ..., at the ....... ., h 1ntrflf, find h ...... 'lf wtr.cetve ..... the 

iftterval, afhiet wtidtot'·tt. Memll 'i ...... 'llnci ~.el Hnel . .,..· rllllM'lltf ht 
is. which may eHeet ·tr.t•ewnt 111ment1· .,._ tli ~. A.a MMltW .t11u 

for • ·li•an ..,. ,. ;a.crtbld by 1 Bit of thMe rtt~VIM ~ 11-.ntt .net 

... •t ·m,;ut "'* .... ~- .... known .to be. ff>Ced dlriil h int~ •• end 

their .,..._: vl!IWs. The ·embed!ltd mtidtM._ ·1·-~· lln.t are the 

retevaftt ln,KA-~ 1lftet of the llttlt/ that ire vlrillff' dWfnl' tile tnterv81. A 

proar_.able .._. IMllftl mecharftftnMJ •f~~flCatlon atate bit-, and 

. thereby:~- ...... .., .,,...., e.· ....... ~"' "' s*oc••linl 
tarer of an •r-.. Fl.,,• 1.3 lfV** a· chardirllatiln of.'.,., .UCh j~ 

machiM. trrllhtvlnt ""** Ind oatputs ... ·not ·lhlwt\ . ....,. lt\itt ~-' aifec{the 
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DifflNl'rt embedded mllCNne. may be equivalent If a flawed array i• 

conflsured to-.. a madifte tt1et i• ecpVllent to.·~~ array'• embedded 

machine, we Ny tM flawed array ._ . .-.,..~ .te •.t • ,.,.eel mec:hlne. 

Our atray repllft i• ther•,...• an ............ •-=~••;•·••• ltlta of ceh, end 
'' ·: 

not a mechanical altwdon of an ·rmy. .. 

A rtlna1r1 conntttton n1twrl, OP; rtlCOJli nttworA. ·I• a subnetwork of the 
; 

-· ,;;., .. 

interconnection netWork that ~ ~ trt •: .-.xted mechine 

(aee fipwe 1.4). Al tn tht inter'*""8Ctioft ~dots corriNlpond to celle, Md 

diamcmd8 corr•llMftd to extra-•rtJy maehifteL- ~ and ort,"if 8i ltNtst one relevant 

connection directly.linb.a.cell.witb wu.r-.i,.,.u&Jl...tray IMChine, a link 

call'• rllco.11 nMtMMs ere the entltiet • eel .. or eJCtra•wra, fMlehlne• - who•• 

repreaentativn •••r.ayftnrld to tfta··tln dof'in tfi·tid~'hitWork. ,···cell 

with_ n ref con neilhbor• is a cell of rtlton "''~" n, celled • rtlton-tt ceff. An 
. ;,;' 

embedded machine•• retcon i• the tiahett releM ..... of "'I of lt• cells. 

A qullification of ot.r definition of 1n ernb..tded mMhN make• It more 

consistent wi'lh ow lntwtive understmna of a tnlChine. We tequire that two 

cells in the 1ame .......,. machtrte be connected by 1ome path of relc:on 

neilhbore; that it. en embedded rnMhlne'• relcon network ...t hive aome path 

between tMir repretlfttative dolt. Thua two or ,_.. 111cHMI IM)' be .-..ded 
in the nme .. ray. 

An array CGMtrainl the relcon network of ....._ .,,.....d tn that 
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array. Two cell• CM be relcon~-51f~A~:~!~!·1 

"'":..~nter~~~,~~i:,,t~ ~~~}~t~*~l M't.~"'~~"' may turu. 

-~ ···:~~{~1t!! .~~~~,·:~·~'.~r~~i7·~t$ ~~nl\'J~r:~~. ~,ff" eJ•o~nly_ 
intere1tin1 -~f t~~~r~~r;~~~~JJtlifl,.~ ~~~i~rf"J~ an 

embedded mtlChine don't CGllllUiMta with .... ...... 
:~~~~--·~:-~~~t.~~l~~~t ·"',,,~ __ ~f,~;,L~· ~_;J~.· 

An array Yli~:.,~~~ .. ~!~"9 the relcoft network of It• 

~ !~~~\~~ ~~~!! :~~·-~·1"9~11J! .. "f:~~"f~~~M 
.. ~v·~(,~.~0:6~~ '~~ ~B~~J ~~"lac}''!;3!';m~ ~~t 

.ffe.' J.~~·~·~,-~\-~~4~,~!~~~~~ :;J'it'~c~t,~1ithe 

~r:~.~~~ ~":::;~~; ,!!~-~.~~( ~ ~'~ ~ m,,-.(ff1~~.,, ~ 
}"':~ .. ~ ~~~:~t~~~cr"-= ~:~~!~~ .e-!~li en"~<- ., i: ... t:.'?' 

,•:i.-. - .. /. 

·. _,: 
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~uon i.2:·11tf16Wer *iftj Relatictcans~t~ ;: 

trlillhtfhllft' Hitls ere ~if lei Miny of .. ow ·te.un., confl..,•lton. 

and refjltr .,etatf ont. ln a traMmillto~; slate,· t=1i~t lo ii cell .. are 

tranlrnRta'·'w"'*•I• • ~ w·. 'dlf.Y,"itf.if '~: h .' .. ., IC .. like oM or 

. lnOr• wtr• c~-ln~ ~·ei- ciutpcl':Th.t~i~r~ ... au ...,..Input. 
1 ·~ 6Uts;uti· tf'Wit·a.\ 'Be diiacntMld ti ·~croi•1~~,,~ :~ ··~· ·· 

{f~~ ... f.,.r.,,..r.4;Q;~~(..) :; ·~ ! I ' 

tou.~.ot.fAt .... o...oa.~g,, .. ~ i ... 

tl\e trr•f 8Ub9C11Pt - ·u. ~·o, 10.. l -~ &e· ot;;• ~·. ,., ..... ~. ~ Up, 

Right, OOWn, Ot Lift. 'tadfl tide-tel of 1 j/;,;. ~I .... ~1.-. runb.,. of 1oildins 
' ' ... ~ h .. " . .. . .. ... >< '•.". 

· in,;ut• :*-' ~ M; ancr·ttw. ••~';if P.oe• .. iftt"•C'a.:d ~ ·N-M. 

"-:For ilf 1 st(~ tt;:w• tril'e ~t ~. -.11Jr. ~~:;~~''9 ~·~,1~ ~-~· • .dated, 
' • ' • :-.... ;~ . ..; o_. "":~ \ ,•· ,.,!' ·~ _• 4.""'! ''\-~-"'}$\:- , • ··~·;.t'~ 

end liven the Mine name. tfiUi· Yie mftM 1Pei' Of ·t1a9~ Selilei' •Oldns input and 

output of each of a ·cell'• side-sett. In a lllitldlftf trntlltlsJIOn st"''' each IOldftl line 

of one side-s•t Is tranamitted to an a.aodited loadnt output at one other tide-, 

set after a ditty not lon1er than about one 1att•detay. Thu• a loadin1 

transrni98iori state buste1 the loadint input• of one ...,,.t to ISIOdated loadiftl 

oUtputs at m10ther mde-set Proctsstng tranifidsston stat11 effecUvely connect a bu8 

to every side-set'• procentnc outputs. Each but CGMldt the proce1tina output• 

Trsnsrntsston ltnll are important to CU' testins end repair prOC81M9 '" 

some arraya. A traumJHion link I• a proc•••iftl l1yer'• c:Min of cell• In 
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treneminion elates that ecta 'is e 1Wo-WW,~..._, b;~-'e.th· P,.°*9ins 

input at one of ite end8 to an wociated "''!Jllinl output at· It• oppoelte end. A 
"' "" ·::i~~· ? ~~ ... ~~·! 

tranamiuion Ii .. perforru the earne bLmift1 -.1on in • lntJl/. Independent of the 
!.--·-1: '\ ~ 

link's path or l..,.th. 

<Ar 1oec1,. 1pproach I.IHI cell• in IOldnl ......_.on ltltet to tr..-t 
.. , _.,. 'j. • - ,- ) I ,.. 

loldnj ..... tcf;tM; fnPUt•·'or• cw~ toildii :llJ\\M1 allti;:r• "einBaddi"' 

some relcc.-l•,._.41111iline*tit..,......_tillliiitlllbfW lilftlli frOM • 

te1t mechine. IUCh • a computer, to 1 ~.ii. TheM .... linke concurenUy 

retlrn a t•tid<aift'i··~., blek.· ·to:,thf· teir--1~~ t•ted In this 

way are repaired by linkina dutter1 of pcMfatlf'Via tr.-9'lon·llnke. . ,,, .. ; «ill/ 

' Al\-~ ,.:IUne.~le-.• .... ~ ........ (IN ...... 

1.5). The ••· _,.._., .. i. ~41-.U. Qlll• in the ..., have relcon-2. The 
. - ~ 

relconi-2 cell• ... tt- •m'• bocl,. in.~· ···nli]f'9-.lrWO-t from th_e 

~P in :the relcon n+twork'• chainJ : A I01Cin4·+··1~ ~j-to-~Oi•f th. cell• in en 
-.· . . . . '; . . ..•... . ·~ .. ,1.,. . -~fl·-".!.. i 

array; loadinc lipa11 flow from it- lcMdttl !lt'nr• ta.. to il9i Up, wlw'• • cell I• 

loecfel!. Wnl.,_; IMhlnet wlic:!i ft ,..; ~ 411ij~~ln lhl proc...inc 
- '·, ....... ,,__ 

'"'-, 1 

' 

We devillop a loadirw mechani•mi that can be! coupled with •nY 
1' : •• •·" •-'- • t •>r• ,,~.,,_ .• ~._. -• •.!°' .. c·;_~ ...... ,.-., ·--"'"''' ~'.-

- . 

proartnvnabl• loaic procesains nMtcheniem in an;wray of two pr more clmenlions. 
t : ~ ;. 

<" ; • : ' • '~ 
This IOedtn& mec1\atftnr a111Wt U\i'TOiilfif·oriiiYCilfin"li perfect, erbitr..aly l•P 

array by sips ~:to • ,c:eH ~ "'' tfiti .ny;'Of'ltt'. i~ponible becall8 

a loadtng ar11 may be 1rown to the lo~.ft'l. The loadln1 arm I• an arm 



PAGE 23 

Fie. 1.5 Rek:onNetwork For Two E~ ~rms 

8) .._, "'twork #or fiawre .13a,~,..,.._ 

iili 
.~ - ,c,) ~= ·~···· .. 

.,,,, / ....... 

""-
-~~ 

v 
.. 

'+ 
~ .. v -. 

...____ 
·' "· ,_< 

... 
~ 

0) Rekson network for the em9~ ..Wne in C 
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~in u.,.,,~w)..-,;~ Mt~: -~-~t1Mitwdl!9hthe.111J!ti.,. In 

lofi,._ .. tr~ti41~t·~~ ~,._ '9!tl•J~---~i,_, _.,,. :lt1 Its· 

tip;, !~.lqacti" ~~ -~.~· l'M,.:7,...,. ·-~~..WtPM 
~;~t •• 8'Jf*''°"~.to af(t.itR ~d ........ * 1'sWI ;,. ~IW#ect 

-~ •. ~1for ,...t ~~· ~~r.~-..MMR...,..,~._..alvelld, a 

:;, :ctU1. ~-;W;·:eccW\.JffltM t,.t .. ~~.~"'41MWti"1'·t ... ~t • .._rjnto 

the.~ t~o&A1P,.th!;,~Ylr~Jl~fl'Mlltltl.W.Af1Jtl1\:1.,q,~tion 

. •tate .. If .. ~.J~ti~,.~~1~dt't111!MtN;'.flP~ how the 

~Jtll's 1-JIP•r eu-~~~-t•~ .~\l'~Ml·""1\S~ ~1*..,.Pl't•RM••lon 

.· •tate,-\n Wbid\~it:,P~-~1~14,t8!lllriLll"'ltM ••~AM:~ 

... t~ .,.Jl•t·:!i~ tt ,... ·~;~ t»f!~-,~~••r.+~~-­

tip.,c;eU! .Jhu. ~ 4=.tql ,..J,-~·Q?e· tft~rMt-~~··--· ~~'Its 

. nei~ ..... ;~~~ ... ~ ft~p1"t\ .... ~,-~1f'11$h~;, .. i .... 

. ~· :arf'. '""f~t •t .. ~J• •i#~1 .,~~,.,,._.,._,,,,,'el•.,,,.,,. tfl'Ml_. 

c:•U'~-~~J,~tr i"~•• ~ot¥r ~la,tn~~·~;~-lttl.,. •t~MtJ&h • 

J~ ~~ ~ff!Q11~~~J~~ .. ,~f~1 f*J":~""'-'~ 41Jl I•~ In 

v~iCNI f~~~ •~1~A,~ ~ .. ~i-fa_..lt ••.AWilhlf Pri'!,._; the 

loadin1 arm to be the new tip; the former tip'1 ·~-••• :ilt~ 

: .• ,.end. the ,I." '1!1'J•,Jnc.-~~ ~~1AJljMde ._,._.of~..,.. CM 

. ~.Q_ ~;~-~ ~-~~'1:~b:t.etJ .. ~ .... ...,..i._~-.~the 
·. }c,~appr !~tlr~t ~JJ)e~"'I\~,~.~ u~;•;f~~~ol,1...._<.,.. 

, .·.ql\,,~··lb-., ~ Jt,~,,.. ,91 .vWJtli~i-la& .,_.,., . .,..hnP11tcly 
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.... Uw .... the ..... tip. ...... ·°"'Y 'fl..._.,,. ttp C:Wf· ·Cift ·flave 

It• 'funcOOn :s• ~a ceer. ~·M·•:'awltrift·t1p·11· ·lufftdint to 

·permaMfttfY * awfUftc:tten tfft.. Ai·hfldlti "'1t· ... 2M t•·10.Cf'c4WI• fn en . -

. array, in . .,... 'tt '~---or ,.,. _..:._.~ ;tfi··· .... Or ltt ..... ertr 

shaped· arrfl'/, .-. _,. llMlty t• tnlM ~ a1fillt,. .... w .... 'Wrdmd 

.............................. 'N ..... '~&paulty. 

u .. of· a ...... .., kMillr ....,,,;~ ·~ tfat• f8Cltltat .. 

nt8ChlM • ...._,. ilf* ftllWed ihay.· A ~'W•ltt"ift-....... ktldtc 

....... ..w .. - ........ ~"l'dl,.f ....... f .. 'hlidlf~· .,,... ....... 
· active ..,.ty.,,.,._... ,,_. "8t·• ...,,._.~ciiif-* ~1*.d. · 

• ............. ., ........... ..._. w;lhWi•s1m·• _, ., ... °' ttie'CIJll'• 

......... ''lN ,..., hlcffu .... , ... .., .•• , ...... ,...., .._.. . .., be 

uMd l•~ a·MI• .....,._..,th•dtl1witt\ •-::.._.,..... atM•,-
u...-tly ... ·t•clna 'titMlt'tfnUaH U.. ear·tti Aiif~·.,._ .. ,, rda.r 

outpub, end ........ ceWI ·~ ,,..; .... ,.~~ ............ 

armt• ful'Nt ltlt ... tMclftl ~"h:iil;;~-1il-1Hnt:if· the 

.,.,.",. '""*"*' .,.,,. 
· The t•• ~· i• .- to bdclte'• celt1*hanl.,.., fuhctl'Onel 

symmetry Wlth r•11.et o lti elde1*'t. ·'A '&ilf't''Prleillal#W ...._ .. m.y· be 

balaneeid for ..... •el of._ .. _,. functierf:·~'··~· --·titctfOft' date 

~·of .... ,.. .............. -. ...... - ....... filctlilitby t·'aet 

---------- _,_ ·- ----------
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of statements relr~ ~b~lfdJP!~:~ - Oucu.1,. · · · Oa.N -

~> .,~ ~~;pr~-M&~Jl~:~f,~~ ~J~Jf~•lfl1PWl.t~,;e-~t 

.•~,~~·~·•ti,n,.f~~~JP'.'.~tl ~-­
epliceble proceni"I '.!~. ~tift~~fi,flt ~.r ... le.,JP-.Pti• 
Mt of statements - such 11 the permutetlon interchlnllnl L end U, but kMPi"I R 

end D where they •• - yieldt 1 Mt of .._. ht CONpletely delCrtbel .,. 

allowed fLn:tlon state, the proceaaiftl rnechlri• 11 ,,.._ far state ~ end the 
c 

balanc1-rllatld fLn:tion atatM pner1ted by the llcl1 . ..t ~ If • cell I• 

balanced In every allowed fWM:tion-atate, the .ull ._ Nlau14. SomeUmn the 

construction of a cell requires dillllowed kRtion. stet.. One micM. far inltm, 

uae four function-apecific1tion stet• bite for ttirteen ellow_,. .· fWICtlon 1tatet. 

Three function 1tate1 mi1ht be incldentelty 1enerated. ueea .. ., end therefore 

disallowed. 

An exnpi• darifiea the ~t of 1 pr-....._ whlnitm'• bllwe. 

Consider eome proc•Minc mechanism with one proc••lins input d OM pro011llns 

output at each of its. tow lide-aete. One tnnlnillion ftn:tion at.le FA of thi• 

mechanism is deacribed by the set of 1tatement1 below. 

An arrow indicates en Input Is trantmitted to an output. Thi•· procMliftl 

mechaniam la balanced in atate FA if and only if the cell t. h.lacu. •tat• F1 n 

F c such that the foUowins statements •• tna 

For Fe: {lo-+~ IR-+°°' IL-+ 0.- lu-+ 0..} 
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For Fe: {lo~ al, IL~ Oo, lu ~ Oio IR~ Ou} 

If the mechanism is balanced in state FA, it is obviously balanced in states F9 and 

Fe. We then say that FA, F8, and Fe are balance-related. If the mechanism Is 

balanced for every allowed function state, the cell is balanced. 
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. , ~ted.~~:':·f8'H~·"·~·~:1~ Mirtl·M....,.,tfltout 

.. ; ·~JY ,~Y!~~- '·~~!If ~q'J~,JM\tl ... ;Cflf r4eiflM8i.it-*~~iJ•t 

machine'• control, and not by alpl1 Cff.IR~~ ~-··~·~---~ 
allows appropriate tipala into 1 finite Mt of ceh to affect kNldint of • cell, there 

it some chance that faulty cell• will proW. thole ti .. to IOld a cell without a 

teat machine'• control, and therefore c•tredlct thi• ...._tlon. We detcrlbe 

detilft techniques for mekina this W'bitr..tly ·U'lliMly; W. involv• fMklnl the •t 

of valid loadiftl commends lmlHer thin the ..t of p11ellle kNtclftl commMds, 90 

that f ault-1enerated commands ere likely to be ditobeyed. Another ba•lc 

assumption ia that the behavior of 1 cell dapanda on that cell'• state end lnput1, 

and not on the atate of other cells. Our checkerboerd arrays help ••..,.e the 

validity of this uunption, becw no tisnll line connecta dttant cells. A third 

basic asaumption is that 1 faulty cell la somewhat cenMtent In it• futy behavior: 

if a cell is 1ood whenev• it or its nei&hbor• ••tested, the cell nut be pod In 

the intervals between teats. If a 1ood cell becomea flawed, It may not pretend to 

be 1ooc:t whenever it is tested. The first and third ..,.uon. ••met if• f81Jty 

cell's outputs all remain stuck at aome vllue. AnoU.. ......,Uon, which I• made 

to reduce teat time, states independence of certlin ..clwi.,.. In a. cell. For 
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instance. il'e ,....,. ht the •tat• of a -~* 'ftlje .• ._ Mt attef; the 

.. i fNl'f~ltf·w··t•••t-. itr tfW itlft~:~ 1CWI'..,.. ..,ay-dealp 

techfticfflff/Wf\M\; .,.,_ ;fitaN 'lfti '•lftffty~cW ifi iurJltiiiptf~n•: \i"ftfese 

··1t~i1'·--flll•'.._lhlw11t·,a1t111·w»fia-~1...r.'t,_-~ 

· eonvalitfMat·iltP·••• Bf._vltw·'~'W··~i-:'.,..... FioWev .. , 

uttmei.·J~ • u. ........... •slittt.tir/Wftl\ ~>' 
"'. !'., . , 
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.· .. -.~~ ~~~~g1J'~~\,'f~6""11f'Rfo ... :!~ 

. fi~~~=;~Tit~tl~\~,- \P.d\~Jf Im Wi"!fl"1lr' 

'.~~:=~~:!,~=~1,~~~~; ~"~ -~Jtfl}~end 
repair. Proper communication of a dlcibll IWhiH ~§S~~,!!k'f r'9 

~~~ .. ~,f!tJ~:r ,~=~--=t~h~::rtl~'l~'Vfq~,.,. °' u. 

~~· ~ 'l~"'~:t!~\;~~~~~~~~'t~~~~,,r,,. rlfl'/• 

~~~~;. ~ -~~ u. .. J·~·~J:il~~~,~:.~~3!~1~.:tt=j~~·~i:~or. 
"'·~,-~Pr,~~-~rnme':L~ -~~r~~~~~.~ i~~~s;:"';.}' a~e~~ ~~' ~"": .. /![~ 1

' 

G·. ~·~~~~ ~}~~lCm~o:t~~;;·~~kl1P.:.~1:m,g a·~~ t~~ of 

-~f; ~ .~1,~. In 1~.~-~~ ~12~j'1f$-:l~~ ~ ='b~"'~tl',\~r'-
~-~~~:u~~~~:~·~t~f ~~\f ~tw~ ~e~s~rl~;i~f• 

L·~,!~ ;=~f~ =}~~~!t}~Tri=1~iJ'~'1~ 
by the list (F11 F21 ••• Fn>· F11 is the fwdon •late of ~t:t~~".~~~~= II 

the first cell in the .-m, Md Fro It the fwdilft 9tlte of the Mh cell In the ._ 
::---·- ."~},; >';t·>~-.~; ~f.':: :~~ ,·'J.~;:{:r<}din:1 r*r"i~;i~}~:·' _!;jt.tt~~$Q 0 ~i ~f~~rtllli't:: ·J.-~A~t~i;lttt\ t;.~ 

Fy 1 la the function atate of the arm't tip. B•-.. ell the ~Uon •~'-8 •• 
~~J>·" ,:~~t r·-:¥ ~,:.;:: fd}~:-t :~ :·~~·1 .. .:,, ~~1 be.anti1':;v·.~:.;· ~~~lf~·:\fi:m r; 4a c~o~·~r)£::a:l :Z:i· -r~rt~ 

,." bal~.~4~~~~j~',~~~\~ ~~a~t~r.,~!3~~~!,~~~,.,rm 
,, -~.,.that~-;~ f~tion tlat~(f11,.~~/. :::,·.,.J~~,..~~'1r'~~~ ~~:'~ 

to F Ni for alt 1 s N s T . 
... ,,iJ.~> ~ ~ ~ ;c A. .: ~ > · :· _-.;~ ;:_;..,~ 

, . :,fa.pt~~·~: d,~ ~~~-~ fV::wl'J1lo~~~t~r1~•1t 
"~~~~~il···~abl• ,~~1~' ,;!'~~;~~~·-l,~Q ;~~il~m '~, .,,~., 
~~,:1~~~-~t.,~~~f~-~i~'1!~~s~1fu,~1!;,\~o~~-
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of a repelred fi8'). In moat flawed ..,.,_~th f4·'~~·:1~·c.n., O s N s 

2~ tli1· P'orMI'~· .nc~ ~;·~PC;)irM~· ri'"Af :~ of u. 
totlll eW11· 1Fi Ml i+iY. · lfij p•hli~ ii.'~ ~1 ~ y;;·fteci·· \~t.en N 11 

'lfeatJ·tt\i\~'-*"l~te'liif W1lilij&~ilf**"'iii;:..._1n 
• ~i.r:Wcril~. . ! i ·15h~'. '"•'""'~•}'.) ki'Q::•I'; 

~, , · ~;,· 1; aalO~cftCUl.il othi.>ilU.I; ,~ ic.'lw~' r..i&Za..- of 

arm fnad1t~' fft ·~i;:·lrp;.~.;nli'•11~1;~tr.r_.,t'',~0n of 
' ·~ . ' 

e.iormoill t~~it~r..Wreiii. vii.biti-~lt.:,·~-~ In. I •;nit~ IC 
. - - , ·: ,• •. ~ . · · , r .' , . : :· · , .. i.; 1 ~ ,~ ~' !' ~-,;:;,It. t'i ,' ·-~·-: - _ ; ; ' 

l'ackaa•. Arm iUitlne r~· ... ·~· iO'"...-, ~ ~ ... 

reaaizeet ••a~ lf~ ... '~ti.11 •.~1r•0~-=~;.;.v; ~·nto.{iwo 
.; es\fW ~-..:Iii «J &· fiiiUit~.i·tt:W'W£ ,._a·1"t,· ~t..d to 

t~ ~ne'a'·~· ·ii~ ·wit)ti:7•:ii-.~1•'•*i=·;.t.v. u,., 
~ • ·. ~:- '«·-,.:.~:.;:..: 3, .~:~~? '•' ,,., >. •· .. ::'1<·~-~ ·.:: ~ ~-.· ~,:'!jf"t~:>ti.'.;~ !!~~1 . , F .,:~. ··:(,~t>~ ,; .-., 
ch1raclaristic, lo they could be .,,..,. .... , ,. ............. In • fl.wed 

.. { :1 ~---~J · ~hecker~lrd M1'1y. .:. 
' 

An 1ssmtt~ •At1&1 it a l)eri~ ~- i ... •;dl1d, Ill a ,,tOCeleiftl ,layer . 
. . : .... ;':'L_ { ~.;.}·,: :~:.,. ·~;--- .. : ... .- , .. :·.,,·1 . <J, r!~t·~r~~~~ ;~~-~~ ~~~ ·el!s! ;~lcn;:~i~l.LJ~ . . ·.,· 

that fa de8cribM It a ftllithlne · eompoied of llelftlll ctlt that WI wired topther 
·- • c· :;.·~--. ,.. .) ·"-' ".; ~.;;;r~., a.~ ~;-."'~.-.-~:i~~JTI ni;~, f~ ·.1· .. 

in some way. The 11snttlal tills Of lft .... r.tdld mlltiifte .,. UllM cell9 that •• 
_ .. -_ o·-;. -. ,.,'l ~ : ·:~ ... ,_ _ ~ .. ,, ·". ·:~-~ ?~::;L>-i. ~~-~~·-.'1 :,~ ~:::~~~fi· 1~. · 

not in non..;brancJtna trWMl..w.n .tat .. :, TM fcu c.119 lft the upper-left aq&m"• 
••• ~,, '!' ~ 

of fi1ure 1.3 are the *'dntial cells of that ....... ~ •. 'A wlr• c~rtes 
· retev~·1Mormit1Git~it~ in~';~~ ~"·'11:~ ,.,,,.,, which 11 

,_ t ~- , •. , _,_. '-0> !t:. --~~-~~- :·' .. 2, ':-:i~~;;;-::~ ~-:-~·:\.~/<;:_-~ ~;_. tl~Ub·~~ -·;-~ ~Le ,zf_·-:)t.i~:.; 

anothfw eteential tell or .xtr.-.. rey MIChlne. A wire la • dreeted • .,.. ~ 

from an 8'.fPi,t; lhi~',paij\'ii 'Jth.f titlct;(~''~~~ct.:.~.) or 
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indirect (via cells in trentminion atates). The output of ~~~ ~,..._ 

cell of. flp• L3 it, !Jfr~ .dir~'1lt.j~·•~'M~.,itf .. ~tt.,t!Jd inclrectly to 

... ~t~tra-errft)' ~. . .: . . , '_.:, ) .. .. . ,; 

An .....,till,~.Js,.-.~- .... ·~,qwlv-.nt'< .... ldded 

.m~n~•· Tht.arm ~·· ~~.stP .._ • ..._..,. • .,~~of 

•lffnli~c~eU ... :M' ~~..,till ~~-tr\n,,.Ji-'~r•a•Mh:Mll I• 1 

in f'f)C:tion ·t~t· F,. t~~$ T,_ l1Mtn1~ .... , ........ :'4MM•l•\il ..... Y 
>,. >• •. i' •. , • • ,, ,.. . . ~ 

]-,'_·. 

~t~~ ·~-~ ~~-~:.lllwJ,J,@~w..,~·..,U• Mlwork 

. tor ~·-·•·~~i~ .... ~,J"!!il'I'~ A·~" 4r,..--~m"9~ .tlMe;.;flr an 

et19q~,?1t.• ~;ot."'- . ..,..,. ••• ,1;.1.•"•hV. a111naw .. •11n 

coqn.~tl .-n, 1.f .. tmli.t.,Q,U'• ~~T· \4!(9" .......... ,.iM;e,.f.t. M 

;.••~J~ .. IJ~ ~·:in.~ .-.,.n14~~twrlb.., .. ~.,.w:tM•,w• · An 

. "Jl~i,~J~i,M~Y, r~lt•:~t@ &Mn,.._~ tt.c•ldrW 

.}'!'~~-ir))i~.~~ ~y~.- -~(!i.A?i!'-"':·...,. .,, .. 

. •~M&Ji,~~~,-~J•y~,one,.•~•i""MMn"'~~~ ••wh 
uaociated relcan network. If two cells •• 1111fttit1 ~J:tftuM-.;....,u.I . 

,.t~~~i -~r:fc;p1 ~.~.,..,.,._. Wlltt .~ ....... ,. •••entlal. 
,• ~,~ ~,Pf.Ip t~ .. --:;f -~~\ ... ,. ............... loft 

<~~.qr 1,,Jl"~~f llnkl.i~~~aPlt-~..,...M.Wt1~ 
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· an. or rwore ·-->· 
·~ .......... erf'lyt'....._ .... ~_.., •. rftlchines called 

lttgh-rtlcon MCMlus. AH .......... of a hi ........... tliWlii;~n ... :cell• 

witti·tht .. •:tw ,....,. t\'1 .. tWNil'J'GirMIN·&tM··~nPl•.U• only 

r~••••_,..,.., .. ~·ltU..,'fiN Mj·aiM •iinl'1'~e, 

8ftdctlf,..MyM·the·Wttll·efwtwf~Witl'ttli'M-~fffdpUt1 of 

thoe •••tttilll ·c.Ut' Fer ..,_, iR•tfaFtetl irifj .. ~c:dn ·~ 

machine, .,,.. ............. , ·-•d9't• "if~'lMttt.1

;that 

our· ~.,.,,..,,_..,,.'.:Ji ... 1tr·w·•Qlwl. '~. for every 

wire m M1'N&ftl211tei1t -·•••rMac:t•1hn i•-. liiid')jfy·w Wlreln m 

equtwitMtt .,.,.._. ·Siftc• ... ,_. ... •••,·of Odf"'Vlftir'~"'Mac!htttet are 

unbet.,..., .,,..,.,..,.•••••••'t••.wf·k"1tt·W .._ .. fdnttittn· itate. 

Car,...,,... ............. -.... tO ......... ;,,..,. tlMI .,,. ... 

M'1'8YlMtHMt ·trflll ... wtf/. ··<Wt the liflllh ·.taleGMiltM~a tMJj' clffir 1n 

equi ............. rMchl• _..,. 4·tftctl••• ....... ~;id' thll 

factr'4)df· ,.,...,.,.-... ._. •• .,.,. .. ,.. Wftl~illlif1"'*"kM''Wlt 

at dtffwertt es.-uat·ltfh ~flt' .._Jatft:·ati ·Tffi1•·r~•. ~. a 

.... ,,.... l)'pically; .• ,. ••• tM ...... t ... tfit~'.;tfiat wnf perform • 

OUr repeir tJf ·Nttt-Nftion ttMhf*·requtriii1 ttf8'8Wt~~· that the 

l.,..thof• .... ted._._dffwift'i...,,.lfttil...,....,. wtll•·we 
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moat .appropriate ~iah-relcon machine archltectur~ The ••a~llo,t:t t,..\ >the 
• , '._+~ .~. ',. -" .tr:!'··· .. ~,, . '"·', - ,·> "":~~"!'_···: :~·-:::t f"5; - --~--~ ~::<~-,~&,-~.;; ~f1f:~?"\~'-.':'J";~';-: ":: 

.. ,,.'~!'1th of. a11oci~~ed .wires may .diff~ ~~;~,~~f1 .~~.1~~-~~.~~~.not · 
required for repair of lrTayt embedcl" the other rne,c:hl~. ~·- detlil. 
. : .:--: .:;~.-. J': ··~ --,/~. -~' :-~"!;·· .. ~5{;. ' '<!-.i.'\'-'"~· ,}t'> >~:- ::t~- "" ;;:,;., ~ ... C';..r!·: { ' 

Uke chlpter. 3, .~~"4 ~~~"~' ~~~~~ ~ ~r'· 
;. ' _, . • ' ·- ">.., ~ - ~ ~l' ,. '\-" ~ - - -~ "' .... ~ ' 

w~ ~how that the~~"'!' that f>!'•vJ~,.,~~~1 t~R~~ ~' .~~7 ~~''·.,,to 
comparable mechanieme . er••ented tor:. c-,.ter 3'a ,,r11a.. The ,.,...,, are 
' -;~ :> - i ~ , . }'.!~-~ ·. '~~- ;:t·.t,~~-? ~ .. ·. -~:;~·;_·~~ ~_jl~ ·1~~:.-,·~ f:d~~;~- _:~; .,.'' >». ;_· ; 

_fu~tio~lly identt~~· Te~~i:~,J.i• ~~~v~~;~~~\~·f tr~~,.~:<Y!'k• 

b~tween a teat ~hine and 1 teated. cell. A. 111t ltnl it .ta . t_r_art~·~~, ~Ink 
:·' .. • _: . ·"""·,'.· ;'··.'"':~!~~ : ~·: -,:· . ::!.' .. ~:·.:_;·,_.\!'~~~·:~ 1 /~~/~·1 .. :~~:0 1

:·. ',.,1 •. ·.~--;·~f' '" ·~ !''<'.•?::J. 

-~tw8.8" a t~t. ~"! ~.f~ ~~1 ~~ :~~~ -.~;~=M :!,,U.~~ ~t• 

to ~ t~t ··~~ ~ ~ ~~;.~f .~. H~J• ~~:\~·--~ ~,~t~ tr)d ,.,~ . 
teat link. Each cell in the test link conducta •anat• to end, ,fr~ the tip.~ of. the 

• , :·~ ,1 - ":' ·._d t";,~"'!(. ~ . "' .. : ·~; ···r:~ ;~~;~·it-~::: ,:·· ... :'1~}i,HL ~rt';:Lr·· :· - ·· ·:~: ;·~;r · 

link, where 1 teated cell may be located. The t .. t ~.i",~~~ ~.+~.-~t • 
• '· .. : ., ' .... ~' ~ • • - ·'· ,<" ? ' ' . ·' .. ' .. ,,. ,.,. ·~· 

t11t arm, which 11 1 teal link terminated on " ceJI in ,~ ;J-l'f'.n• function 1tate. 
! .. ~· ~, ','• ; . ..· , _ .'. ~ -.- •.:,, r,, :; - ·" i~~ ') -~ ~· ;,•:.: .• ~ · / '~' 

. '.~~· from a teat,:~~ ~nto ~ ~~110,f ;~·,~~~1 ~,~~ .~ ,th•t,,f"''• 

body to Its tip, turn, return to the b8'8 of the errn.· erW lt'ld .at the t.- mllChine. 
. ,· ·: ,~ .. ;··., :.":·'\,.· ... :.. '."·; ;··:~~:< ..• ·""' :'., ~!t···"/!~~·:~f ~. 4 •• 1~-h.;:~ .. ,·~;:""~ 

balanced statea of cell• in the arm allow U _to ~-~ lnlktt -:~ fla~ ~- • 
. -.- .... ,·:_,.., .. c.',., -~- ·- -·· '.; :~, -~;':$~; :)' 0-~::.~.:--.~~ .. ,-~-":.-;J,.-: "!;."~f'"., '. .. L:"-,' :<.' 

it arowa from a test machine lo the aide-Mt of a lelted cell. Test 111'.'ka •• arown 
,_.... • : .. ·:' .. -. _r" :; ·'·"---.:7~-;;,,~~,~--°'."'~ _ ' ·:~~n 1-::;···' o1~~:· ~" . " · ~;~:. 

to all the acceslible aide-set• of • teated cell. Thete Hnkl allow a t .. t machine to 
' ·~: . ·: . .,_, . .:" - . ·~ ":,:•;'~i~"'t; ~--.~_:\"'· ''.~ .. '~ ~~-.>~·_;11~ ~ /:i _._ -~· •. '.' '1{,,~ 

monitor the teated cell'• behavior in verioua hn:tion tt.tee, which•• aet by the 
-~ ,··. ', 1 '· -'•, •• ,"''l·~~~;~.~ f~ :t:, ~~·ih: .. ~.'-,"~'t~.t·.~.· ~_:.'>\,_,:,~ • ;-~~~·~,· •• 

loeder. 
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,. · ·~f trantmi11Jo1t •tat•• to wir~ toa•ther •••-'tr~1 ~1thb0re ~hlch aren't 
" .·:,!·'·. ·, ._.:· ·,:.-~-·. · •. - __ · . ·" .:.:~:-; . I.·-~ ... . ;_ I~J.' '~ 

intercomldion niahbon. Experltn8nte wlth 1 repair lffMtlalor allow ua to bqin 
·. ·.:~' -_· _·•: ··~;'~ ,:~ . .,, .. d> .. :"~ ?•\./4_'>';'·'··~1 ~-;"''f -:1:·. ', :~ • -· 

to compare tlw ·r· cott• involved *Ah cifferent e. • ..a· ntidinea. The rwt 
•• __ ._ ._ ~:,;. _ _ •• ;'.. : .~ .. , •• J • ':· ." ~- ._ <1·: ,;4 ·:\~J.q~·...;5 ~\ .1Z "~t-~ ~";f;J"L) 5.n _; 
dtfficwt ch*ctt ... d~"lrtay ,._,. iitvtiv•' ........... hith-r•on ..achlne 

··-. ': . . ·--- :··'.- : ·.- _._:- ':'~!;."· _, .• _ - ~ .. -:· .:"1'~ "~: y ~.st!•'. f " ',.' . 

Who.e enentill netwon:' is a Ind <*<ff.We i.lA): "W. call *Eh • m8chine • 

ptd ~Aini, ........ clll its ...ntiat ~: i~ ;eiib:0 ;ft:·'~(-· r9PiJ;'"~ • 
· .... :". --~-- .·•_.-, .. ; '_:·. _ ._. :><,~-~<.;_ ;r~·- :}c :'.,; ~r~-i'- : __ . ·!_""· 

checkerboard Mf'ay ..,.., that • pfcfWHt be einb4Mtrt1d ift ._ ·trnlY· MMY tish-

retcOri rnachinet t\eV. e...ntla1 ·netWOtk. with .. ~. ~Jur;k• ~ ... ,. (~'ii';.• 
• ·- • - : ~· .· • --,·~ .--'. '•o ·'. ,. ··-~ ~»'··'' ',"''>1 \~.(:.~~ , • :~H,r'-. 

1.7.S). We,I *" fiftt· 61.. ~ .f.e ~.irlft ·~·j;.;9d'irra, more ·M.ily 
t " ' -

than Irids~.: 1'N1 .... th&(~ .. ;.~~-~~ relevant 
· .. · .. _.. . =- .:._;.z·· :: .t>: .-:.· ;.~~~~~ :..,i~.,.:.:~ f:tff.t f~·; J::/· ·~ f:.)- ;~ · ··-.. ,:.: 

inter-ceU c~ palhl ~ In Werv.t fldlltetel ,.,.. but tMy r....,e 

• ) - - . - . ' ..,, >::t: ~ . ~.a:'...... - :~ ~: ·.' :;'. '"', ~J ~. -'·. ' 

Chapt*' 4 alae detail• an array of tlnaple call• deel1n•d for the 
. ~. ,"' • ··-- . ·~.:. ', ·~" <<:-'·:. r:,;·/,<:."-~":·i.f: :!,"·t .. ;· )_\ ;-;-, . ' :;':-'·~.-,···~ 

realization of ...wtr.ry daf\81 ~ rwhlMI. -Ohn hiv9 cl1•aribed lftftnite .rrayl u.t 

may c~tain inittattY:llr.lt. machiMt -· .. ;~=-!~\{~of 
• .: : . . ~ "-·~· ·:>,..--;-, .. ~; £' ... ,-_~!± .. ""~ef;:~r~ ~?r-;,·~. -~ .. ··~:: i ~-:. 

constrUc:tini otiilt ·· fMChittes that· Cin pwtotm .,.,, ~- · dur array It the 

'·' ' ~~~-,~.;. ,,_.:• t -,~ :" t ·- P.-~<t_ ~·\- . 

repairer. A computer may be embedded-ht a fkite Portion Gt the fWOC•lint layer 
• > .:, ,,,. ~---~-!>..~. ,_ t ·,~~:::~::~- -~·.t.~:;}.,.:' ~;;'~-? .. ·:~ ?:~ :~; 

of the arrsty. A hnction at•te that ·tfwnitl proc1teiftt lnpult • toeclt11 output• 
. " .•. _,,,·.,;.!. .. ., .. ~ ·~··--·· ·.!~ ,, u~:'< :-:·.·~.-_ ..... '; 

provides this comput.,. with a loeclhc arm. (Thi• it the My tlnt9 that cu pravtm.. 

description of proarlftWMble · toaic i• Miahtly incorrect, in that procenint lnpulj 



Fig. 1.7 Essential Networks For Two High-relcon Machines 

A) Grid 

8) Non-grid 

Fig. 1.8 Relcon Networks For Two Equivalent Tree Machines 

A) A tree with several branches 

8) A tree that is also an arm 
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arm works with· four teat arms to teat, protram, and repair the computer'• 

environment. The machine may conttruct more memory for ite81f ·by · utins it• 

loadinc and test •ma. Furthermore, two.~~ embedded in an lllT/ 
.,, ...... , ·~· 

may test Md repair •llCh other. We brielJ ..... en lllbedcled rwhlne we'v• 
. -,- ~-· "-'' 

desiped as the proc....,. of a &nv....a CONPUW-c..tructor-repalr•. 

Chapter 4 also diacuse .. prlCtlcll prlducUOft l11Wi .W application 

areas relevant t-o hish-retcen machinet. 

Chapter 5 ditcus"• proc ... lnl-layer ruchlne• called "" uc:Ata..s. 

Random-ace••• and track-•ddr•••ed 1equentta1-ecc ... fNnt0rie1 may b• 

efficiently realized • tr• mechiw. in. ft.wed .-rays. Thie i• true ~.Jr• 
/-', .'' ·' .··:. -:.:,,.,,_•· .. -. '·, ~~- < <'7' ~ ··. . / ~-' __ ;- ~ "!' •.• ,~'·:: : • 

machine rHHzatient •• appropriate to machiw which lftlY be viewed • 1 lmlll 

set of modulet with a.comrnon input bus end connon output.,._ with the output 

bus accessed by only one active module ·.t ·a elven time. Each cell In • tree 

machine I• e balanced, et1ential cell whole fwlctlon •tat. lndWet a Yique name. 

All embedded tree IWhines have tree-Ilka iilWP ......, .. ··~· ""'*"' nitwork1 In 

which a tree trl.l1k, which may or mey not .._'OffetMtot br....., e>d.,. from 
'·.'·J 

the tree's ba1e cell (see fi1ure 1.8). A tree's "411 e1ll Is the only cell that la 

directly comected to the input-output lines of the tr• machine. Two embedded 

tree machines are equivalent if Md ony if they hive the w tet of cell .,.,.._ 

the particul• shapes of their tree-like relcon networks •• Irrelevant Thul en 

embedded tree machine whose relcon network is an wm may be eq&iv81ent to • 

embedd~ tree machine whose relcon netwerk hel .. w..-11 branch91. Tr" 
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machines are embedded in flawed arrays more easily than arm or high-relcon 

machines. If there is any path of good cells between two good cells in a tree 

array, those good cells may be incorporated in the same tree machine. Interwoven 

test and repair processes for tree machines are like those for arm machines. 
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S.Ctt_, 1.4: Amy'Repair 

CMiplier' 2 reWlw•'l>artlcutatff teleVMt 'Wbtk fhwlved with cellular 

arrays. MMJ MvWpr .... t.O ~· lrriiy®detftftti' .... 9*~• 'pr~ed 

methodi fer ~'d'r•lltltf:_.., ..• ,.._ ----cjf~.,..._ a.e 

custom metallization, but IOl"9 ~ Pf'Oll-•*' repllir. Some have concentrated 

on necenary and sufficient conditiON for t•tability or dlepoMbility of a 

particular type of trrfll. We deeitn cell _.. .. which .,. incorp«.ted into lft 

array to .-,,. te.tlnft lolClftlt and repair. We .... pr111nt the ftrtt .,.twttc 

treatment we~ve seen of the affect en eMbedc:Md wN•'• COftWWUllcatlon 

machine. 

We dMcribe how conatrlinta on the wiriftc betweM wtiel cell• of a 

machine affect tntint and repair of lft arr.ay .._... u.t wbiM. Chept ... 3. 

4, and 5 conaider this queetion by focuainc on three r.._, d•w of whine -

the arm, the arid, and the tree. Flpre 1.9 indicat .. how theM thr .. cl••••• 
relate. Given· a lawed ~ it t• embed a aiv. ty,e ef ....._. we mocW. the 

repair procfta in the tonowina Wfll. The fl...t llrrfl/ I• viewed .. a fl• JHlltnn 

(lee fiaure 1.10.A). with a dot corr.._... to a pod eel n.,. )( carretpOnClns 

to a flawed cell. The machine to be embedded in the proces1in1 layer la 

associated with an e111ntill rwhine and 1 dais of ...... embedded MIChiw. 

In conaicterine repair of an array, thi• d• is r•trlcted to 8llbeddeci mechiw 

who•• dimenei~ .Uaw them to fit In.to the flawed """I· The nature of thl• 
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.. :~·,1~ :: ... _. ·,, ':,,>.-~-~h.i~,~ .'·~ ~~~.Cl::: ·r(~· ~,;;''Fi r:.;;18 !'!)"t;}-r'~.: :i;.~.~~ '.,~.:~~" · 1; ;, ;· .:-:· ~~:l·,,r .... · 

· that tht-,~>.K~~· ........ >C. 
- ":1 ·~ ··~ _, ~ ·:«r .: ,,.- ·.:. -_· c ·,.;y;. ~fiJ·};:;~,1 

·., (: t:.·-~ rl::.J~·;·~~ ~~:::~T·t~·-~ ·~:-. ---~ "2 ~'..,'; , ; "~~ 

The 11ray i1 r~~,t!.~:~ ~·~vf;~ ~'~~· •. 
desired mm machine with 13. ceHes Ill""''~~- _.1lld1d ruc:tine1 •• m 

containina 13 cells. Only IOftl8 of theM iitiJ·i'rt ...,,... hev9 • r*- network · 
. ~·~~·~i> 

that fits into the flaw patte~n ~f. fi~:1/·'i~9·~i:·~~c~~!~·!m8r::one such 

relcon network 1uperposed over the fl• .. ttern. The ••IOCiated embedded 
,;. __ ,4. -~- <>:~~ . 

machine be .....,.. in the ft~~:~· 
may -"""'.-£"'~" rt::,~~~--~J· -

We noted that the. nature !~.,~~ ~fu~:,;:~,~1: ~ on the 

f'"tion stat• anode~eci with a aiven _..,, -#• ....., belMCed ,..._ m9Y 
.. • ~-0 ~w ... J. 

trw use belwed cells to facHitete t~~ ..... The bllm of cells In 
fi-• ......... »1;: 

trensmission link• facilltates l'epair of •te* .....,.. ... hllh-f'elcon whiw. 
,'> ~· 

Fl1ure 1.10.C show• 1 3 x 2 arid mec..+~mbedcl1d In• flawed array. The 

relcon-2 nodea In the networkJltQ'•tftd:,'t.i .,......_..._~ to pid 

cells. ·In lf'id-embeddiftlt oellt Uted 11 ____ jSverheMI 111octeted with ,.,..,, 

For every flaw pattern anct:~f "Mntiel ruchine, there'• M 
/- ~~ -l i· 

•••ociated ofltt•x• ,,,,_,, 1fftcunc,. whld>-•,• hi&hMl ettelnabl• ratio of the 
~·,,..·•""1 

~1-1•·*--"1t"··"* 

number of embedded ....,.tial nodes to·~,,..,.. of dltl In the flaw pettem. In 
i • ~ 

flaur• 1.10 the optinun repair efficl~~U-1114· for ..... 13/14 fw....., and 

14/ 14 for tr.... Let OREa. OR£1, Md ~ be the .U-• ,.. efficHltc:iel f• 
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. Fia. 1.9 Relation a.tween. Grids, TrMI, And Arfftl . 

If a grid's essential network has a certain number. S of squares, ~I the 1rid'1 
nsotiatafn.l6eft Mtwerls '*'1• ft .... I ..... · .. ,_,.>iileh···~ i srta· r .. con 
network's .N node8, there ere one or more tr• ·~ wftft N ,..._ t4 i• 
.,..,. ... .,.; .. ttrf;,O.;ir..Wi..,.~~rwt·9' ..... Nleon 
network •• .,... each Ml n or fewer......_ At lwt .. ..,. hM S nlld1e. 

' '', · · • . l·•r·'. • -~ _, .~-. "·'~t-Z. '•".,'..f ~:...~ ~';,'~··~ .· •,· •, 

A) ,,_ . .._. .. ·NttOn network 'ol a ·.,w · ... w. •liifil MtWork 

B) An0ther retcon network for the·.aime crid 

C) Tree eubMtworkt of A'• relcon network 

0) Tree 1ubutwwb of S's reJcon MtwClrk 
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Fla. 1.10 Repair Of A"aya With The Same Flaw Pattern 
A) Flaw pattern 

• • • • 
• ·X~ 
• • • • 
• •X• 

8) 13-node arm '"'·flawed array 

w X.·.· . . ~: 

The repair efficiency is 13/ 14. 

C) 6-aquare crid in flawed array 

The ftaw.pallem.;M:,.._:,;;l' .. lnti•1lll df••ne.._; ... 14 
used nodes, but 6 of thete •• ... ...- ftodet _. 8 of theM •• 
relcon-2 overhead nodet ~ wtth tranemlseion link.. The 
repair efficiency is therefore 6/14. · 

0) 14-node tree in flawed array 

~ 
The repair efficiency is 14/ 14. 



PAGE 43 

srids, trees, lnO arm1 for a given flaw pattern. Becw ~f. U. relation between 

srid, tree, and •m l'ftllChinn noted in fi&u'• 1.9, 0REa s ~ s ORE, for llfl flew 

pattern. Chaptet'I 3 Md 4 explore replif efftclency attained by prOlf'.,. that 

simulate repair f• . .._ mid for lridt end other biaH'elcon mechlne9. Chapter 4 

compares the reeultt of these experi~h :.__...,.tit-· tt1•oretlcal 

cells. 

Chapter 6 aummariz .. the thetla, and ..... hwtMr producUon-

ortMted end theoretlclt projects. 

The next chapter provJd• ~fHtle~t by explorinc other •Y•t•m• 

approacheS; compllins them to thi• °"'--~till evolutionary trendl wNch 
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CHAPTER 2: CONTEXT 

Section 2.0: Introduction 

Thia chapt• puta .W. w• a-.~. Mfftb· nt'A9Gii, to nlevmt 1Y9tem 
' , - :. >, •• ? 1 •. -.,, .- - ' -· ' ' ' ~- ~ • ' . ·) • 

appr,:°aqhet ~ evolutiq~ trnca .l(ay ....,,. ...... ,t/C..tk-•: .,.,_.., are 

diacuaMd, and the r.e~ of our wr-" p. ~ .,..,.._, i• deWed. 

~w~ array• and canv*'~ JC ~.,..~.,;'.f~on of cellul• 

arrays on a silicon alice ia. ehown to ":~.to,,~ ~ .. of IC 

circ\Jl,t •chips• on a aUce~ Four evoly,tj~1 ~ .- di~ll'-•td;· {lfHdly 

inc;r•••.illl cepabiJit~ of. inte,ratld ~~~~~,!f:r•~·;;~• ,,.;,~.me 

machines, mass-production of a few hip-vol"'"i·1'-~ ..,., J~in1 

relUlarity. Ou" approach is viewed as a systems approach llitored to the reallties 
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Section 2.1: Celkll• Arrl>J• 

2.1.A mtroduction 

Thle •ti• :locatee our celhftt approach in ·tfle· _.n of .cellular 

arrays. We facue on chtfnctions hr array r~on, ctle~ . .,_ · ..t 

Mction. Wetviely cenlider the cwrerit ... of ,.., .. ·wray ty.ten.. 

Tht W\aww ofa eetkW...,....,.. e<the bai:ttoftll cllPdfty of 

Its cells, 8ftd tMfr tftten:onnectten. ~ eletf:fnc. 19 cutrertt1J ·rnctlt 'atitlMI to 

implentent•ti• of 1 ftft'• function, we o.Cribe c•lf • ueint correlf)ondina 

termtnololY; Mtwfter. I\• approech·....-·tt~·-.... t 'lrray1 

rMltna th othWr·twidltliil. 

2.1.B Array ln1*connectton 

AfTays with many dffer.ent types of i~ion have been atucled, 

but 1- and 2-dimenaional lrTIYI ·•• ..i ··~ th • ~ ·wray, •·cell 

may -send si1nale to and from at most four nei&hbors. The cutpolnt array, and 

other arrays with the same type of sianal flow, have been extensively studied. 

These cutpotnt-con1l1ct1d arrays have the same interconnection network •• a 

checkerboard array, but sicnals may only enter a cell from it• left and upper 

nelahbors, and leave the cell to enter ill lower and riaht neilhbore. We choee a · 

·richer interconnection structure, with its eliahtJy ·hiaher 8810dated· coat, for MYeral 

reasons. 

--- - - ---------------
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checkerbo~d ~rays. Cu~~tecl Wt'.'_, ••~~~\ad by the f11et 
; . . - ' ' ' ' . ~-. - .. 

that an operatl~n on the -~~t• ,Ql ~ ~~fl c~pt be pwfor•ed 
.. ~ ' l c ,' ,. · . ., - ._ 

above the low .. t of U.. ... ~ ... ~.t'tt 9',~.rl&IJ~~~f U.. c;elle, 

without ex~emel connecti°"'·· for .\Ill., ~ ~d •i.;ay• 

don't have t"_I• limit•ll9Dt ,~~-~"'"' ~~,~c.'~ :qWP'li• in •IL four . . . ' ' . - --- .. \... . ~ 

directions. Thia ~ for int,~J,llN .. ~~.~tiona of .,.. 
• -- ·~· - ' •• - ' > • - - ~ - ' 

embedded eequentiel ~-.ml)'·"- f.,,.J~akie .,~.,._,d 
• , ' • ... C < - . ' • - • " . r "·· • ~ 

arr'1. 

2> Si&Jlll• ,fr!"' "' ~,~'!Y. ~Jn ,. ~~~..wv~¥·._,~ .,., 
can cause I~~ of an af~\r~ ,C:"~ In ~ ~~·Y.?pl~Jf ~J:• I• en 

lntercoMectlon path fro"' the .. 1"1f#N cetl Jt tt.. ,t,,~ .,. Thi• 
-~ ··: - .• -·-·~' !~~:'.· ·- "·, --~ -'::' ' .. ·. ·,•,.,_•._-:.,_, '•" .,_ 

arrays. 

3) R'Plir.i• m0,r• fl~• ~~~;~JM-U, U.,Jn• 
set of potli~e.pr;~••, ... tr~ •t~tfr\_. 

wi,th the two-di~onal, atep-~repeal .natur• of i~ P(~~' f'.~~-. 

, thle 1tructur,_ l1 relatlv.,ty••U, lR ~.•,.··~-:"~,.ct,:lp,.for 
. , - - -' _,. . ,_ ' ~.· - . . ' - , 
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21.e Customization T echniquet 

Anothei 11epeet of celful• arrayj' la f..W 'CuelomlDUon technique. All 
·~ ~.._, .e:~' , .. 

but the simptett array• have the property · thet · .-Ctl' can be cuetonized vi• 

memory et-.a to Ofte ef a .. t of f~ti~ 'ltatn :Corr~ftl to various 

output functions. Thu• en 1rr1y can be cu1to~tea to reaJfze • particular 

eanb6dded mac:Nne ·by one of nvetii a.t*t0niiatl0n ~ 

Unelterlbfe· C..tonlizatfoit late in ·IC ~on 'IS • common, extreme 

form of array c.tOmizatton. A ·c0mmon ~· .-. *181~.nteflllization via a 

mask, fusible metet links, laer. or ~ ...._ Polycell, ·•o....trix, Reed­

Only MernorY (RCM)., &net PrO.,~' l.QeiC ~· ·cM· Pro¥ide well-known 

examples of UH •oath. hew tUc:h Mt ... llft.ii··~ deeilft or 

cuetomlzatflft ...,...., can be pertiadarJy di_..traUs. ' ' '._( 

Prosrarnrnab1e ROM• <PROM•l ichleve .,.a.1er fle>dbnf ty by allowln1 

customization that is alterable, albeit a.rrently dfficull One ..ch technique .... 

FAMOS tranatstort, Which can be Put In I 'of 2 c~ •tat~ by appropriate 

electric si&na• (see <F99ney 72>~). Intel ... lrifMe ~ ·· tr._tor to hold It• 

state for 10 years. H11h-enero ultraviolet liaht or x-ray• can •r•M the•• 

memory elements for subsequent tt-prOlfeWwiifts. · Dffficdie~ include the hich 

voltages, lon1 write·timea, and difficult' iraatna a•ioCiatid\vilh t,; FAMOS 

tranafstot. Mapptlj, 1tlnley Mazor of lfttef ~t• that "''*.;pt.~ .. JOatc­
eraseable FAMOS transistors wtn be devel~ e~h. lhil 'wouid provide the 

1reat advanta1e of a lo1ic-compatible, reld-mostty, nonvolatile Mftliconductor 
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melMl'.y. 

Pro1rammaA>t• Loslc (not to be confu.ed with Proar...,.lbl• Lqic 

Arrey1) providel the utlrftetit!:tri ~f lllAIH)71iit ~erlitom 

Re-cu1tomization of proerammabl• loaic it u · HIY • loedinl . its function-

• . l 

specification 1tat~ b!!~~-o·W~~V.~ .ff'J!llftlS! _.,. fdltetel t..t Md repelr 
~ ~..,-- . 

of array1 of pr~1rammable loslc. Buildi"'r~ +-r~ mech9ni•• into • 

proarammeble. 't-~-;-~- ~~~--~J~_:_~-~ ... ~ COllt thin u.. 
~ '. '~;I:. ·'. ; • ( 

associated with ~!fleMlbly ~ 1nt,=-t-e .. ~ l . 
Bec•i!H:. pract1cli-~~· lqlc weulcl 

probably be r-.lized via Mmicanductor technololY, and ~- uniconductor 
) ' ., . ,_ " . ..__._.-.,...., . ....-,-~ ., ..... _.,...~~~"'"'~':'-; ': 

: i ~ 

memories are currently volatile, prolf'.......a&ttl IOflc fl currently volatile •. 
' ' l ~ 

Development of IOlic...;compatlbfi.nonvif..- . ._..ilitcter memory, such .. • 

moclfted form of FAMOS pte, WtUd offer bi&.~•ltitBMW~~!leclc-

A fur~ ".~~-~~-~~~~-'!f! . .!..~ incre111d cell-deltly9 

compared to metal-euttomized array1. Thi• i~ trJ.. Mc~ there are delaye · 

wocietad wl~ the. Mlec&k11ut ;~ 4.;+~_~!_ llpe 2.1). While 
' .. . . ' ; \ . ! t 

there i1 no ~ lhi• ~ty, two ,.. ~~Jtt.f lituetion. The first i• 

that the delayaj thrilulh 1819~ ~,~Ji m.j\llfl~~ 4 ... mede Yer/ ....... 
: ' ; . I' 

because these ;'87"ll can be de~~--··~ f~ •f function-ePeclfi~Uon 
state bit, will nqt chlnle •lat• tlrins nertnll ,....,.. "fin·.....,_. IWhiM. 

Thi• - thet ir1:111..._, ___ lballt __ ,..,.i..._.. .. ~ .. 
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A) Met:aJ:..;.cuatomized 

B) programmable logic 
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low-lold environment tf Josephson j.-tion 1atet becotM prectlcal, the expected 
-~~,;.,~:f,~. c . ·~·:_~ ,:(..:~f) :~~ :>~;;':', 

delay throulh a pte of about .1 nsec. I• the .... dettiy • that throuah. 3 cm. et 
;. .. " ,.; ... 

wire. 

A final problem with proSr-....bi• let;c I• tta.,.... for extra c,at• 
, .,. , _:;/-~'.,~ ~ :' ;-r·:J ,.-. ::;:~c-- -· 1 

for loadin1 function-specification 1tate bits and aalectina a particular output 
<':': "" ;;-~ ' ' _·: ~;; (h.:,; ~i ·'. ., 

function. These plea consume an intearated circuit'• w• and power. The feet 
, . -. , ·.. . , · -~tr~ :t 1 ,~,:- .. • · ~ .:. 

that extra area i• required for these 1atee i• offtet IOl1l8What by the fact ·that 
·' 

proaramrnable lqic: minimize• non-circuit proaremminl feciliU.., IUCh • the· ~ 
L " -~ ~ :.,:> ~-:~;~·?;~~ ;.~..::{l1L;(}- >.-t~:· -~-~- :G.::·r 

area-conuninc bond pa required by '°"" cutom rnetllllntion techniq&M. Thi• 

become• more sianiflcMt as ehrinldftl trftistor ..,...... mike bond pede Md 
-~:~\.i~"~ -~ ·i:;-~0:;;~;,-T'"-.1-·· _., )·:>. ·_:f:ii~t 

other mechanical customization components occupy 1 relatively hi.... ..t• •• 
,,:__,. ·,,.,;i(··· .. · .. ··,;:'·,1; '-~~· -~-.. ,r ~.-:··~-: ·,c;\-~'.-:.: ~··~1- ~ <- ':~:.1 

The power con1umption problem 11 alleviated by the fact that function-
.·~,. : '·'!( .f_ . .,:-~;'._.-,<.;fd~·1 

epecificatlon state bite chan1e atete infrequently; in tome t"hnoloti•1, M 
· , . .. , · ; · .: : ~ ;,. -:~ ··,. 3 ~ ;) 1,~ {~ H~: -~! ;·<~ ~ 

element'• power dillipation la very low when the 11.....t It~ chqlna •lat• 
. - ·. , .- ~, ._:;·~:> "· .~. ·-- ;~ ,' ~ Br~~ . ----. __ ,, '>'. • . .... t ;_) 

Becauae of the pin con1treint1 on ICs, moet propoul• for. lolldln1 
- ,-~ . ~ .... :-,:., .. ~ '.: -.-~ ... ( ~--. •... ' ~',;:' .::, ~;_:·.f,.i' 

prosr~• loaic attempt loadin1 via electric sipel1 ~ , ... et the eel&• 
'., ,: - __ '. , . · \ ,: ·:-_~ ;:._ .·-'.'"'- ·<·Hd~;_;;.~ l ·-~\:': ,_ .. 1 . · '· "~~~;~~ 

of an array. Chapter 3 revlewa the moet attractive ,...thodt that J\av• been 
, • ,. .~. : .J'·~t'· ~· •"·"~t; '\ :"'.~-- :;·· ( .~; ~ ~-> _.<·.-~,_.;-•-!;-~ 

au11eated for pro1rammable lolic loaders, and &iv•• a l~n1 approtte" with 
. ·., ---. . ;_ ~~ - ··.-- :·.- · -·~ ::fi~/ -~: \->'7 !·r.:·,,;"":~~~) '~::·1(;'1.:·'=, ... · --~r .. :" .>-..-::: .. ",;:~-fl 

advanta1e• achieved by eddinK a small lmCU\l of draitry to each cell in. the array. 
,. " ., f :., '.:~·_:!;\ ··>~>?~·.:;' '. ~:~- :::--'_..,.i""·•·.'·:·; 

. ·"'! 
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2.1.D Size 

Siz• is anotner distinpiahinc attribute of cellul• .....,.. A particUer 

array's· size .,... on the lize of each cell Ind the ......, of ce11.. ~ beet . - . , 

measure of an IC ce1r1 eize is the amount of •• It ......, but thl• ,....... I• 
: .. ~ . ~~."i::. :,;~ ~ -~\ 

· too dependent on technok>IY; ........ deeiF UnMt. end deelp llidl to be ueeM tn 
, .~ ... • .. :··:'1 J~~~ Yf'.~-J~-li ~~,: ~.: ·;.~ ,:~~ . ' 

prelltftln.,.y el~lon ~f the Ila of eek Cwequenlly, the norm.m ,,.....,. of 
•, ;-;·-~- x '<,. ,' j '~' ..-~~:~- ~i/'t;l;_<;~:<',•"'; , -;' ~ii'_.,. "'.,:~:;.,; • ·,.2 -~ .. •I 

size is 1ate-count of the cell. Thie ,........ hat Hmited value beceuee of the 

variable typea, runber of inputt, end c:lentity of plet, _. Mew of the tredeoff 

between tnput-- uW.. ~, Pte. tor a ce1t ~ a ~, tWuon. 
· Never'th~l~s,--eeveral a~thort ~v~ ~ 11t•"'~=q~· a:·~ for r~y 
·~ ' ~ ' ' ' .• "\ ;,,;'*f:1 ... _, ~ ; • ·.- ·:··:·'" ;·''<-.: -~f-:.,."::·~~-,- ~;;·(~.~ : ~- .. ··:'_;.) 

claseifyina arraya ( ... <Mimick 87> and ~ 71>). They clstiftlLHh 
>-~·4 .. ';> -~.- ··~~ •• ,;.<:•' :,.~--._"j , ·,-,.·).;:~~- -s'- ~i:'·~---., 

between miCrocetl* array1, in which eectt ce11 contalftt on1y a few aat-. ... _. 
. ~; :.;.-~0:/ "i ,~,: j, ~~ • 

nwicrOcetluf• arrays, in which each cell ~ • t1r19 ......, of ptet. 
' ' . 

The ceff~ ,W .. ~ted In thit theli; :
1

~, few loaic eteMenta end few 
-> '"!."~~,.. ~ _:~~- c-. 

fl.Jnction atetea. The loeclnt mechlniem. the only ,..... .....,. to all the cell• 

we diacuss, ia .thoWft in flpe as. It hM a mlninun of about tw..ty plea end five 

"''" , -_:.: ~~t\".li;.~ ~ [ 

rnech~am of any ~ze end complexity may be combiMd wtth the loader. The 
' ·.-"< ,.;, ' ;_ ...... ;.' .. ", ," ,':: - .. ,, --~:~):''j-~ ~~~ .. ~",;~'';;''~~~··~.:.~~~~· ;_;;;~~·'·: .. :. 

actual coinpledty chow fer • cell ctepende on the -~ appiicatkM\ end on a 
' '-.."· ,';·l'' ~,,·, ~~';:JJ_[f'.·_· 'yd !~):·:.~~'.-;-;.," -~~--

tradeoff between yield lftd overhead circuitry. In the memory arr.,. we've 

desianed. this tradeoff it the main consideration in det.........,.. how I ... a memory 

t* put in. Ultt.'otl The univ.,.._. pr11...., 1ft ...,.., 4 .. lal .._ ..-
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hundred gates and memory bits, and only fourteen function state-. This simplicity 

increases cell yield and reduces test time. 

<Mukhopadhyay 71>, <Kautz 71>, and <Minnick 67> have compared the 

number of cells of different types required to perform various functions. We make 

no such comparison here, for many of the functions we perform cannot be 

performed in other proposed arrays. All our techniques are applicable to 

arbitrarily large arrays. 

2.1.E Function 

Various functional categorizations of arrays have been made. These 

include consideration of the functional capabilities and the time behavior of cellular 

arrays. 

The most common functional classification views an array according to 

its ability to do combinational loaic, memory, or more 1enerll aequential machine 

functions. <Shoup 70> discusses this in terms of "generality" of the array. Our 

·testing and repair techniques work for any cell 1enerality. We discus• some 

memory cells in chapters 3 and 5, and a sequential machine cell in chapter 4. 

The chapter 4 array is able to realize an arbitrary dieital machine. In 

particular, the array can support a finite-confi1uration universal computer­

constructor-repairer. That is, a finite number of cells can be programmed out of 

their initial quiescent states into an embedded machine able to perform any 

computation, to create a new, disjoint embedded machine able to perform any 
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computation, and to do these things in a faulty array. The embedded machine's use 

of a loading arm and test arms allows it to test and prosram Its environment It 

can, for instance, enlar1e its memory by proper loadin1 of cells. <Rowan 73> 

describes a cellular array, of more compffcated cellt, um I• ccnputatlon-unlv...a, 

but not capable of construction or repair. 

In a synchronous cellular. array, all cell states are re-calculated 

simultaneously.· Several synchronous arraya capable of 1upportin1 univereel 

computer-con1tructor1 have been presented. Von Neumann'• 1952 pioneerina 

work, Tla1or' of Sllf-r1;roduang AutDmtlta, presented such a 29-ttate automaton( ... 

<Von Neumann 66>). <Codd 68>, <Gardner 70>, and <Banks 71> followed with 

simpler cells. WhHe theoretically lntereetlns. aynchronout array1 are peripheral to 

this thesis because they are currently impractical. Since atate chanps muet be 

synchronized, many technologies require Iona clock lines linkin1 all cells to a 

common clock. Signal transmission is severely limited by the dock frequency, since 

a signal takes at least one clock interval to propagate from a C4tlt to its neisl'tbor. 

Thus the transmission delay throueh a cell in a synchronous array is at most the 

reciprocal of the togaf e frequency of its memory elements, which it much llower 

than the transmission delay of one 1ate-delay associated with our asynchronous 

arrays. The overhead circuitry for all proposed synchronous arrays it hi&h. 

Testing, loading, and repair appear to be more difficult for these arrays. 

Asynchronous cellular arrays are far too numeroue for extensive 

consideration here. <Minnick 6 7> provides an excellent early review. In a more 
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recent presentation of • theory of loF detian wlth .. t.t!JAJ#tr,,.p~,~·~ 
,. .. - ., -

71> summarizes and analyies some of the major cellular arrays. <Kautz 71> 

di~µsses various arrays for arbitrary lo1ic, lncl~in1 ~entlal machine• end 

special-purpose arrays; many of the delip are hi• own. 

2.1.F Current st.te 

Cellular arrays are already_ WiQeJf;,i·~ ;~~"IC·~·~M~,:no 

cuatomizati.on (Random-Access Memories), ShJft-R,litlert), or only a sitnple 
' . . . - ., ._ ,-,, 

customization step (Read-only Memories, Prw.ll'Nn8ble loak: ArrtY8) <..e <Lu.eke 
. ,. --· ·- . . . ' " . 

73>). There are also a few systems using many ICe, euch .. the Hliec IV. 

However, many proposed arrays remain P••r-•t~es for various 

reasons, including current Impracticality l!d IC ~tr): 1fttrtie. in. dwecterj1tic9 

of some of these array• have been discuated in thia aec:tton, " ~~ for CK.I' . · .. : - '.\-. - . ,, ,--· . ·, 

approach. Thie approach overcomes the difficultiea q-f many proposed cellular 
' o' ' •, '• 

arraya. Its loadinc. test, and repair circulta, and their. utoei'-\ed prOf"~ . •• 

compatible with rneny array• that have been propotld. 

------- ----- ---~ 
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Section 2.2: Arr#'/ Fabrication 

Fabrication Qf LSI checkerboard arrays Is similar to fabrication of 

conventional Integrated circuits.. In the conventional approach, hundred• of 

identical ICs ara batch processed by selective dopfna end metallization of a wafer 

that is usually 2· to 3• in diameter. Typically, a key element in this complicated 

process is use of maaks to selectively expose photoseneltive material on the 

wafer to light Each mask Is formed by photocraphic reduction of a pattern. That 

pattern is formed by use of a step-and-repeat process whieh iterates a baste aub­

pattern throughout an array. Each tub-pattern eorrespondt to one of the Iterated 

IC's masks. 

Each of a wafer's identical circuits contains bondin1 pads, which are 

used for probe-testinc and possible comection to the IC paaae. After a wafer 

has been batch-processed, each of the Identical IC •chips• Is tested via electric 

communication with a lest machine coMeCted throuah probes to the chip. Those 

chips that are defective are inked. The wafer is diced alq horizontal and vertical 

scribe lines into component chips. Those chips that ha¥e been lnbd are diacarded. 

The other chips ar.e packqed and retested. Those that pese U.• final test• •e 

ready for use. 

For a checkerboard cellular array, a basic circuit is similarly atep-and­

repeated to form an array of idenUcal circuits. However, the patterns of qe­

sharl ng neighbors overlap slightly to allow lines to Interconnect nei1hbore. 

Because most of the identical circuits, cells, communicate only with their eci1• 
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er.ray c~catiO!'~~ ~-~;:;~ ~~'l'"'ft~'t ••.,~· 
, . ':; -,_ ·, . ,p e • .~ ·• •J , e • -, • ·- · • 

for t~-~ray ~ "!,t be clced. _Scri~--~.~,,~~~~~~~~tw.~..,.~ of 
~ c ' . ' ~ - .f ' • ~· l ~:. '. '.; -- ': ' ..... ~ ..... -' ' ' -.11'" .... "" •. , . '' ' ' ' ·,; ., ' 

a wafer that are int'6"ded to be pa"t• of .-ffer•t ..,...,., 
> _ .>.~-(~,:.-i ·~~'"~ ~-~t~d':·.. ·---~:-~ ,_ ... -._·;r::-15~~ fr~ ~t··~1;.,_-~~; $~: ~;.~.~fil.- ~;·; ··{->-', 

M~t c~~-~~ IC ~1~·.~~--~~ ~.o\hef\f . .;,.tw 
pack8'et. Thus a ;ven. !="iP'• li_f~~ ~-'1 ;~, ~~~~:~'f'lth •. :~ ·;.:·.- ~:< .;_'.,,'~ ,. '.V • l'I ~. ·,j~::"[-!2.~·:~ ·:_1':_·1 ,;, _,74-.( ~~ ~.:i,\f"r••-r _, 

We'll ••• that there are many edvanl .. •• to.~ en,t~. ""'~~ .. ,hllt ~·t 
~ ~ - '.-~·. t_;: ,·: -- __ ·:- ... -..-.>'. -; _ '{~~~~ r'ft& ·.~;1.J~~(~~ ~~:d{l t~s.~·;·.:. ;«./L , ~-~- .. :~ 

r~~~"~·~· ~"' of __ ~ ~L~~~~~}'!Yf ~~ ~Jwo 
pri~ip1e r~ f.~~·~~.~~~~ ~-'~\~~=r-,•!A!~ .. ~!?~ 
component• are faulty; thi• necenitat .. naakiftl. a • ....al ~- t.O .~t 

,. '.,~.~-·.H·:j:/ · .. · -.,,:·.-. ... . ~ ._ .... ,.: :---' '. -~·">:.-h_J;;:_. QC~ ,:~SO: ~H~~-<~·~~~ ,,··'->:~--.:'..;il:~-. ;-· ·· . . 

th~e'•.~.~,~~·~· it:~·.~. e~,'.~i~ir~t~ '~~~ ~J~,. 
, ~~r••.v~~~.-~f~.:':,tlice~-:~·~~~20~,,~ .. 

This thetis' celkHr approach llWnatet the Miid for ..,...uon of _chlp9 
··,,:·~-ft: t ~ ; - ,- ' ., . _' ~~~ -~.;.: . , . 

.. in~- ~s. A tlictl i•.~~,;;~--~v~t~Twith • clpt.I 

machine allow• t•tinc end reptir of the .UC.. ,_. ,.._ of ~ lltc. C9'. be 
· '> ~ . ; . : -. ~!t:·~~f ,~. . .·:.1·,.. ~ .. T '': .. ~ -~.! ". ~ .. - ~~ t :- .; • :~~~ ,~:.~ !-~-r$~: F- }~>..fl \~21nch->d-o··~<~ '.<y-~ ·r-! ~ :, ·>- ··:,~-:"'~--

.tolerated. .f~t .... ~ ~~" ~. ~ ,~~·~i'~~:J~~~ ~~E~ IO 

. flexi~le ~t a ·~~~.~,.arr~~'~?~~,,,.. ,~.;~t,and 
repair it• cellu,I• environment 

'•' . -~ 

!" ;-, 

Thi• the1i1 tocu•~• o~ ch~~~~~.,,.,• .. •!!~. ~t.P "'•l!r~t• 
. ··':· '.' . . ibLi'" :~.::;· :.· ·"'."':,-. '· ~·:.t-1-.f'•·i-..-"~ ;11* 1":~1.11$~'1l.'f:lo~ .. , ,~-~,s·. ,< .... "" 

defective cells. ~~II• are pr~cr~~~ 101~ .. ,~ff <}~,!~ 'Y~~~~nl.,:.~•11, 
,• ·,, :~· _,,·'\, ,_, \ ~ ;"· .~: ~~tr1-,\~·::!.,i.,..::··~~1 ·!":1.rf..t!t .. -..... <L1o~ .. ,·~_,~f! ·, "·-!: ,.; , -, 

pr~~~ f~~-on-~ficati~~~ bi~,,,.'Yi0~.~~·~t~t~, t,"! ~ I• ' ' ,__ -, . . - _.. .. ', ' 
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to perform. Oke an array has been f0r~ 81act~ic ·c~cation of·. a test 
' .. ).. . ' .~·~>:.-v..>.-~~ .. -:·~ ;~_"'·>ii/"~ -;~fl;._;·;·':··,,:- .i'-< 

. machine with • •rna11 nurftl>er of cell• ~··in thi array teat• the entire, 
'· . . ~ ' 

'. - •'"':" - ':·~--.~' .. ·· ~.~,.,_-- .:;;--~-. ·:'-'.· ;;~_;;:·~·:. \. ;. .. : 

arbitrarily 1.,.... array. · Tl19 testina michlM uw the ... comnuic:aUon Hnb to 

prolf'am t~ 8tffl1 to ..., a ,.rl.ct. ~bi·~~ ., of ~tion-

. speci'ffcation tt.e bit1. The lame Ind/~' .;the, ··c.t~etion "'*• U.. provide 

the inputs Md Outputs of an arr~~· ~;~.~~·:celh·:lrt f,roper 

. function stat..: · ··"8-Cuetonizina the q lt .. ; -~ 11"~111~ .It~ 'k..ction­
sPeciflcation .tat• blt1. ShOuld an tnay·~··~,~~~, ~ ;, • 

, :· . :. ~· . -, . ·. '.'···-·. , ~-L·-.:~·- }J·.:· \--·~ :: .. /"~f, : . i:_: 

malfunction of •ta.dfcuitry,it need no(ie dltc.d.t .lh.tt•• c.. a. UHd for 
.... , ~ '\..i' 

testlnf Ind repliriftl' tM· .fray, ·a.c..e W. ,-.;~ ~ .._ •tltc.Hy tr, • 
dl&ftel machiM, repait c.n be automatiC, ·~ ~:-·.,,_~ ~ even 

"· , ; .. _,. ... _~_-·; , :~~:''.L ~ 

occur throush cotnmunication ~wMn an mTa'/ Md a r...ote te.t whine. lnd•ed, 
. ·~"~~ t·;.· ":F,, . -- ~ 

the universal array of chapter 4 can a~pt ......, • ., .....chlw that tut end 

repair eaeh otlw. 
-· 

The array can be viewed u a bin of apere pm-ta, cell& For a larp bin, 
,3 ,. 

··there is a hiah probability that a certain Percentaae of ,_.. will be 1ood. Thul an 
' 

array is fabricat«J to ·have more than enouch parts for a particular envisioned 

application. The av8Uability of spare part. which can be ... ~tric:.lty switched into 
~·· . . " ,, ; 

. .,...,._ .. 

active status allows the realization of IC pack11• with more h.llctlonel power. 
. . . ~ . 

That is, hilher inteeration is attainable throup autornatic repair. F&rihennore, this 

spare-part capebHity facilitates re-cuet~&n, rM\y, end -ntitNtity. 

For many type1 of circuit failure, an array,can b.· re-,.;~--.. to re~ 
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,,.F-,, I 

performance like • P«fect •rrJ. Thia altowa ar-eM tt...-uon of 1n eney. 

Simplification of ey•t• production •• itlMrici ;n'"~ Yi1 

,, ; ,,., •• !PllW .... ~.1--"•...--._~._..-£, Au circuitry that 

;;; ;,-t_. ,......,.-.asu11w ... -.~~~..tf;ww1f' 1r•1n '*~ltiifa.rc1, 

:·': ., ......-~,,.._,_,..1dt11ad .-,tJtt.~~·•::ttl~JtW~id,'J4f~y 

Jl\'llllll•j•t1a11J a ;1l1•s:.....-.;..,..WwM'Jil~~ fi"i'd'a.1 

array t•tlnt. cuatomi.uon, end repair Yi• electric ~ .JliW~'lfllul• 

array. The standard, modul.ir , ..... bf w ._ .,. th Am17 ,,.,,...,, impll• 

prodQB_;,.,.W.,_,p•i'r1-._.,,_, ... Wc:ilf'Mll·iia•rif1titiCW~'t~ of 

~, • .,_. ~.,_ .... ......._ m1PMcMMta.~~ 9"'<:';.'~~ ~:,,;wl'J :c,,>,' 

,,.,~ .. ,,-~-... J··-.. --~~:.ii:'tfi:W'.' .... 
' ......... ~ .... , ....... tlft ...... ,.,~~-;'~ ~ .. ~that 

:;,·-;·~--·y,.; ...... ;~--·----ti.,,, .. ~.-. .,,... .. '. . ._ 
, ,..,., • ., ... i ......... ~};' · · ;, ; .,,,, ;<:;11!~ ;,,. I !'.' ''' ,;,,. 

•?' • .·~. Spot<•W•t~"--••rtllf:11fr'tW11WMtil .... 'of''.1Aw1 

. Awtur•.·~~--w:Glil-JtlM.,\'8 1~,_~;fl>). They CM 

;·tH1~tr.....,,,, • .,11•'6naet ·---~BlwtM11f't•._, l wtr·ca1,.. 
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. f\lftetion of ~ti~, (41y~·,,.t~ .-... ofNl'i111 ·· fllli·1Mt11 ,._ the 

.. ·. Y!•lcj rnode\;JW.,,1 .. JllllMnlf3jf fllltt·ti•t,IUllJ~llUlll t 'I •• ,...,It ..... 

y • (l + OeAJl)i J! 

Y is yield, the ratio of aood~·;ltbi:._'.,,lt'fa:.......,_:,flf:..,_l'per 

.•quar• t~ ot:.UC. A •---tdveh .. « '~tllllr~lfiltM. In 1972, . 

Hod&,et said, :that ~.,~1'*M at ;atQ,,,_.111111ttuladt~-..~iWIM~~ 

•;...-•~bJ.~_. ..... ., Wltj)i_... ..... c111e•tM~· .. ·. , .. 

Becauee there are:~_.. .,..,., ... .._.•Wt.fer 

. fabr~cation,~••·.t""'~~ll•••~4ft,M1t .. lit IN•n111tfishll IC~ 

Wafer~ are-dr:~ aftd.Wo•·•'MttY*.., .. ,..,.ja.•1•~t1i1t .... :tftes. 

macbi~a fail,.-~-- •r•nNUt::tHjecti~ttll.t.·*tfldaf C•, ·•ttffc1CW1•.1•r• 

millabelled. <One enatneer told"' of 1 ....... .-1utlfll1r••..,.WI• 

.. llllith_ di,ffer.ent coa~•.~.U. ..,.CRMl1.,...,_Hlltlllnt'., . ._, were all 

. ~~(~~urer•J"~t: .... ~..-y,linM.(,U•ti't,~t.1.-hl••~ .. --,, fllfftttent 

flow of M1teria11. Clraltt •• ~-.,... ,_, .._. .....,.... A prime 
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one is the need to minimize pins leadina from the chip to the extra-IC world. Thia 

allows lower packa1in1 and lead-bondina costs. We r9C01ftized the need to 

minimize pins when we developed a loader that reqLired only a few pins. Thia i1 

also a major reason why cu testin1 and repair procetHS require acce11 to only a 

few pins. Because yield and cost depend on many vlriablea, incluclnc time, thne 

figures can only be expected to point to IOm8 relevant considerations in IC 

production. More detailed analysis than Is appropriate here cm be fOLlld in 

<Hod1es 72>, <Murphy 64>, or <Seeds 67>. 

Table 2.1 Chip Yield And Manufacturin1 Coste 

(a88urnin1120 slice fabrication cost and 200 defect• per eq. in.) 

SSJ MSI LSI 
Active area (•Ila) 38 )( 38 68 )( 68 128 )( 128 
Chip size h1i la) 58 )( 58 88 )( 88 148 )( 148 
Probe y I e Id (percent) 88 59 15 
Chips per 2 in. dia. sl Ice 1288 488 158 
Good chips 969 288 22 
Cost per chip 18.82 18.18 18.98 
Package <DIP) 8.83 8.84 1.88 
Assembly 0.85 8.85 8.58 
Final teat 8.82 8.82 t.28 
Accumulated cost 0.12 8.21 2.68 
7ft yield at final teat xl.4 xl.4 xt.4 
Factory cost 18.17 18.38 13.68 

In a March 1975 letter to us, Hod1es made the followln1 point•: Dte cost h•• 
declined sli1htly; and inexpensive plastic pack&line Is now widely used for LSI. 

Factory cost of LSI components is now in the ranae of 11 to 14. The overall 

picture reflected in the table above haan't chanced much. 
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Key points from the Hodges paper relevant to this work include: 

1) Packaging~ assembly, and test costs dominate wafer fabrication 

costs for all types of tCs, even thou1h Hod1es' fiaure• nealect pre­

dlcint test costs. However, wafer yield becolne• Jncreesln&ty Important 

as inte1ration level increases. 

2) The absolute cost of packa1in1, a1Mmbly, and te1tin1 become• 

much higher as one moves to LSI. 

3) Packa1ing accounts for a substantial yield loss. (Hod1e1 i• 

probably oversimplifyine In a1tumin1 the aame peckaae test yteld for SSI 

and LSI (see <Camenzlnd 72>). LSI tendt to uae peckaaet with more 

pins, resultin& in more packa1ina errors. However, improved naembly 

methods for LSI relative to SSI would tend to off•t ttV1.) 

Hodges makes the important point that "enaineerina and rnarketina coats 

are probably the dominant factors in the overall coat of LSt today; this will 

probably continue to be true as long as the market life of products continues to be 

short due to rapid innovation." This factor is particularly important for custom LSI, 

where the interface between the IC house and the IC user can be very durney 

(see <Camenzind 72>). <Moatek 73> notes that Mo1tek'1 char1e1 for custom 

tooling of an IC range from 120,000 to 155,000. The exact amount depends on the 

manpower and testing demands made on Mostek. Delivery time for a smell number 

of prototype units ranges from 6 to 9 months after the start of the customer'• 

interface with Mostek. 
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We present a strategy for realization of lar1e, hich-Yi•ld, low-pin IC• 

via automated, electronics-oriented means. Because customization and repair ... 

electric processes acting on a standard IC array whoae cell• are desi1ned for 

testability and repairability, costs can ·be low, system production can be quick, and 

the inevitable errors resulting from a plethora of components - ICa, testera, test 

programs, etc .. - can be minimized. 

--------
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Section 2.3: Evolutionary Trends 

Evolutionary trends in digital systems reflect shifting realities and 

priorities important to digital systems planning. These motivate an interest in 

electronically testable, programmable, and repairable cellular arrays. Those trends 
. 

most important to this thesis are summarized below. 

2.3.A Trend 1: Rapidly Increasing capability of integrated circuits 

Table 2.2 indicates the skyrocketing performance and complexity of 

integrated circuits (see <Altman 74>. The table assumes a rectangular chip, and a 

"device" is a transistor. Prices have dropped with the rise in IC performance. 

<Moore 74> states: "One thing that Shockley was interested in doing was m1kin1 

the 5-cent transistor. At the time, it seemed like a goal so distant it might never 

be achieved. Many people thought the dollar transistor wasn't in the cards. And 

now we sell transistors as parts of an IC at a very small fraction of a cent -

probably 1/100 of a cent." This development comes from introduction and 

refinement of various IC technologies - for instance, bipolar, MOS, magnetic 

bubbles, and Josephson technologies. Each technology has inherent physical 

characteristics that develop as it competes with other technologies. Function per 

unit area increases as function per circuit element and circuit element per area 

increase. Furthermore, reduced defect densities allow the packaging of larger 

circuit areas. In a 1973 MIT talk, Bob Noyce of Intel observed that the trends 

toward lower defect densities and higher device densities - each changin1 by a 
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factor of 2 every 3 years - had helped cause the doublln1 of the number of 

transistors in the most complex commercially available chip every year since 1959, 

when there was a sincle transistor per chip. 

This rapid increase in IC capability ie a fll'ldamental C8UH for • rapid 

increase In digital system perfortnance (eee <Turn 72> Md <Koay 72>). 

Table 2.2 IC Evolution 

Typical Industry capabi llty 1966 1973 1989 
Ma><illtUlll clockrate (Mhz) 2S 389 2988 
Transmission bandwidth (Ghz) .3 1 6 
Speed-power product (pJ) 188 3-18 .1-1 

Complexity 
MaxlllUll chip edge length (mil) 188 2S8 see 
Device density (•il 2/device) 28-58 2-5 .1-.3 
Maxi•um translators per chip 58 5888 288888 

2.aB Trend 2: Increased relience on electronic mlehinea 

Rapid improvements in IC capability, combined with other factors such n 

rentalism (see <Toffler 70> and <Vtschi 72>) heve fostered hl1hty volatile, 

competitive IC and di1it1I systems Industries, marked by rapid product 

obaoleecence and burgeonini mark.eta. Thete factors hive alto shifted system 

desian priorities toward reduction of mechanical and human labor by use of 

electronic devices. IC• are increasingly used to reduce other coats of electronic 

systems, such as interconnection costa. 

The replacement of mechanical rnachinet by ~ · enet it petvlll:v• 

(see <Fo11 7'1>, <Toffler 70>, and<~ 64>). The cafcdator, C8th r•li•ter, 

and watch markets provide conspicuous examplet. Mieratectronk:e provide speed. 
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size, weight, reliability, and cost advantages In these information-oriented, low­

energy applications. 

Increasing dominance of human labor costs in total digital system costs, 

coupled with a need for shorter design and maintenance times, have spurred use 

of microelectronics to reduce labor. This is part of the society's overall move 

toward automation. <Bell 72> observes that: "In contrast to technology, system 

· design costs have risen; this shift is demonstrated by, for Instance, the decreased 

emphasis on minimization in logic design, but on the other hand, reliability, mass 

producibility, and maintainability are now the important design criteria." <Franson 

7 4> notes that the shortage of IC designers is forcing system designers to use 

automated help. <Hodges 72> marks the dominance of engineering and marketing 

costs in the overall cost of LSI. Labor-intensive software costs increasingly 

dominate hardware costs in digital systems. Bob Lloyd of Advanced Memory 

Systems told us of the trend in the IC industry toward silicon-intensive, computer­

intensive production. <Vischi 72> lists rentalism and "shortage of technical 

manpower and the increasing expense of salaries and training" as pressures for 

higher system reliability. 

Of course, the relative advantage of ICs in reducing other costs depends 

on the particular application. For example, the merits of reliability via extremely 

reliable components built into a redundancy-oriented system are much clearer in 

an aerospace application than in a commercial one. Table 2.3 gives the relative 

costs of efforts to insure various levels of IC reliability (see <Peattie 74>). The 
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categories, which fan1e from commercial to captive line, represent a spectrum 

where "the basic factors producing considerably different failure rates are several: 

the device design, the number of inline process-control inspections used, their 

level of rejection, and the degree of reliability screening." 

Table 2.3 Relative Cost Of IC Reliability Efforts 

Part CI ass comm. c b a capt. I i ne 
Failure Rate CX/1000 hrs.) .1 .05 .006 .003 .001 
Cost 1.0 1.3 1.8 2.8 4-6 

<Peattie 74> also gives Table 2.4, which demonstrates the wide ranee 

of reliability expenses which various applications demand. It's a table showing the 

cost of detecting and removing defective semiconductor devices at four stages In 

four types of system markets. 

Table 2.4 Cost For Failure At Various System Development Stages (S) 

Market Incoming Board Mount System Test Field Use 
consumer 2 5 5 50 
industrial 4 25 45 215 
mi Ii tary 7 50 120 1000 
space 15 75 300 200M 

Demand for higher integration level is consistent with the increased 

importance of ICs in the total system. Higher system integration results in fewer 

ICs to handle, test, and store. Decreased system size and weight have obvious 

storage and transportation benefits. (For instance, many IC houses ship IC slices 



PAGE 67 

overseas for raw--cost pacbgin1.) A less expensive printed-cifleuit or wire-wrap 

board is requind Us* Interconnect cottt, which may run 11 htah as 50 cents per 

TTL gate, are· nsduced (aee <Noyce 71>). •Since bond failll'es account for up to 

55i of all IC fhltd· faiklres, a significant reltabiltty improvMlent cm· be made.• (See 

<Colbourne 7•.) Higher integration also reduces peck...-related failures (Ibid). 

Improvement• m device matchin1, noise immunity, driver drcuitry, power 

requirements, Md tranemistion d.iay alto reeult from hi...,. ffttearaUon, f•wer 

packa1ea, and ,..._. lntercOMeets. 

T._.., are atso disadvantages to hlch int .. ration tevela. A hlsher 

number of clrd' elements per inpe:Jt tead makes a eystem ..,... cifflcult to teal 

<Vaccaro 74> ncrtel· "the major difemna facing the uw of LSt tflday fa simply that 

. we can build ~ ate buildin1 microcircuits today that are mor• comple>c then we 

can adequately test, functionally or parametricaUy.• <Vinson 74i>· notes the same 

difficulty with the mcreatina complexity of circuit bowdl. Hilher ifttearatlon &.vel1 

have implied htlf\er investments in IC chips. For instance, estm.te1 of the total 

development ~-of Intel's 8080 microproceuor are in the mltNon doll• rMae. 

This high investment ptaces high demands on the device's desian and reliability. 

One poorly specified· component can result in lar1e losses. High carryover from 

one IC systetn' dMian to its successor is necessary to reduce the 1t111erin1 

development cats~ For a 1iven technofoa at a 1iven lime, hiaher intelfatlon 

implies lower yield, because of the higher probability that one of the many 

components will be c.14tfective. 
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2.3.C Trend 3: Mass production of a few high-volume components 

The realities of LSI design, production, delivery, and maintenance arcue 

for the mass-production of a few powerful, high-volume components. <Franson 

74> notes that Fairchild and National are emphasizing standard ICs over custom 

ones because "they get a better payoff for the engineering time and capital 

expenditure." He observes that "the big IC producers aren't after the business 

unless the volumes are high - 100,000 per year and up." Each time cumulated 

production of an IC doubles, its unit price tends to drop 30X (see <Luecke 73>). 

For high-volume devices, this is chiefly due to a learning curve. This learning 

curve, resulting from detective work into ways to improve production, argues for 

high-volume devices. <Vaccaro 74> cites availability and product data-base 

reasons for his conclusion that "it is clear that considerably more attention must be 

paid to selection and standardization of fewer proven device types within the 

Department of Defense." <Vinson 74> observes the maintenance difficulties 

associated with a plethora of ICs, circuit boards, and testers. He discusses 

designing for testability and maintainability, and suggests standardization of system 

components, test procedures, and equipment 

In his 1973 MIT talk, Bob Noyce compared the production of high­

volume ICs to the printing of money. In a 1974 MIT Project Mac talk, Rick Dill 

agreed; and compared the production of low-volume custom ICs to choosing 

engraving over money-production. 

<Noyce 71> observes that design of standard components with 
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capability in excess of many application needs allows the economies of mass­

production to operate. 

In hi« 1973 MIT talk, Noyce also demonstated the thirst of the IC 

industry for ~ume markets. He noted that the annual shipping. rate of micro­

computers wa twice thlt of all other computers. He observed that whereas the 

computer ma~ was 2 x 101 gates per year, the calculator market was 5 x 101 

gates per yffl' end doublin1 every year. He estimated the watch market at 101 

200-gate units0 .,.,.year, end the smart-phone market at 1011 ptes (2 x 101 500-

gate units) per year. Microrna, a watch company, is now ownad l,)y Intel. Several 

Intel people have totd us of Intel's eagerness to enter the ....t-phone markel 

The 10/2/74· so.ton Globe states that "National Semiconductor said it's entering 

the electronics; ttmepiece market with a full ttne of quartz dlptal watches and 

aolid•state alarm clock•.• 

Various options. are currently open to designers of systems with 

volumes too low or design times too short (20 weeks average for custom - EON) 

to justify a ct.l9tem IC approach. Use of standard SSI and Ma· components, with 

customization via choice of interconnection of the components, is· often used for 

low-volume ard/1
• high-speed applications. High speed comes from customization 

of the system to. the task, parallelism, and high-speed operators. Disadvantages · 

include the large number of parts required, interconnection costs, and, in many 

cases, the problems of nonstandard systems we've discussed. Another approach 

uses customization of a general-purpose computer via a memory-stored program. 

------------ ---------
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This provides lower speeds than a hard-wired device. However, it allows use of a 

small number of high-volume components. Microprocessors are increasingly 

dominating this approach. Chapter 4 pres~nts a cellular array that promises to be 

between microprocessor and custom-interconnect systems in performance and coat 

for many applications. 

Rick Dill and others have asked a key question: "What should we mass­

produce in LSI?" MSI and SSI have readily identifiable functions suitable for them, 

such as adders, gates, flip-flops, and shift-registers. LSI is very suited to memory, 

with its regularity, low ratio of pins to area, and high volume. Bigger, faster 

memories are evolving. They may even have added power, such as associative 

memories. <Moore 73> indirectly observes the need for embodying low-volume 

systems in a high-volume IC: "We expect LSI to give us some very large building 

blocks, such as high-performance processors. Once that point is reached, we could 

go on to self-contained systems, but I question whether systems will be 

economical except in specific, high-volume applications." <Noyce 71> predicts that 

in 1980 a 100,000 gate "superstar computer's needs could be satisfied with about 

10 bipolar LSI chips. However, even if the capability exists to put all of a 

computer's logic on a few chips, .this doesn't mean we'll be able to find a practical 

design philosophy that will permit us to do it - and that brings us back to the 

whole interconnection problem again." That is, interconnects between IC 

components can consume large amounts of design time and chip area (80l is a 

good guess of percentage of chip area devoted to interconnects for current 
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systems - <Luecke 73>). Furthermore, the fact that several layers of metallization 

are normally associated with a higher level of integration ie a prime contributor to 

low yield and reliability. These consjderatione lead us naturally Into the next 

evolutionary trend. 

2.atl' Trend 4: Increasing Regularity 

Tiw ·trend toward component and system re~arity is evidenl Dilital 

systems use f• more memory bits, which are orpnized in a reaut• fashion, then 

less regular combinational logic elements (tee <Luecke 73>). Function• 

traditionally perfitnned by "random loaic" are incr891in11Y performed by arrays. 

For instance, microprc01ram• embedded In memory have taken over many 

computers' control functions, which were formerly done by random lo1ic. 

Programmable LOlic Arrays, extensions of read-only memories that allow use of a 

regular array to realize complex combinational loaic functions, also evidence this 

trend. Increased interest in array architectures evidence thie trend on a 1..,.r 

system level. 

There are many advanta111 to regularity. Iteration of a simple 

component, or cell, is consisent with mass-production. It allows concentration of 

system efforts on a component that can be optimized, rather than distributed effort 

over a collection of equally important, different components. Simplicity of .a cell's 

environment allows concentration of effort on design of the cell for that 

envir0nmenl A reeular. environment is easier to understand end test, both for men 
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and computers. "Repetitive layout contributes to the realization of high circuit 

density per chip." (See Carr 72>.). Regularity implies constraints on metallization 

paths, which usually implies less crossover and crosstalk problems. As a 

technology improves, a more thorough carryover of investment is possible between 

designs for a regular machine. (<Lathrop 70> makes many of these points.) 

These generalities are supported by the rapid evolution of memories. 

Their regularity allows concentration on optimization of the memory cell (RAM, 

ROM, shift-register, etc.). This optimization is helped by the identical environment 

of all memory cells internal to a memory array. For instance, the impedance a 

circuit drives can be standardized and well-controlled. Once one understands how 

one cell works, it is easy to understand the entire array. Production of the array 

can be performed by replication of one of its cells. A memory array is relatively 

easy to test. Memories are so common and fundamental that every designer 

knows their important parameters. Should technology improve (by, for instance, 

improvements in yield and reduction in cell size), a basic memory cell design is 

easily adapted to a larger, denser chip. The transition from one memory array to a 

larger one is relatively easy compared to, for instance, the transition from one 

microprocessor to a larger one. 
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Section 2.4: Trends And Arrays 

~'advantages that mike cellular arrays interestinc derive from their 

nature as an iteration of functionally, and usually physically, Identical components. 

We've already explored the motivation for the trend• toward mesa-produced 

standard part• and regularity. These reasons, applicable to celld• ..,.ays, ... 

summarized bcltow. 

Advantaps of mass-production of a standard part include: 
1) Hich enaineerin1 and marketinc effOrts 

expended on a higf\-Volwne part 
2) Higher uniformity in production processes 
S> Maher 8\Cailability 
4) Reduced inventories 
5> ·More .thoroueNy characterized device, which irnpiiea 

1) Jearnins-curve-related improvements In 
-.tan and rnanufilctur-, and · 

b) expended data ba$e for reli8bilily and failure-mode predic:tlone 

Advant91n of regularity include: 
I) Al1 advantagts of a mass-produced standard p•t 
2) Simplified comection• 

a) easier to design and produce 
b) higher component density via reduced interconnect •e• 

3) Controlled, simplified enVironment 
a) iterated element can be optimized for this environment 
It> easier system to understand, test, and ""91ntalft 

4) Performance increase via numerical· ~t increase, 
· implying the lbitity to· incrementally add performance 

5) Greater carryover between desip 

When c:elllllar arrays are used for realization of combinational loaic or 

sequential machines, they have added benefits. Controlled customization of • 

flexible, regular, mass-produced device implies more stages of ma11-production 

and a faster product development time than for custom realization of an i"eaul• 
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special-purpose machine. Furthermore, arrays can provide higher parallelism than 

single-sequence computers used for the same function. 

The highly structured nature of cellular arrays also has Inherent 

disadvantages. When an array Is customized to behave like a particular machine, 

more components are involved than for a custom-built machine. At any time, the 

cellular array has a lower density of active components than the custom machine. 

Furthermore, the array has more parts that can fail. Of course, component costs 

are decreasingly important in digital systems. If the cellular array can be easily 

re-customized (if it's programmable, as ours is), this added capability cannot be 

considered as useless overhead. The enormous overhead of a general-purpose 

computer processing one instruction at a time is acceptable because of its 

flexibility, generality, and computational power. Use of the simple structure of a 

regular array to facilitate test and repair ameliorates the increased probability of a 

component failure. 

A second general disadvantage of cellular arrays is "an increase In the 

length of wire through which a signal must propagate in comparison with 

conventional logic not possessing stringent interconnect pattern limitations." (See 

<Spandorfer 68> and <Hu 73>.) Again, the enormous inter-operation delays 

associated with single-sequence computer makes this problem seem less severe 

for programmable cellular arrays. 

<Mukhopadhyay 71 > mentions another problem associated with cellular 

arrays: 
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"Anether major problem in cellular logic is standardization. We now 

have at hand a technology which can produce arreye of cells of very 

larp complexity, but we do not yet know how to use these devices 

' effideRtly in practical fJetilftl. This is becw of the rapid arowth of 

the ftUmber of logic functions of a cell with the number of 

inpub,/oUtputs, ao that when a cell has more than 4 or 5 inpute, one 

si~does not k-now what to put into the cell fn Order to obtain a cell 

thatmy·be widely used in diaital circt.its.• 

This point is aridanced by the plethora of ceH-desisns proposed. 

Tht• tbests addresses this problem by identifyin1 and satl1fyin1 

important reqwilwnents on a cellular array. We develop ~ for automatic 

test, loading, and· repair of cellular arrays. Various celtul• tnaY• · incorporatin1 

this machinery are presented. These Include memory arrayt, end an array capable 

of supporting universal computer-constructor-repairer1. We thow practical 

advantages of these cell designs, relative to other deliana, which arp for their 

realization. One IUCh advantage is that these standard arrays CM be electrically 

customized to a wide range of customer needs. Realization of and experimentation 

with a good cell design would clarify many of the issues involved with cellular 

arrays; a better understanding of the most important parameters would reeull 

<Mukhopadhyay 71> mentions another·difflculty that he sees. 

•A difficult problem arises when one has ta locate and correct a faulty 

cell in an array. Since the number of teet points or the Input/output 
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pins available is very small compared to what can be expected of a 

circuit of similar complexity built with lumped components, the 

difficulties in diagnosis problems have just been compounded. It seems 

unlikely that good and practically manageable algorithmic solutions to 

this problem will be developed in the near future because of what 

seems to be an inherent contradiction in the objective: programmability 

and flexibility which can be achieved by increasing the cell complexity. 

This implies an exponential growth of fault types and correspondin1ty 

astronomical growth of the number of tests to be applied to a very 

limited number of test points. The logic designer of cellular arrays will 

have to accept a certain amount of failure in the circuit and will have to 

invent synthesis procedures for fault-tolerant circuits: 

We believe that this thesis refutes this argument. We present simple mechanisms 

which enable test and repair of an array. Particular machines which incorporate 

these mechanisms are developed. Furthermore, many existing array designs may 

be modified to incorporate our test, configuration, and repair mechanisms. 

Mukhopadhyay's argument seems to argue, by implication, that large random-access 

memories are untestable. We assume that a cell's behavior depends only on its 

state and inputs, and not on the state of another cell. We try to justify this 

assumption by constraining our design; for instance, our design has no signal 

busses connecting distant cells. Our independence assumption is analogous to 

testing assumptions made for current integrated circuits, includin1 random-access 
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memories. This independence assumption enable• epecification of simple function 

states to aHow individual test of an array's cells via leads attached to a few cell• 

anywhere in the array. Leads to one side of one cell are sufficient to allow the 

repair of mo.t ·Mays. Our techniques affow the verification of our independence 

assumption by testing a complete embedded machine. Complete arm and tree 

machines may M easify tested via their inputs and output•. Test links may 

connect lntemat 'f)Oints In a hilh-relcon machine to cells at the edge of an array. 

Finafty, many have observed that truly powerful arr.ays need ~ny cells. 

Current realities of IC fabrication therefore auuest .repairable cellular arrays es a 

means for ·ac:hhwmr large arrays. As densities and yield• improve, bulldina a little 

circuitry Into• c8Uular array to help testing and repair becomea more appropriate. 
\ 

We focus on ......UC. electronic repair because of lts increa1in1 ettraictlveneea. 

I 
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Section 2.5: Testing And Repair 

2.5.A Non-cellular 

The increasing difficulty of testing digital systems was noted above. 

Reasons include the plethora of digital systems and testers, their increasing 

complexity, and the decreasing ratio of test points to circuitry. At one time di1ital 

ICs could be tested by monitoring their output for each possible combination of 

input and internal state; Ed Fredkin recalls when many engineers insisted ICs 

required at least this much testing. This is currently impossible for most ICs, due 

to the astronomical time for such a test (2101 tests for a serial-in, serial-out 100-

bit shift-register). Consequently, less ambitious approaches are now used. 

Common test sequences assume one logic element's performance is independent of 

the performance of other elements in the circuit A gate may then be tested by 

putting its IC into a state in which that gate's output, a function of its varied 

inputs, affects the output of the IC. This approach is especially useful in go - no 

go testing of ICs, where one only wants to know whether a circuit meets its 

specifications, and not the causes of faulty performance. Most procedures that 

must locate faults, such as maintenance procedures, assume a single fault (see 

<Marinos 71>). Because of feedback paths, sequential machines are particularly 

difficult to test. 

Development of a new testing program for each new IC or digital system 

is increasingly distressing. This has caused many to ask for a system-oriented 
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testing approach· designed into digital systems (see <Vaccaro 74> and <Kautz 68>). 

Fautt•handling techniques typically use systems composed of a lar1e 

number of components, some of which are defective. Two major fut-hMdlina 

techniques arie·;trepair and fault-tolerance. 

ReJllllir techniques are characterized by fault-detection, followed by 

some form of Oyp188in1 of faulty component.; · eo the aystem's output then 

depends omy-·., the output of its 1ood components. The best-known repair 

technique for0 .lllilital systems involves detection of 1 faulty cemponent in a system 

designed to ....... only goad component1; a human .lhen . .mstitutes a 1ood 

component far ,.the faulty compcmenl We focus here on eppneches which, like 

ours, allow deMetive components to be associated with 1 workiftc system. 

FMMolerant hardware techniques aim at proper haidware performance 

in spite of f·MJtt• which occur during ·the hardware's operation. Standby 

redundancy "emptoys several functionally identical mOdulea, some bein1 used 

actively to perform th• function, the remainder waltiftl ·to be .wit~ in • '1ould 

one of the acltf9.:r'ft0dutes f11il." (See <Carter 70>.) MnWas: redundancy •11 

applied to techniques which Involve encoding function, active .performance by ell 

parts of the sy._ and irhpltcit recognition of error." (Ibid) 

. While •w approach is fundllmentally a repair approach, It ls compatible 

with realizaUon of f.Wt-tolerant machines. Celle can act either as active 

components or as stad>y perts in 1 standby redundancy system. The mechanism 

for switching cellular standby parts into active status it built into the celll of· an 
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array. Machines using masking redundancy can be embedded in an array. Chapter 

4 presents a cellular array consistent with such a hybrid, fault-tolerant system. 

Two machines in such an array can monitor each other. If one machine fails, the 

other can test the failed machine's subarray; and embed a new, perfect machine in 

that array. 

<Spandorfer 68> describes discretionary wiring as one repair technique 

designed to provide large, high-yield ICs: 

"The number of basic components fabricated on a large semiconductor 

chip is larger than that needed for the desired final circuit. Each 

component has associated bond pads, which are probed during testing. 

The location of good components is used by a computer to generate 

patterns which wire only the good components into the final circuil 

. Arrays make use of two metal and two insulation masks.• 

The fact that the considerable difficulties inherent in this approach were 

even attempted points up the desirability of high-yielding high-integration ICs. 

<Foss 70 mentions some of discretionary wiring's difficulties: 

"The layout of a discretionary wiring cell array is made very inefficient 

by redundancy and the need to allow probe testing of the individual 

cells. Although the 'yield problem' of the logic cells is eased, the 

approach still requires '100% yield' on the subsequent dielectric 

deposition and metallization processes. (These are normally the lowest­

yield steps in wafer fabrication using two metallization steps. - FM) As 
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these 'l'ftUSt be taultfe98 over a much areater area then needed for non­

dfscr9tionary cell interconnection, it may well be found that the yield 

prcmtems of the two approaches· (chcretionary wirinl Jtnd conventional) 

'are'Mt ,diwirnHer." 

<Spandorfer 68> remarks that "the key problem is the critical clependence on data 

processing for 1R88k layout, albeit off-line, and a hott of other ·production control 

routines per copy. Further, use of a unique mask implies a relatively slow 

production process for a given capital investment." "In addition. each product has 

unique interconnection and dynamic characteristics." (See <Marvin 67>.) These 

reasons indicate why discretionary wirin& is now generatty cOftlidered a bad way 

to achieve hiP mtegration. 

OtW ._tom wirin1 techniques for usina faulty components have been 

proposed. <Tammaro 67> describes use of customized bOM'd wirin1 to allow use 

of faulty ICs. 

<Sander1J 72> des'Cribes a method that invoived color-code 

categorization ef partly-eood memory components and their ~t inttalletion 

in a standard color-keyed circuit board. These boards used lo&ic that transformed 

incomin1 addr ..... to address•• of 1ood memory words. Te><•• Instrument• 

expects to use a simi-lar metlu>d in late 1975 for realization of perfect bubble 

memories from imperfect components. The major difficulties with these two 

techniques are the handling of multiple part types and the need for defect 

statistics that are fairly consistent as time passes. 
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Unlike our approach, those above require perfect Inter-component 

wiring. Furthermore, human and mechanical intervention are necessary to repair a 

system that develops a fault after the system is initially fabricated 

2.5.8 Cellular Arrays 

Cellular arrays have several potential testing and repair ·advantages. 

<Kautz 6 7> notes: 

"One would naturally expect that the iterative structure and the short 

internal connections of a cellular logic array would allow it to be tested 

from its edge terminals much more easily than a relatively disorganized 

interconnection of the same number of gates. If test signals are able to 

pierce the first one or two cells at the ed1e of the array, they can 

. probably be arranged to pierce arbitrarily deeply. Similarly, if an error 

due to a fault can be made to pass through one cell toward the output 

terminals, there is a good chance it can pass the entire route. In 

addition, the regularity and shortness of connections in the array tend to 

support the convenient assumption that the array as a whole is fault­

free if each individual cell can be shown to be fault-free.• 

One might also expect iterative array to be amenable to simple, iterative test 

procedures (see <Thurber 69>). 

<Kautz 67>, <Menon 71>, <Tammaru 69>, and <Seth 69> study cutpolnt­

connected combinational arrays in which the output of each cell is a fixed function 
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of only that cefre inputs. These paper• concentrate on array testability and 

diagnosabHily: h capability, method, and time to teat for, and· preferably locate, 

faults of an auumed nature, via Inputs and outputs at the edt• of an erray. A 

common assu.,.tten is that all input combinationt to a cell must be included in 

testing of that ceU (Kautz. Seth), or at teaat that eecft• sate in a cell must be t•ted 

(Menon). 

Our approach is quite different We treat arrays of more complicated 

cells - checkertM• d arrays of pragranneble toaic- Since we don't ca"e about a 

cell's response· to atate-mput combinations it won't encounter durint It• operation. 

testing and rep* •• fadlltated. Att edce cell with floatkls inputs or outputs need 

not have thne Hftet con.-.tecl to a tut machine. lnetead of aeWna for neces..-y 

and sufficient ecmdttions on array testabffity or dia~, we con1truct 

modules that convert .a given array to one that i• eeetly teeted and repaired by 

provams we deacribe. 

<Yau 70> also treats 2-dimensional cutpoint-connected combinational 

logic arrays. 1'he paper presents efficient rnethode for edclnt ~ and terminals 

to each cell of an array to make the resultant, rnoc:lfied trrey ~e, and for 

derivin1 test schedules for it. The logic and termlnel• added depend on the 

original desian; they are not standard. Teat tipel1 are routed to and from the 

edges of the array. Repair Is accomplished by 9horttn1 or openln1 metal 

interconnections. 

<Spandorfer 65> describes repair of two-dlmenelonal celh.lar errayt by 
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use of computer-determined wiring patterns which preserve the two-dimensional 

topology of the array. Custom metallization, which may pass over flawed cells, is 

used to convert a flawed array into a smaller, perfect array by proper connection 

of perfect cells. This approach assumes the interconnection network of a perfect 

array must be preserved; it does not consider the class of a machine embedded in 

the flawed array. 

<Minnick 66> describes use of custom metallization for repair of various 

arrays. He also discusses the efficiency of associated repair strategies for 

cutpoint arrays. 

The closest precursor of our testing and repair approach seems to be 

<Kukreja 73>. Testing a cell in a particular state involves including each of its 

inputs and outputs in a signal path to an edge input or output. Test signals to and 

from a tested cell are carried by cells in transmission states. Repair comes from 

programming cells in a row or column containing a faulty cell tO behave like wires 

linking good cells (see figure 2.2). 

Our test and repair of arrays embedding high-relcon machines similarly 

involves use of cells in transmission states. However, there are key differences 

between our arrays and Kukreja's. Kukreja's 2-dimensional array is a cutpoint­

connected array of simpler cells, in which each cell receives control variables on 

lines from a third dimension. Cells are not programmable logic cells, so there is no 

loader. Sequential machines are realized by a 3-dimensional stack of 2-

dimensional arrays. Testing requires direct connection between a test machine and 
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Fig. 2.2 PS-oqrammed Array-Repair 

Flawed 3 x 3 array 

Perfect 2 x 2 array 

G 

x 

G G 

X indicates a flawed cell 
G indicates a good cell in an arbitrary state 
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all the edge cells of an array. Kukreja's approach requires far more cells and 

extra-array connections for testing of arrays, and for realization of most machine•. 

Kukreja's repair approach is what we call "simple repair"; our repair procedure Is 

more complicated, but also more efficient for most checkerboard arrays. Kukreja's 

emphasis is quite different. He does not address many of the design, testing, and 

repair issues we address. 

In sum, our approach is the first one we've seen that details LSI­

oriented circuit modules and describes associated software for low-cost, 

automated, electrical testing, repair, and customization of cellular arrays. It is a 

systems approach whose advantages will become clearer as its description 

becomes more specific in the following chapters. 

-----------
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CHAPTER 3: AffRAY-EMBEOOED ARMS 

Section 3.0: Introduction 

This et\apter presents several examples of machinet· that •e embedded 

as arms. Since any one of a lar1e set of loadinc arms may be arown and retracted 

by loading sigrW9 input to one side-set of one arm base cell, fkudble loaclna can 

occur in a flawed· array. Processinc-tayer arm machines, which are composed of 

balanced cell~ ·can be gradl.mlly grown and tested, and enaked around flews in en 

array. We foctJI: on·the cen mechlnlsms and support proarll'M that provide these 

capabilities. For specificity and practicality, we cencentrate on the realization of 

highly inte1ratac1. lenath-proarammable, computer-repaireWe 1hift-re1i•ter1. 

However, our techniques apply to other arm machinn. Theae technique• are 

easily generalized to tree and high-relcon machines. 

We present a mono-active, balanced loedin1 mechanism for srowth of 

loading arms. The loadin1 inputs of any side-set S of a cell are sufficient to load 

that cell's lo_.., Md function-specification state bits. After the; cell is loaded, it• 

loader state bits: may specify which of the cell's neilhbors. If any, receives loadins 

Information funneled through the cell from side-set S. The loader's balance allows 

an arm to funnel· the same command to a cell independent of the path the arm 

takes in reachin1 the cell. Optional cell modules extend the loader's capability. 

The loader state may specify that an arm's tip be re-loaded, or than an arm 

incrementally retract A brief si&nal to the base of an arm can cause the arm to 
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totally retract. We use this same loading mechanism throughout our work. A 

mechanism with its capabilities is easily incorporated In arrays of two or more 

dimensions. 

The most interesting machines that can be embedded in the processing 

layer of this chapter's arrays are arm machines. Embedding It particularly easy for 

these machines. Typically, the loading and processing arms grow together through 

the same cells. The Array Programmer adds one cell at a time to these arms; and 

tests the new, extended arms after each extension. The Array Pro1rammer only 

communicates directly with the processing Inputs and outputs of one side-set of an 

arm's base cell. When the arms encounter a flawed cell, they may be partially or 

completely retracted, and grown through different cells in the array. An arm may 

be grown in any direction, avoiding flawed cells, because of the loading arm's 

flexibility and the fact that an arm of balanced cells is grown in the processing 

layer. Our description of the testing and repair processes depends on a model of 

flawed cells' behavior, which we state and analyze. We study repair efficiency 

through a program that simulates repair, and suggest techniques to improve 

efficiency. We consider other issues relevant to the practical implementation of 

our arrays. 

Repair through the interwoven processes of arm growth and testing 

contrasts to repair of high-relcon arrays. Since the requirements on the 

communication paths between essential cells of a high-relcon embedded machine 

are more stringent, repair efficiency is enhanced by the location of all the flaws in 

--------- --- -- ------------~---
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an array befON 9 global determination of a 1ood way to repair the array. Repair 

efficiency therefore dictates that a test procedure Is limited In Ila ability to 

predict the rote a given cell will play in an embedded machine. No matter how 

large an arm fftM:hine grows, its inputs and outputs are always at one side-set of 

its base cell. interwoven .processes of machine vowth and tettine are hampered · 

when a mac""1Ws growth implies ·a sometimes-growin1 number of inputs and 

outputs: the ......., of connections between a test machine and a partially vown 

embedded madWHe is variable, and may be 1ar1e. These considerations encourage 

us to test alt the ce1ts in a high-relcon array before repairing that array. However, 

the test and repair processes for hlgh-relcon machines use the same loader 

described in this chapter, and balanced processing transmission states 1imilar to 

the balanced states in this chapter. Many practica1 implementation issues are 

similar. Thus this chapter is useful in itself, and as a bride• to the next chapter. 

Since • tree machine may be embedded as an arm, u~. not 8\.l'priain1 

that the approach described for arm machines ie readily adapted to tree machines. 

Because a tree machine may be realized by an embedded mlChiM with any tree­

like relcon network, including an arm network, an array embedding a tree machine 

Is particularly easy to test and repair. Embeddln1 a tree or erm machine le 

considerably easier than embedding a hi&h-relcon machine. 
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Section 3.1: The Loader 

In programmable logic, a loading mechanism is used to load the function­

speci fication state bits in a cell. Others have proposed loading mechanisms 

incorporating long, fixed, irredundant signal paths routing loading information to a 

given cell. These loading mechanism have major limitations, including susceptibility 

to catastrophic failure due to destruction of a long, critical loadin1 line. We 

propose a method which incorporates extra logic elements In each cell to allow the 

flexible growth of a loading arm in an array. A loading arm is composed of cells in 

proper loading states, and not long lines. Since an arm may be grown from any 

cell, an entire array can be loaded via inputs to one cell In the array. 

Figure 3.1 illustrates two common methods for loading the function­

specification state bits contained in a shift-register in each cell. Figure 3.6 

describes a shift-register's operation. Snake and Crisscross use parallel-out shift­

registers, with each output acting as a function-specification state bit connected to 

the processing layer. The shift-registers in Snake and Crisscross are parallel-out 

shift-registers, with each output acting as a function-specification state bit 

connected to the processing layer. These connections are not shown in figure 3.1. 

In Snake, each shift-register is part of a long shift-register that snakes through all 

the cells of the array (see <Spandorfer 65>). (If each function register is 

associated with one cell, cells in different rows have different loading inputs and 

outputs; the array is strictly cellular only if we conceptually group mini •cells" into 

a macro cell.). In Crisscross, one of Wahlstrom's methods, each cell is associated 



PAGE 91 

Fig. 3.1 'l'wo Common Programmable Logic Loading Mechanisms 

(The function registers are shown without their 
outputs to the processing layer. ) 
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with a unique clockline, dateline pair (see <Shoup 70> and <Wahlstrom 69>). Each 

clockline extends through a column of cells, and each dateline extends through a 

row of cells. Co-column cells must therefore be loaded simultaneously. 

Note that these methods could operate on a more general type of array. 

For instance, function shift-registers in different cells could have different lengths, 

drive different circuitry, etc. That is, the key idea is that a loading mechanism is 

iterated through the array. The loading techniques we describe are also useful in 

this type of array, if it has two or more dimensions. 

Like the loading methods of figure 3.1, our loading method loads 

function-specification state bits into a shift-register. However, our loading method 

uses logic elements in each cell to allow loading information input to any cell to be 

routed to any other array cell that is not walled off by faulty cells. Loading inputs 

set a cell's function-specification state bits and loader bits. The loader bits 

specify how subsequent loading information input to the cell is to be handled. 

They may, for instance, specify that it is to be routed to some neighbor-cell. 

Consequently, loading information to a cell may be routed to any cell in the array 

by a loading path, or arm, of cells in appropriate loader states (see figure 3.2). 

Loading signals input to the base of the arm can load the tip of the arm, extend 

the arm from its tip, or retract the arm. Proper use of a perfect array's loadin1 

mechanism only allows the embedding of arms in the loader layer of the array. 

Our flexible loading arm has several advantages compared to the 

loaders of Figure 3.1: 
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Fig. 3.2 A Loading Arm Grown By Array Programmer Signals 
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1) The methods of Figure 3.1 depend on long, inflexible signal paths. 

Each cell can be loaded in only one way, so the cell is useless if that 

way doesn't work. A sienal path connecting many cells is a weak link In 

terms of repairability; its destruction severely limits the usefulness of 

the array. Furthermore load impedance, noise, and delay considerations 

make long lines undesirable. Our loading method does not require any 

long signal lines. In some technologies, such as magnetic bubbles, all 

lone lines, includine power supply lines, can be eliminated from the 

array. 

2) The other methods require that many cells be loaded 

simultaneously, even if one only wants to load one. For Snake, this 

requires the reloading of an entire array even when one wants to 

change the state of just one shift-register In the array. For Crisscross, 

this requires the reloading of an entire column. In our approach, loading 

cell A from cell 8 requires a loading arm from A to 8. If no arm already 

exists, only the cells on some path between A and B need reloading. 

Once a loading arm is formed, its tip can be easily moved around. This 

is particularly attractive because two successively loaded cells are 

usually close to each other. 

3) Crisscross requires a loader input to the array for each row and 

each column of the array. Large arrays consequently require a large 

number of input pins and associated connections. Recognizing this 

------------------------------------
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deficiency, <Wahlstrom 69> describes an extension of Crisscroas. In 

this extension, a cell can enter a state in which a proceasing input is 

transmitted to a dataline above it or a clockline to its right This allows 

loading of an arbitrary cell in an array via processing and loader inputs 

to a cell in the lower-left corner of the array. Wahlstrom admits that 

such toading is indirect and slow. Its utility is severely restricted if the 

lower-left corner of the array is faulty. Our method allows speedy 

loadtng of an arbitrary cell with the three loader inputs of a side-set of 

any one cell in the array. This implies that connecting the loading 

outputs of some cell in one array to the loading inputs of some cell in 

another array allows a loading arm to be extended from the first array 

into the second array. This minimizes the number of pins required for 
. ~'-... 

testing, loading, and repair in systems composed of several ICs. 

4) For all the loading methods, one can envision a function. state in 

which a cell's processing inputs control loading lines near the cell. (A 

machtne in Chapter 4 uses such a state to allow a machine embedded in 

an array to test its environment, and to construct and repair machines In 

that environment.) For the other methods, there are harsh limits on the 

position and number of cells that can be loaded from such a cell, even in 

a perfect array. With our method, any cell can be loaded from any 

other cell that is not walled off by flawed cells. 

5) A loading arm's flexibility allows It to avoid flaws in a faulty array. 
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6) Our method allows use of several loading arms simultaneously 

loading unrelated cells. Because the other methods involve loading lines 

extending through many cells, they do not allow this. 

Our loader demands a small number of additional logic elements in each 

cell to achieve its advantages, but the cost of logic elements is declining rapidly 

compared to other system costs. 

A cell's loading mechanism allows the loading of function-specification 

state bits in the cell. This mechanism consists of a Basic Loader, which is usually 

combined with one or more loader options. The site of loading activity In an array 

is the tip of a loading arm. The Basic Loader allows the extension of an arm to 

include any of the tip's neighbors which aren't already in a loading arm. A Total 

Retractor option allows the rapid destruction of an arm by a single sianal to the 

base of the arm. An Incremental Retractor option causes a tip's relcon neighbor in 

a loadin1 arm to be the new tip; the loading arm is then incrementally retracted. 

The Tip Changer option allows a tip cell to be repetitively loaded. The loader 

options demand extra logic elements, but extend the power of the loading arm. 

Each cell in a checkerboard array has Select, Clock, and Data loader 

inputs and outputs at each of the cell's four side-sets. When an array's power is 

turned on, its working cells are inititalized so that all their Select output lines are 

low. Raising a side-set SS1's Select input activates SS1: Data and Clock inputs at 

SS 1 may load the cell's register containing its function-specification and loader 

state bits. The newly Selected cell is the tip of some loading arm. A counter in 
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this tip cell counts the number of bits shifted Into the cell's register after 

activation; so the cell knows when its register has been loaded. The loader state 

then specifies the new arm tip. With the Basic Loader, one of the loaded cell's 

interconnection neithbors that isn't in an arm may have its Select input at side-set 

SS2 raised. Then Clock and Data information from the base of the loading arm flow 

through the arm, through the former tip, to the new tip. This process may iterate. 

Loader options extend an Array Programmer's ability to control a loading arm. 

Figures 3.3 through 3.5 give an embodiment of our loading mechanism in 

a checkerboard cellular array. Most discussion of the loading mechanism is on a 

functional level. The loader can therefore be understood without reference to 

these diagrams, but they are included for specificity. Figure 3.3 shows the 

mnemonically-initialized names of the loading inputs and outputs of a cell. The 

loader lines are Select, Clock, and Data. Up, Right, Down, and Left refer to the 

cell's four side-sets. Figure 3.4 shows one possible realization for the Pulser in 

the lower-left corner of figure 3.5. After power is supplied to an array, the 

pulser's OUT Une in each working cell remains low long enough to assure that all 

appropriate memory elements are simultaneously reset. Intel's microprocessors 

have a circuit with this effect. The other elements in figure 3.5 - a complete 

functional diagram of the loader for one cell - are familiar standard logic elements 

like those in a Texas Instruments TTL catalog. The function of each logic element 

is summarized in the symbol table in figure 3.6. These elements could be realized 

in many forms and technologies. 
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Fig. 3.3 Input-output Lines Of A Cell's Loading Mechanism 
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Fig. 3.5 Loading Mechanism With Options 
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Fig. 3.6 Symbol Table 

( 1 st of 2 pages) 
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Fig. 3.6 Symbol Table 
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We first detail" the Basic Loader, with none of the loader options. S-R 

FL is the shift-register containing the function-specification and loader state bite. 

LOO and LOl are the loader state bits that specify the loader's output side-sel 

LST A is only included when the Tip Changer is used; this loader state bit specifies 

whether a tip cell is to be re-loaded. S-r FL may have any number of function­

specification state bits. Here we assume four such bits - INO, INl, OUTO, and 

OUTl. CTR, a counter, counts the number of bits shifted into FL after a cell is 

activated. Since CTR must be able to count to P, the number of bits in FL, CTR is. 

log2P bits. The P-detector outputs a 1 when CTR's count is P. For P ... 61 the P­

detector performs the function OUT = B2 AND Bl AND NOT BO = 6, in binary. 

TCH, the "touch" flip-flop, signals that a cell has been loaded. 

The Basic Loader is used to load a perfect array in the following way. 

When power is supplied to the array, the Pulser resets CTR and TCH to 0. The 

CTR, the P-detector, and the TCH flip-flop are used to determine when a cell's 

_shift-register FL has been loaded. S-r FL is in an indeterminate state (although 

some processing layers require it to be pulser-resettable; this forces all cells into 

the same function state when power is turned on). All extra-array inputs to the 

array are 0. Assume that S.L.IN for some cell A goes from 0 to 1. Cell A has been 

TOUCHED from the left, and now its left loading inputs are ACTIVATED. C.LIN and 

D.L.IN may now affect the cell's function-specification and loader state bits and its 

loader outputs. This prepares shift-register FL of cell A to be loaded via D.LIN 

and C.L.IN. Since all other S.INs are O, all other side-set's loader inputs are not 
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activated. D.L.lN is relayed to D.OUT and C.l.IN is relayed to C.OUT. Besides being 

the D outputs of the cell, D.OUT is the D input to shift-register FL Since TCH•O, 

C.OUT is the C mput to shift-register FL and CTR The first positive transition of 

C.LIN causes 

1) D.LIN to be shifted into shift-register FL, and 

2) CTR to be incremented to (BO Bl B2)=( 1 0 0). 

During loading of the cell, CTR functions to count the number of positive C.IN 

transitions since the cell was touched. That is, it counts the number of bits shifted 

into shift-register FL Succeeding C.L.IN positive-transitions will ·similarly shift 

information into shift-register FL and increment CTR. The •p"th such transition 

(6th in this example) causes 

1) the 6th D.L.IN bit to be shifted into shift-register FL, so that all the 

information in shift-register FL has been loaded from D.LIN since S.LIN 

went high; and 

2) CTR=(O 1 l); this causes the output of the P-detector to go high. 

Thus shift-register FL has been loaded with function-specification and loader state 

bits; the P-detector signals this fact by sending a high signal to the input to the D 

flip-flop. When C.L.IN next goes from high to low, TCH goes high. This causes 

1) the C inputs of shift-register FL and CTR to remain low; C.OUT la no 

I anger transferred to them; and 

2) one and only one S.OUT to go high, thereby activatln1 inputs at the 

side-set of some "touched• neighbor cell. The one selected ls 
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determined by LOO and LOl. 

The loading arm is a loading-signal path starting with some base cell 

with a high S.IN, and possibly extending from that cell to other cells, with the arm's 

path marked by high S lines linking neighboring cells. Figure 3.2 showed one such 

loading arm. With the Basic Loader we restrict a cell from touching a cell that is in 

a loading arm. In this case, this means cell A should not touch left, the source of 

loading information. It may touch cells that are up, right, or down nei1hbore. 

Assume cell A touches cell B above cell A. We then say that the loading arm's TIP 

has been moved up from A to B. This is caused by loading cell A with LOO=LOl=O; 

when cell A's TCH goes high, its S.U.OUT goes high. That is, cell B is then touched 

by cell A. Because S.L.IN is still cell A's only high S.IN, it's still true for cell A that 

C.OUT =C.L.IN, and O.OUT =D.L.IN. Because cell 8 is the only cell that A Is touchin1, 

cell B is the only neighbor of cell A to accept C and 0 information from A. B can 

now be loaded in the same way that A was. B may then touch some new neighbor 

FL, funnel loading information to this new tip, etc. That Is, this process of a cell's 

being loaded, touching a neighbor, and funneling loading information to that nel1hbor 

may iterate. In this way a loading arm may be snaked through an array, with its 

length only limited by the size of the perfect array. This growth of a loading arm 

to any cell from any other is facilitated by the loading mechanism's mono-active, 

balanced nature. 

A brief example will illustrate loading via growth of a flexible loading 

arm. Assume a perfect array was to be loaded with function states (INO INl OUTO 
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OUTl) equal (0 0 1 0) for cell (0 0), (1 1 1 0) for cell (0 1), (0 1 0 1) for cell (1 

0), and (1 0 1 0) for cell (1 1). The Array Programmer may connect to cell (0 0) 

in the manner ~hown in figure 3.8. After the array is turned on, all cells have 

CTR=TCH=O. The Array Programmer raises S.L.IN of cell (0 0), the base of the 

loading arm. The Array Programmer uses the C and D lines to clock out the 

sequence {0;0,0,1,0,0} in the manner indicated in figure 3.7. This loads shift­

register FL .with (INO INl OUTO OUTl LOO LOl)=(O 0 1 0 0 0). That is, the 

function-specification state bits have been properly loaded and the loader bits LOO 

and LOl tell cell (0 0) to touch up. At TO, the first downward transition of C.LIN 

after the loading vf shift-register FL, S.ROUT of cell (0 0) is r.aised Cell (0 1) is 

now ready to receive C and D information from the Array Programmer, routed 

through cell ( 0 0). 

The subsequent sequence clocked out of the Array Programmer via the 

C and D lines is {O,l,0,1,1,1}, {1,0,0,1,0,1}, {l,0,1,0}. Thus all the cells of the array 

have been loaded by a loading arm snaking through the array in the manner 

indicated in Figure 3.8. A different-shaped loading arm could have been used to 

accomplish an equivalent loading of function-specification state bits. 

We now consider the various options available to enhance the capability 

of the Basic Loader. The Total Retractor allows a loading arm to be grown and 

later totally retracted by a signal to the base of the loading arm. This allows, for 

Instance, reloading of cells and rerouting of a loading arm to new cells from the 

same arm base. With the Total Retractor, a perfect array is loaded just as 
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Fig. 3.7 Clocking Out The Loading Sequence 0, 0, 0, 1, 0, 0 
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described above. Assume the loading arm of figure 3.8 exists. If the Array 

Programmer lowers its S line, no S.IN of cell (0 0) is high; the Total Retractor of 

cell (0 0) causes that cell to be reset to CTR=TCH=O. When TCH goes low, all 

S.OUTs of cell (0 0) go low. This resets (1 0), which resets (1 1), which resets (0 

1). The function-specification state bits of these cells are unaffected. The Total 

Retractor thus allows the resetting of all the cells in a loading arm by lowering the 

S input to the base of the arm. These reset cells are then ready to be re-loaded 

by some new loader arm. 

The Incremental Retractor allows a loading arm to be shortened cell-by­

cell, instead of all-at-once as with the Total Retractor. The Incremental Retractor 

shown in figure 3.5 includes the Total Retractor circuit, so this Incremental 

Retractor is always used with the Total Retractor. The Incremental Retractor can 

save time when, for instance, one wants to change the state of a cell that is near 

the tip of a long loading arm. Consider the long loading arm of figure 3.9. If the 

Array Programmer wanted to reload cell ( 99 O), as it might on the basis of some 

test on cell ( 100 0), cell { 100 0) could be loaded with information telling it to 

touch left. When S.L.IN of cell (99 0) went high, the incremental retractor of cell 

(99 0) would create a reset pulse. This would reset cell (99 0) for subsequent 

loading from (98 0). Resetting of (99 0) would lower S.Rln of (100 0), thereby 

causing (100 O)'s Total Retractor to remove (100 0) from the loading arm while 

leaving (100 O)'s function state the same. This incremental retraction is much 

faster than the equivalent action of total retraction and subsequent growth of the 
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loader arm from (0 0) to (99 0). 

In loader realizations in which the Incremental Retractor does not include 

Total Retractor circuitry, the Incremental Retractor may be used for a type of total 

retraction. If all the other S inputs of a cell are low, lowering its S line and then 

raisin& it prepares the cell to be loaded from that S line's aide-set. Assume an 

Array Programmer wanted to grow a new loading arm from the base of an existing, 

unnecessary arm. By lowering the cell's high S line, then raising it, the Array 

Programmer would prepare the cell to be loaded, forcing ~II the cell's S.Out lines 

low. The cell could re-touch the cell it last touched, or touch some other neighbor, 

and a new arm could be grown from the old base. Of course, part of the old arm 

might remain in the array. Under certain conditions this is intolerable; loading a 

cell in an old arm from some new side-set involves special considerations, as we'll 

see. Nevertheless, many applications make fast retraction feasible through 

exclusive use of the Incremental Retractor. When fast retraction is unfeasible, an 

arm may be totally retracted cell-by-cell via the Incremental Retractor, as we've 

discussed. If even this is impossible, due to a growth failure at the loading arm's 

tip, the Incremental Retractor allows a new arm to grow through the working cells 

of an old arm; subsequent incremental retraction frees these working cells from 

the loading arm. 

The Tip Changer allows a tip cell to be repetitively loaded by the same 

loading arm. This is another time-saving device, particularly helpful when one 

wants to test the same cell in various states. It involves adding an extra bit to 

----- -- - ----
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shift-register Fl, and consequently requires one more clock pulse for the loadins 

of a cell. If a tip cell is loaded with LSTA=l, the downward C.IN transition at TO 

(directly after the P-d•tector 1oes hip) causes resetting of CTR and TCH to 

CTR· TCH-0. The ·faet that LST A is hiah alto prevents the cell from touchina any 

other cell. Thus ·the cell is loaded with 1 function state, remains the loadina tip. 

and is therefore ready to be immediately reloaded. If the cell is loaded with 

LSTA=O, it may touch another cel1 as if no Tip Chanpr existed. 

Thue the Basic loader can combine with a combination of Total 

Retractor, Incremental Retractor, and Tip Chenier. The particutar combination used 

in an array deplnda on the specific objectives for that array. tn arrays deliped 

for infrequent foadini, minimization of circuitry by exdusive UN of one Retractor 

option might be appropriate. The rest of this chapter details growth of shift-

register arms. t.f program-variable shift-register leftllh was important to an array, 

variation-speed considerations might encoura1e use of all loader options. 

In summery, the fundamental lc>adin1 mechanism aUowa loadin1 input• 

from one of several sides to control loading of a cell. The ceU may learn that, and 

how, subsequent information input from its active loadin1 side-set· should be 
\ 

passed to loading outputs of some other side-sel If the eef of loading mechanism 

neighbors is properly chosen, Inputs to any cell may cause the loading of a cell 

anywhere in a perfect array, and loading of most cells in a flawed array. The 

loadlna m8chanism may be Incorporated into arrays with diveree procenina layer1. 
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Section 3.2: A Perfect Array Of Shift-register Cells 

We now examine one realization of a complete shift-register cell, shown 

in Figure 3.10. We'll eventually show how an array of such cells can provide lar1e1 

highly integrated, variable-length, automatically testable and repairable memories. 

For clarity, we begin by considering an array of such cells which contains no 

flawed cells. The shift-register cell's loading mechanism is almost identical to the 

loader of Figure 3.5. For simplicity, we assume that all the loader's options are 

included in the shift-register cell. In fact, the approach we describe can be 

adjusted to work with just a retractor option. 

Each side-set has Select, Clock, and Data loader inputs and ouptuts, 

whose function has been described. In addition, each side-set has distinct Klock, 

iNput, and Return processing input-output lines; there is one set of K.IN, K.OUT, 

N.IN, N.OUT, R.IN, and R.OUT lines in each side-set. The shift-register cell could 

have been realized by disjoint loading and processing mechanisms. However, the 

cell shown in Figure 3.10 reduces circuitry and loading time by using bits in shift .. 

register FL in a dual role as function-specification and loader bits. The loader of 

Figure 3.10 corresponds to that of figure 3.5 with the following mapping: 

Figure 3.5: INO INl OUTO OUTl LOO LOl LSTA 

Figure 3.10: INO INl OUTO OUTl OUTO OUTl STA 

S-R FL is reset when power is turned on to limit processing layer complications of 

certain faulty cells. 

Figures 3.11 and 3.12 give alternate functional descriptions for the 
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Fig. 3.11 Abbreviating A Shift-register Cell's Function State 

Function state Abbreviation 

K. U. IN N.U.IN R.U.OUT 

I~ 
~-

~ ......._ 

~ D Q ... - N.R.OUT 

... c S-R A -
_ .... 

~ - K.R.OUT 

J R.R.IN 

~ D Q 

c S-R B --

The FUNCTION STATE diagram indicates the important 
processing inputs and outputs for a particular function 
state. 

The short arrow in the ABBREVIATION diagram indicates 
the active Klock input. Its side-set is nearest the base 
of a shift-register ann. 

~ .,. 
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Fig. 3.12 Shift-register Cell's Function States 

(Shown for all values of (INO INl OU'l'O OUTl)) 

(0 0 0 0) (0 0 1 O) (O 0 0 1) (0 0 1 l} 

JI' t 
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(l 0 0 0) (1 0 1 0) (1 0 0 l) (1 0 1 l} 

(0 1 0 O} (O 1 1 0} (0 1 0 l} {O 1 1 l} 

(1 1 0 O} {1 1 1 0} (1 1 0 l} (1 1 1 1) 
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processing outputs in various function states. It's apparent that the proceHing 

outputs depend only on the function-specification state bits, the processing state 

(shift-register A and shift-re1ister 8), and the processing inputs. Shift-registers A 

and 8 are of arbitrary length, with the particular practical length chosen by 

integration-level considerations discussed later. A cell has one relcon neiahbor 

when STA=l; a Klock input from a side-set E clocks N.E.IN information through 

shift-register A, then through shift-register 8, and finally out N.E.OUT. A cell has 

two relcon neighbors when ST A=O; while K.E.IN clocks shift-register A and shift­

register 8, N.E.IN flows through shift-register A and then out some side-set F, and 

N.F.IN flows through S.R B and then out N.E.OUT. 

Cells are used to form shift-register arms. Information in an arm flowa 

from the base of the arm via K and N lines to the arm's tip, turns, and flows back 

to the base via the R lines. The cell at the tip of the arm has STA=l. This cell 

acts as a loop; it forms shift-register A and shift-register 8 into one shift­

register, with the same relcon neighbor providing K and N inputs to this shift­

register, and receiving the Return output of this shift-register. All non-tip cells in 

the arm have STA=O. Each of these cells receives K.IN and N.IN information from a 

relcon neighbor nearer the arm base, and transmits ROUT information to that cell. 

Each of these cells also outputs N.OUT and K.OUT to a relcon neighbor nearer the 

arm tip, and receives R.IN information from that cell. 

A simple example illustrates how the Basic Loader and Total Retractor 

allow the loading of more than one shift-register into a perfect array by use of the 
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Pig. 3. 13 . Loading Two Shift-registers Into :Perfect Array 

(Bxtr-array processing line.a are not shown. ) 

Power on; cells reset 

Array 
Programmer 

First shift-register canplete 

Array 
Programmer 

Both shift-registers complete 

Array 
Programmer 
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loader inputs to one cell. Consider the perfect array of Figure 3.13.A, with all 

cells reset because power has just been turned on. The array's only connections 

with the outside world, other than power lines, are 

1) (0 O)'s loader inputs, which connect to the Array Programmer; and 

2) (0 O)'s and (0 l)'s N.L.IN, K.L.IN, and RLOUT lines (not shown in the 

figure), which will provide the inputs and outputs of two shift-registers 

embedded in the array. 

After the Array Programmer raises S, the sequence {0,0,1,1}, {0,1,1,1}, 

{0,1,1,l,}, {l,1,1,1} is clocked via C and 0 inputs into cell (0 0). When S is 

lowered, the loading arm totally retracts. This leaves the array in the processing 

state shown in Figure 3.13.B. S is again raised, and the sequence {0,1,1,l}, 

{0,1,1,1}, {l,1,1,l} is clocked out. S Is lowered, and the array is left in the 

processing state of Figure 3.13.C. The processing lines shown are made available 

th.rough some type of wire. Loader lines may also be made available; so that the 

array may be repaired if it develops a flaw, or an embedded shift-register's length 

may be varied. 

In estimating the time to load a cell's p-bit shift-register FL, we 

consider two extremes: 

1) If the cell being loaded is the base of the arm, the minimum delay 

between C.IN transitions is tmin = l/fmax, where fmax is the maximum 

clock-frequency of a shift-register. 
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2) 1f the ceH being loaded is many cell• away from the arm'• baee, 

tmin ie determined by 2 factors: 

a) After a new O.IN bit has been sent to the loaded cell, 

C.tN cannot 10 high until we're eure the D.IN ·bit will arrive et the 

loaded cell before C.IN'1 new transition. 

b) After this C.IN transition, O.IN cannot be chanced until 

we're sure. the C.IN transition wlU deflritely arrive at the laeded 

cell before the new O.IN. 

Thus the time to 1oad a cell n cells from the base of Its· loadna arm is the ereater 

of 2 numbers. 

Uoad = p x max (1/fmax, n x (dmax + cmax - dmin - ·cmin)) 

Here dmax i• the maximum delay of a D signal thrcqh a cell, and the other d end c 

symbols above are similarly defined. Recall that a loeic 1ate can have a very smelt 

delay if it's known that only one of its inputs chlnan frequently. Noting that the 

C and D delays come solely from an ANO-OR function, where the ANDs have only 

one input that chan1es fast, we observe that dmax for a cell le approximately 

equal to dmax far a locic 1ate with a load of four lnput-loede. 

In estimatinc the maximum frequency at which an embedded shift­

register may be clocked, we make two assumptions: 

1) AU bits of shift-resisters A and B of a particular cell are docked 

simultaneously. 
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2) A clockpulse remains a pulse as it travels down an arm. 

The rate-limiting delay then comes from the delay path schematized In Figure 3.14. 

tmin = andmax + 2 x andormax + s-rmax + s-rsetup 

Andmax is the maximum delay through an AND gate, where only one input to the 

gate changes often. Andormax is the maximum delay through an ANO-OR gate, 

where only one input to an AND gate changes often. S-rmax is the maximum time 

between a clock transition to a shift-register and the subsequent stabilization of 

its output at its proper value. S·rsetup is the time the 0 Input to a shift-regieter 

must be stable before a clock transition. The Klock input to a shift-register arm 

must have a low enough frequency that, for the longest possible arm, a pulse 

remains a pulse as it travels down the arm; and two pulses are never less than 

tmin apart. 

The method we've shown for relaying clock signals down loader and 

shift-register arms has two major disadvantages: 

1) A clockpulse may expand or contract indefinitely if it's passed 

down a long enough arm. This limits the clock's frequency. 

2) The frequency at which Data can be sent down the loading arm is 

limited by the uncertain delay involved in sending a Clock or Data signal 

down a long arm. Ideally a Clockpulse and its associated Data bit flow 

through an arm at the same speed. 

Figure 3.15 shows a simple circuit which eliminates these difficulties. The circuit 



Fig. 3.14 Shift-register's Rate-limiting Delay 
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Fig. 3.15 Pulsewidth Regulator With Data Transmitter Option 

Data 
Transmitter 

Clock 
output 
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The combination of the n-element delay with gate 2 constitutes a pulser 
responsible for outputting a pulse long enough to trigger a neighboring cell's flip­
flops. The m-element tapped delay in combination with gate 1 lengthens a clock 
input pulse enough to assure that the pulser acts properly. 

Assume that the delay of a signal-transition through any gate is 0 plus or 
minus t. Assume that the clock input to the Pulsewidth Regulator has been 0 long 
enough so that the outputs of all gates are 0. First consider the Pulsewidth 
Regulator with no option. Clock input receives a positive pulse ~f minimum length 
P sufficient to trigger any of a cell's attached memory elements. The m-element 
tapped delay is tapped at enough places that a clockpulse P long causes one 
longer pulse out gate 1. This longer pulse has a minimum width W such that 

W ~ [p + C nl + 1J <D - t l - CO + t l l = [p + mO - ( m + 2 l t l • 
If W ~ n (0 - t) , the clock output is a pulse X with 

X ~ nD - ( n + 2) t. 
Assume that the pulse at the clock output is reduced by at most R as it travels 
through gates to the clock input of a neighboring cell. Then the following 
conditions assure that the neighboring cell receives a pulse of minimum width P. 

nO - (n + 2lt ~ P ANO P + mD - Cm+ 2>t ~ n(O - tJ. 
Longer clock input pulses obviously work fine. 

A similar analysis calculates the maximum clock frequency. 
If the Data Transmitter option is used, the clock output pulse must be 

delayed the right amount to assure that a Data bit and its associated clockpulse 
flow together from one cell to the next. 
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assures that a 'Clockpulse of minimum width P which is input to a loading arm will 

travel down the arm with a tightly-bounded width. The Data Transmitter option 

assures that a Uata bit and its associated clockpulse flow together at the same 

speed down a 'loading arm. Placement of the Pulsewidth Regulator before the 

broadcast Klock output of a shift-register cell would increase the maximum 

clocking frequency of a long shift-register arm. The loader's use of the Pulaewldth 

Regulator and ,f:>ata Transmitter option would speed loading for long loading arms at 

the cost of slower loading for short arms and increased cell overhead. 

Richard Shoup's method for forming an embedded shift-register is quite 

different from ours. In Shoup's method, a cell contains only 1 processing layer 

shift-register.; 'function state bits control which iNput goes to the shift-register, 

and the output of the shift-register is broadcast to all its neighbors. Clocks to the 

shift-register cells come down the Data control lines, the same lines used for 

loading function-specification state bits. This of course means that all co-column 

cells must be clocked simultaneously; they can't, for Instance, be used for 

different regitlteria with different clock frequencies. Shoup's arrays are relatively 

hard to test, especially for large arrays. Testing requires "building up shift­

register paths of increasing length between opposite edges of the array." (See 

<Shoup 73>.) Every cell is tested in all 4 directions; we'll see that this is an 

unnecessarily large amount of tesUng. The tester accesses the processing inputs 

and outputs of all edge cells; this requires excessive use of probes and bonding 

pads. Our loading method gives our shift-register arrays many advantages. We'll 
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see that the fact that all communication with an embedded shift-register arm is 

through its base also facilitates testing. The major drawback of this bi-directional 

capability of our shift-register cell is that it slightly reduces a shift-register's 

maximum clock frequency. 
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Section 3.3: T nttn1 And Repair 

In tfif-s: section we consider the concurrent processes of testln1 and 

repair involved'ifl ernbeddint a shift-register arm machine ln a flawed •ray. The 

shift-relistar eel. is the one we've been· contideri"ft that of fillft a 10. We focut 

on growth of Oft8 arm from a bue cell with loadina ·and proceseina connections to 

an Array Prolf'9l'lll'Mll', but the techniques diecU988d ... easily· aeneralized. The 

Array Progranwaer uses a toadln1 arm to arow loncer and longer shift-re1ister 

arms, like the· twcr in Figure 3.1 a The growina ehift-realster arm extend• throuah 

the same cells • the loading arm. The arm is tested as It arowe. Failure to pass 

a test indicates that the arm must twist throuah the array in a sliahtly clfferent· 

way, so that ;t. iAcfudu only good cetls. If an attempt is made to produce an arm 

of a certain leftlUt in a elven flawed array with inputs and outputs. at a liven side­

set, several thinp. may happen. Such an arm ·may be realized, the array may be 

found incapable· of producin1 such an arm, or 'lestina may take too·IOftl. 

Embedding an arm of balanced cells is particularly easy. The arm is 

extended cell~I into an array. When an arm is In a liven ,_.tion, the arm is 

tested under the ·temporary assumption that its non-tip cells. will remain in their 

current function· states. The relcon nel1hbors of each body cell are therefore 

known, and information flowing in the arm to and from its base tests the cell's 

communication with ib relcon nei1hbor1. As lon1 as a cell's intercomec.tion, non­

relcon nei1hbora aren't loaded, it's auumed that their input• to an arm cell don't 

chan1e. Consequently, it's sufficient to test an embedded arm via .the input• and 
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outputs at the base of the arm. The cells' balance allows an arm to move in any 

direction as it snakes through good cells in an array. Sometimes extension of an 

arm in an intended direction is prevented by a flawed cell. Then the arm is 

retracted, and the arm's growth proceeds in some new direction from some stump 

of the unsuccessfully extended arm. Since the cells in the stump of the arm stay 

in the same function state, they need not be re-tested. A cell is only tested in its 

role in an embedded shift-register arm. Thus growth of an arm through balanced 

cells facilitates the interwoven processes of testing and repair. 

Description of the testing process is much clearer if we use an example 

simplified by some assumptions: 

1) Good cells are only loaded under the Array Programmer's control, and 

not by signals caused by faulty cells. This assumption is satisfied if no 

faulty cell outputs a high S at the same side-set where it outputs an 

alternating C, since this is the only way a faulty cell can load a good cell. 

This assumption is also satisfied if any cell that is not loaded under the 

Array Programmer's control is defined as a bad cell, even if it is not the 

cell's fault that it is improperly loaded. Since we'd like properly formed 

cells to be used as good cells, we specify cell mechanisms that help 

guarantee that a good cell is not falsely loaded. This involves making the 

set of valid loading commands smaller than the set of possible loading 

commands, so that fault-generated commands are likely to be disobeyed. 

2) A cell's performance depends only on that cell's mechanism, state, and 
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input •ilnala. It does not directly depend, for Instance, on the state of some 

other cefl 1n the array. Like the fourth ueumptlon. this saves testins time; 

it's used 1n moat IC testing proVll'ft8. The nsurnption I• reasonable because 

the only 1mes connecting different ceHs ·are the side-set tiM• and the power 

lines. Thls assumption accounts for side-set lines. In •ome technolopas, 

such as tnqnetic bubbles, couptin1 could not OCCU" throwsh cetl-connectin1 

power .fiMa because there ere no such tines. With other ·technoloaies, such 

as conventional semiconductor technology, it's true that such coupling could 

occur. However, the re1ut1rity of an ar~y it useful ln rninirnizin1 thi1 

possibility. Each ceH could contain a simple reautator circuit optimized for 

the highly predictable (:haracteriatict of a workin1 cell. 

3) Celts that are faulty durine array testina muat be somewhat consl1tent 

in their faulty behavior; that is, 

A) a ·1ucce&1fuUy tested cell doeen't develop new faults dt.riftl array 

testing; and 

B) 11 f'l"OCeasin& input that doesn't alternate durinl the testing of a cell 

may not alternate during other array te1tin1, unle11 the Array 

Programmer commands i't to alternate. 

AssumptiOA 3 makes it easier to localize the cause of a teat failure. 

Assumption 3A is reasonable because the time to teat a realizable array is 

very short compared to its mean-time-between-failure. A89umption 38 

allowa a cell in an embedded arm to be te•ted •ol•ly for proper 
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communication with its relcon neighbors; it allows the Array Programmer to 

assume that a cell passing its tests won't misbehave durin1 further array 

testing due to a previously unencountered input signal. (Most cells wouldn't 

misbehave anyway, since they're programmed to ignore irrelevant inputs.) A 

cell may have side-sets which are inaccessible to an Array Programmer, due 

to the cell's position near a flawed cell or at an array's edge. All the cells 

of figure 3.16 have at least one inaccessible side-eel Assumption 3 allows 

such a cell to be embedded in an arm in spite of the inaccessibility of its 

irrelevant side-sets. Like assumption 1, assumption 3 is valid if all the 

inputs and outputs of faulty cells are assumped to be stuck at some value. 

If assumption 3 is invalid for a particular array, the Array Programmer may 

become confused during testing. In this case the Array Programmer can 

start testing the array again. Repeated confusion indicates that faults are 

forming at a pathologically high rate; then the Array Programmer signals that 

the array should be rejected. 

4) The behavior of certain mechanisms in a cell is independent of the 

state of other mechanisms. We assume that a shift-register bit works if it 

successfully accepts new information when the bit and its 2 neighboring bits 

are in any of their 23 = 8 states. This assumption implies that a shift­

register bit's function is independent of the state of non-adjacent bits in an 

array. This allows the testing of a length-n shift-register by testing its 

ability to shift a (10 + n)-bit sequence (0 0 0 1 0 1 1 1 0 0 ---), in which 
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the n bit. are used to push the first ten bits through the shift-re&ister. 

Thie common, reaaonable astumption it necenery to •ave te1tln1 time; 

testing a 40-blt shift-register in every state would take a sequence of 

appro><imttety 1,000,000,000,000 bita, end we e>cpect • cell'• lhift-re ... ter 

to be considerably longer than 40 bib. The unspecified bits in the 

sequence above could be selected to drain maximum current from the 

power eupply. SlmHarJy, we H1ume that the proce11in1 mechaniam'• 

behavior it independent of the loedef8 state. Thi• ..unptiOft eav• teat 

time. 

The vatldity of these assumptions, which are like thole made in te1tin1 

conventional clgit.al systemi, can be made very likely by proper array desip and 

layout The ultimate test of the validity of these atsumptlons for a particular 

array is experimentation with that array. 

We now consider a testine process operatina under these aS1umptions. 

Consider the . ..-y of FiPJre 3.16, shown in successive etqes of \estins. The only 

extra-array connections are the Array Programmer's proces1in1 and loader 

connections to cell (0 1), which aren't shown In the fill'•· Here we assume the 

shift-register arm is to be 5 cells long; m • 5. When a new cell B is to be tested 

for possible addition to a shift-register arm currently extendin1 to Its tip at cell A, 

several things happen. Cell A Is put in a state 10 that 1hlft-re1i1ter arm 

information is routed to and from B. B is put Into a loop state - (0 0 0 0), (0 1 0 
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Fig. 3.16 Growth Of Perfect Shift-register Into Flawed Array 
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The connections of the Array Programmer to cell (0 1) 's 
left loading and processing lines are not shown. 

Unmarked cells are good cells in the (O 0 0 O) state. 
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1), (1 0 1 0), or (1 1 1 1) -with the loop starting and ending at A's side-set 

shared with 8. Assume N is the number of bits shifted completely through the 

processing shift-registers of cell 8 and passed down the arm for monitoring. Also 

assume the Array Programmer knows the contents of all the A shift-registers In 

the arm up through cell A. (The Array Programmer should know this; it's loaded 

these registers.) Testing cell 8 in an arm of length m then requires (N + alength + 

m x blength) Klock inputs to the arm, where alenglh and blength are the lengths of 

shift-register A and shift-register 8. Passing the test means that the shift-register 

arm works properly; a new tip has been properly added. If cell 8 is the last, 

"m"th cell of the arm, the Array Programmer is then satisfied that a shift-register 

arm has been properly formed in the array. (See stages 8 and 9 in the figure.) 

The Array Programmer doesn't care whether the cells of the arm could have been 

loaded from other directions, or would have worked in other function states. It 

doesn't care if some cells of the array haven't been tested at all. (See cell (0 2) 

in the figure.) The Array Programmer simply cares that Ile objective . has been 

realized. This pragmatic approach allows substantial reduction of testing time. 

If cell 8 is meant to be part of a longer arm, it must be connected to an 

interconnection neighbor cell, other than A, just as A was connected to 8. The 

testing of this new, longer arm then proceeds as above. Growth is a recursive 

procedure. 

Failure of the arm after its extension from cell A to cell 8 indicates that 

growth from cell A to cell 8 is impossible. A may be loading 8 Incorrectly, 8 may 
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be flawed, A or B may be outputting Klock information to a neighbor elsewhere in 

the arm, etc. The Array Programmer doesn't worry about the specific nature of 

the problem. It simply uses one of two reasonable flaw-models. Cell B may be 

judged as a flawed cell never to be tested again, as in the example. This 

simplification might be appropriate if the area of shift-registers A and B dominated 

the area of a cell; failure was probably due to a failure in this area. A second 

alternative is to just consider the boundary between cells A and B impassable in 

the attempted direction. Cell B might be approached later from one of its other 

neighbors. 

If cell B can't be approached from cell A, some new arm-path is tried if 

there is still. one to be tried. Cell A considers touching its neighbor cells in some 

established order. When a neighbor is considered for touching, the touch is 

attempted if the cell exists (isn't out-of bounds), isn't known to be unloadable from 

A, and isn't already part of an arm. Furthermore, extension of the arm through 

that cell must, at least potentially, eventually yield an arm of the desired length. 

This last provision explains why no attempt is made to include cell (2 0) in the arm 

in the example; at best a length-4 arm would result. 

If all A's neighbors have been rejected, the arm is forced to try some 

new path that includes all arm cells up to A. In the example, (0 0) of stage 3 is 

cell A. Since there's no cell compatible with the existing arm that can be loaded 

from (0 O), the arm is retracted to cell (0 1), where new paths are considered. 

A program simulates the method described above for loading a shift-
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register arm Into a flawed, rectangular array. The simplest fault model ts used; a 

cell is either perfect or hopelessly flawed. A proararn forms 1 flaw pattern of 

specified dimenaions with randomly sprinkled flews. Another pro1ram tries to 

realize the lcmpst arm pos9lble in the flawed array, wowin& from a specifi~ 1ood 

base cell. A time 1lrnlt is used becauM the prolrlm waUld e~8ntu.tly conaider all 

possible arm paths extendin1 from the base cell. 

The repair program Is short and simple. When an arm has arown to a 

certain· tip, it ttiet· to extend itself toward the neareit array qe. Thus an •m 

spirals toward the canter of an array in 1 perfect array. If no improvement in the 

maximum discovered arm is made in one-fourth of the time limit, the proarem look• 

at. adjacent celfs ·that •• not included In this longest arm and are not known to be 

flawed. The program tries simple joggin1 of the arm to include these cells. The 

program returns with • picture of the reaultina arm in the flaw8ct erray, and some 

statistics concemtn1 the arm lf'OWlh. 

Figures 3.17 and 3.18 show arms snaking throuah two different 25 x 25 

arrays. Statitfic:t for these and other, similar experimMtt, appe.- in table 3.1. 

Figure 3.19 shows araphs derived from table 3.1. 

· The experiments su11est several conclusions: 

1) For %flawed under about 25, %oftotal drops about 2.2X when 

%flawed increases 1 %. This is nearly Independent of the aize of the 

array, with lar1er arrays doing sli1htly better. Repair effldency also 

drops steadily. For Instance, for the unetarred 400-ceH array in table 
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Fig. 3.17 Result Of An Arm-growth Experiment 

The relcon network above shows the path of an arm after an arm-growth 
experiment. One can follow the arm's path from its base, at (2 1), to its tip, at 
( 15 18). There are 625 cells, 100 flawed cells, and 463 arm cells. We were able 
to repair the array to embed an arm with 495 cells. This suggests that our 
program's repair efficiency can be improved. 
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Fig. 3.18 Result Of An Arm-growth Experiment 

Th6 base cell is (1 l). There are 625 cells, 225 flawed cells, and 216 arm cells. 



Table 3.1 Results Of Arm-growth Experiments 
Ust of 2 pages) 

Key: 
Xflawed - flawed cells as percent of all cells 
Cel Is - total cells in square array 
#flaws - total flawed cells in array 
max-arm - the longest arm our program grew 
Xoftotal - cells in longest ar• as percent of all cells 
timel im - the time limit, in seconds 
Time - the time the program ran 
Xoftimel illl - time as percent of ti11el ia 
* - For two starred (or unstarred) arrays of the sau size, 

one set of flaw coordinates is a subset of the other. 

Table: 

Xf I awed 
0 
0 
0 
0 
4 

* 4 
4.44 

* 4.44 
5 

* 5 
5 

* 5 
8 

* 8 
8.89 

* 8.89 
10 

*10 
10 

*10 
12 

*12 
13.33 

*13.33 
15 

*15 
15 

*15 

Cel Is #flawe max-arm Xoftotal 
100" 8 108 188 

225 0 225 188 
400 0 400 188 
625 0 625 108 
625 25 598 94 
625 25 586 94 
225 10 208 92 
225 10 211 94 
108 s 93 93 
180 5 92 92 
480 20 367 92 
400 20 378 93, 
625 58 551 88 
625 50 548 88 
225 20 187 83 
225 20 199 89 
100 10 85 85 
100 10 81 81 
400 40 335 84 
400 48 344 86 
625 75 505 81 
625 75 506 81 
225 30 168 75 
225 30 182 81 
100 15 72 72 
100 15 74 14 
400 60 301 75 
400 60 304 76 

t Imel i11 
181 
225 
488 
625 
625 
625 
22S 
225 
188 
188 
408 
408 
626 
625 
225 
225 
188 
108 
400 
408 
625 
625 
225 
225 
108 
100 
488 
408 

!l!!. 
1 
3 
s 
8 

206 
186 
68 
74 
27 
27 

141 
106 
216 
175 
63 
65 
26 
27 

189 
136 
265 
189 
73 
72 
27 
29 

112 
168 

Xofti•el i• 
1 
1 
1 
1 

33 
38 
27 
33 
27 
27 
35 
27 
35 
28 
28 
29 
26 
27 
27 
34 
42 
30 
33 
32 
27 
29 
28 
48 
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Table 3.1 Results Of Arm-growth Experiments 
C2nd of 2 pages) 

%flawed Cel Is #flaws max-arm %oftotal timelim Time %oftimelim 
16 625 100 463 74 625 241 3S 

*16 625 100 476 76 625 181 2S 
17.78 225 40 152 68 225 GS 31 

*17.78 225 40 163 72 225 69 31 
20 100 20 60 60 100 27 27 

*20 100 20 61 61 100 27 27 
20 400 80 265 63 400 292 73 

*20 400 80 287 72 400 114 28 
20 625 125 440 70 625 220 35 

*20 625 125 434 69 625 187 30 
22.22 225 50 144 64 225 64 29 

*22.22 225 50 140 62 225 106 47 
24 625 150 366 59 625 264 42 

*24 625 150 374 60 625 341 55 
25 100 25 53 53 100 27 27 

*25 100 25 4 4 100 
25 400 100 225 56 400 119 30 

*25 400 100 233 58 400 158 39 
26.67 225 60 125 56 225 73 32 

*26.67 225 60 113 50 225 114 51 
28 625 175 346 55 625 332 53 

*28 625 175 300 48 625 317 51 
30 100 30 11 11 100 
30 400 120 158 40 400 130 33 

*30 400 120 150 38 400 355 89 
31.11 225 70 115 51 225 181 80 

*31.11 225 70 87 39 225 117 52 
32 625 200 194 31 625 344 55 

*32 625 200 246 39 625 429 69 
35 400 140 108 27 400 235 59 

*35 400 140 79 20 400 154 39 
35.56 225 80 93 41 225 101 45 

*35.56 225 80 2 1 225 
36 625 225 7 1 625 

*36 625 225 216 35 625 483 77 
40 225 90 7 3 225 
40 400 160 78 20 400 115 29 

*40 400 160 4 1 400 
*40 625 250 32 5 625 165 26 

45 400 180 58 15 400 275 69 
50 400 200 3 1 400 
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Fig. 3.19 Graphs For Experiments Embedding Balanced Arms 
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3.1, t"'e repair efficiency drops from .98 at %flawed • 5 to .415 at 

1flawed = 35. 

2) As 1flawed increases, a cutoff point is reached where loftotal 

drops precipitously. In our experiments, this occured for %flawed 

between 25 end 45. Thia cutoff occurs when an array i• 10 ~awed that 

the arm is trapped. Very small arrays, such as the 100-C.11 arraya in 

our experiments, tend to have lower repair effldencl• and lower cutoff 

points; because a higher percentage of cells are edp cells. An qe ia 

a barrier that restricts the lf'OWth of an arm. 

3) The time taken to embed an arm varies widely for a fixed lflawed. 

It is roughly proportional to the nunber of cells in an array, and tends to 

increase as %flawed increases. When the cutoff point is reached, the 

time to embed an arm plummets. This is an example where testin1 and 

repai.r time is far from growing astronomically with an array'saize, even 

thourh very few input leads connect the Array ProaramMer and the 

array. 

4) If the active area of a cell is fixed, statistical considerations state 

that 1flawed varies len as slice size (and number of cells) increases. 

This fact, the near-independence of 'loftotal on the number of cells in an 

array, the proportionality of the time to test and repair an array to its 

number of cells, and the desirability of large memories in one intevated 

circuit package all arp for fabrication of the lar1est possible slices. 
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5) How large should cells on a. lar1e slice be? Assume that the 

dominant consideration is the number of bits in the lar1est embedded 

shift-register arm. The total number of bits in an arm embedded on a 

slice is proportional to the product of two factors: 

a) The fraction YE of total cells embedded in the arm. Our 

experiments show that for a 1iven cell yield Ye > 3/4, YE is 

approximately 1 - 2.2(1 - Y c). Y c is a technoloay-dependent 

function of defect density and cell area. 

b) The fraction of a cell's area containing processin& shift­

registers. If a cell has P area devoted to processin1 shift­

registers and V area devoted to other circuitry, this fraction is 

P/(P + V). 

We can express this product as a function of P and technology-related 

parameters. Finding the maximum of this function via differentiation 

tells us the value of P that yields the highest expected number of bits 

in a shift-register· arm. At one extreme, a large slice has nothin1 but 

overhead circuitry. At the other extreme, It has one lar1e, flawed cell. 

Note that a minimum condition is that a cell be small enouah to make 

%flawed below the cutoff point. This condition is now met in most 

technologies. 

Though the repair simulation program is simple, its performance is 
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encouraging. There are several ways It can be improved. In a production line 

using large stices, the program would know an expected, minimum size of an 

embedded arm for a slice of a liv•n size. To sav:e computer time, it could be 

satisfied when it attained that minimun--sized arm, or one sUil\tly tar1er. At this 

point, use of much more computer time to maximize the arm would probably not be 

worth the cotl Our simulation ran ih compiled Usp, and no effort was made to 

improve speed. A flt'oduction-oriented repair proaram would be carefully written 

in assembly l9ftlU8C•· More computw til'fte could be UMd to improve repeir 

efficiency. 

We9V• repaired fi1ure 3.17's array to realize an arm 495 cells lon1. 

. Our ability to improve the repair efficiency from an to 941 •uu••t• our repair 

program's performance can alto improve. A more complicated and/or heu'iatic 

program could improve repair efficiency. A simple extension of our proeram would 

be more sophisticated about jogginc an arm to include unused, 1ood cells. Even 

the current joaf ng procedure could be called several times, inetead of only once 

at the end of the main arm-growth procedure. 

Now consider our assumption that no faulty cell outputs a hish S at the 

same side-set· where it outputs an alternating C. If a faulty cell outputs only 

constant sicnals, this anumption is obviously valid. However, this asswnption is 

not valid if our assumptions are relaxed to say that all FAULTY outputs of 1 cell 

are stuck outputs. In particular, it is not valid if a cell A's only fault is a hi1h 

S.OUT - say S.LOUT. In this case incoming loading sianal• may be routed to the 
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falsely-touched neighbor B at the same time they are routed to the appropriate 

Array Programmer-intended cell. In this case we call cell A a branch e1ll, and cell B 

the branch arm's bast. This branching is particularly vexing bocause its effects ml1ht 

not be felt until much later in the testing. Consider the array of figure 3.20, 

whose only fault is a high S.R.ln to cell (2 2). That is, ( 1 2) is a branch cell. In 

such an array the indicated state could occur. The Array Programmer would only 

know of the existence of the intended arm. When the intended arm tried to touch 

(0 0), the branch arm would touch ( 1 0), causing the subse~uent test failure of the 

extended version of the intended arm that included (0 0). This failure could be 

caused by a faulty (0 0) cell, but in this case it wouldn't have been. Even if the 

Array Programmer knew the failure was due to a loading branch, it wouldn't know 

where the branch occurred; here cells (1 0), (1 1), (1 2), or (1 3) could have 

been branch cells. The problem is heightened by the fact that total retraction of 

the intended arm via lowering ( 1 3)'s S.U.ln does not affect the branch arm. Indeed 

it may grow further if more loading information is clocked into ( 1 2). Happily, a 

working cell's Incremental and Total Retractor circuitry implies that attempting to 

load a good cell in a branch arm results in the freeing of all the cells from the 

loaded cell to the tip cell in the branch arm. 

There is a wide range of possible approachea to the loading branch. On 

one extreme, the Array Programmer could assume that this branching problem does 

not exist. If this assumption is invalid for a particular array, the Array Programmer 

may find itself hopelessly confused. Then it quits its testing attempts~ and signals 
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that the total array should be discarded. This is a fast approach that mi1ht be 

reasonable if the probability of a branch cell was low; for instance, if cells had 

many elements or arrays had few cells. 

An array can be successfully loaded even if it has a branch cell, if one Is 

willing to accept the extra testing involved. By our assumption that all faulty 

outputs are stuck at some value, a branch cell can only transmit loading information 

to a branch base if the branch cell's C output to the branch base works. Then 0 

of that side-set is either: 

1) an alternating signal transferred by the branch cell, ea in the 

example above; or 

2) a fixed D signal, which causes the branch base to be continually 

reset due to its being programmed into the STA=l state. 

(2) is no problem; it's (1) we're considering. 

The Array Programmer can use several facts to generate a list of 

possible branch cells. When (1) holds, some of the tip end of the branch arm Is a 

translated version of the intended arm. This is true because the branch base 

receives the same C and D information that the branch cell receives. The Array 

Programmer can use this information, and its knowledge of the position of the 

intended arm, to generate a list of possible branch cells. Knowledge of which cell 

of the intended arm failed helps reduce the size of this list. This knowledge may 

come from noting that all cells of an intended arm from its base through some cell 

C properly transmitted their shift-register B; the cell touched by the branch arm 

- ------- ------------ ------------------- - -------
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touched cell C • the cell to the tip side of cell C. 

Assume· cell A tried to touch celt B, and the subsequent test failed. The 

Array Programmer might suspect a branch ce11 if not even shift-rqister B of cell A 

((1 3) above) outputs. properly durin1 the test A nellhborint cell C, pert of • 

branch arm, may have touched cell A immediately after the simulllf'.'80US loadina of 

cells A and C, thereby displacing arm A's tip to cell A. Cell A would then .,_ I~ 

with information intended for cell B (see figure 3.21). 

Whett the Array Programmer suspects a test failure occurred because 

of a branch ceu, it· retracts the· intended arm The Array Prolf'anrner then resrowa 

the arm through cell A, and tries to terminate the arm with a· loop at cell C, the 

possible branch ceH cl0$8Sl to the former intended arm'• tip. Thia new arm is 

tested. An unsuccessful t•t suggests that the potential branch arm's base, cell C, 

was the branch arm's base; cell A, the branch cell, Is marked as totally flawed. If 

the test is succnsful, and there are other potential branch cells doser to the base 

of the intended arm, these cells are tested in the iame way cell A was. Thal is, 

arm A is retracted, and then hooked into a potential branch base cell. This process 

repeats untU all potential branch cells are tested, or a branch cell Is fotft'i If all 

tests are succeHful, there was no branch cell. Testina and repair continue aa If 

cell A was merely unable to include cell B in the shtft-rqlater arm. In any event, 

this process assures that no branch arm remains to clutter up the array. (If such 

an arm never affects int-.ided arm arowth, we don't care about It anyway.) 

Note how the Incremental Retractor circuitry helps in the example 
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above. It allows the intended arm to touch and load a cell that's been part of a 

branch arm. (Of course, loading must be slow enough to make negligible the 

slightly different delays of C and 0 information traveling through arms A and B.) 

Furthermore, it allows quick incremental retraction of arm A when a potential 

branch cell is found to be good. 

These branch location steps are illustrated in figure 3.22 for the array 

of figure 3.20. Incremental retraction is used between all the stages shown. 

In another type of possible branching, a branch cell transmits high 

S.OUTs to more than one cell AFTER the branch cell has been loaded. This type of 

branching, which is much less likely than the other, can be handled in a very similar 

way. 

Of course, various steps can be taken to reduce the probability of a 

branch cell. Instead of one S line for selection, a cell could have a larger set of 

such lines. Only the proper combination of inputs to these lines would cause a cell 

to accept loading information. This approach could make chance selection, and 

consequent branching, arbitrarily unlikely by sufficiently increasing the number of 

selection lines. 

The Array Programmer could send to a cell loading information stating 

loading-input-direction, which the cell would compare to its Select inputs to decide 

whether to accept a command. This technique would also help reduce the effects 

of a branch cell by reducing the ratio of valid loading commands to total loading 

commands. These techniques, and others like them, would only be employed after 
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Fig. 3.22 LOcation Of A Branch Cell 
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a more thorough analysis of the probability of a branch cell for a specific cell 

implemented in a specific technology. 

In loading more than one shift-register arm into an array, one must 

worry that a branch arm will destroy a shift-register arm that has already been 

formed and tested. If this possibility is sufficiently probable, it's a good idea to 

continue testing a completed shift-register arm while 1 new arm Is being formed. 

Effects of a branch arm can then be detected and countered before extensive 

damage to the completed arm machine occurs. Besides monitoring the integrity of 

the completed arm, this approach helps limit the confusion caused by a branch arm. 

In limiting our consideration of possible failure modes to those above, 

we are encouraged by a quote from <Von Neumann 66>: 

"The axiomatization of automata for the completely defined situation is a 

very nice exercise for one who faces the problem for the first time, but 

everybody who has had experience with it knows that it's only a very 

preliminary stage of the problem. n ••• 

"There can be no question of eliminating failures or of completely 

paralyzing the effects of failures. All we can do Is to try to arrange an 

automaton so that in the vast majority of failures it can continue to 

operate." 
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Our discussion of testing and repair shows we can achieve Von 

Neumann'~ goal simply and efficiently by incorporating our loadina, testina, and 

repair mechanisms into a cellular array. The major limitation of our dilCU8aion -

the uncertainty of en appropriate flaw model - will be reduced when a pricul• 

technololY and·-" Jayout are considered for the shift-resider array. 
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Section 3.4: Production And Marketing Considerations 

In previous sections we've considered the basic question of array 

architecture, testing, and arm growth. In this section we consider less fundamental, 

but important, points relating to specifics of production and marketing. 

Once an arm is extended slightly into an array, the arm has many 

alternate paths; the curves of figure 3.19 then apply. However, it's critical that 

the Array Programmer be able to penetrate the array via an arm base cell. If the 

Array Programmer can only access one such cell in a flawed array, there's a 

probability pflaw that that cell will be flawed, and the array will consequently be 

unloadable. One way to ameliorate this situation is to fabricate an array with 

Array Programmer-accessible bond pads to more than one cell - each a potential 

arm base. If there are m such cells, the probability that no arm can be extended 

into the array diminishes to about pflawm. Quick tests would establish which base 

cells worked. The Array Programmer would then use one or all of these cells as 

base cells for testing and arm growth. The base cells should probably be away 

from the edge of the array. One reason is that the edge is more subject to flaws. 

A second reason is that there are more directions for arm growth away from the 

edge. Another ameliorating solution would put a circuit on a slice that accepted 

extra-array inputs which told it which of several cell edges to logically connect to 

the slice's leads. For instance, one "cell" would replace shift-registers A and B of 

a cell by wires. This non-cellular part of a slice would be less likely to be flawed 

than a cell. 
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Another important question relates to array size. How bit should an 

array be? We know that all the procedures described so far work for arbitrarily 

large arrays. We've also seen many arauments for lar1e •rays. One constraint on 

the size of arrays is manufacturing ·capebiuty, which is ceared toward dicin1 a 

wafer of maximum 3" diameter into much smaller chips. The current lOOl yield 

approach has limited development of support mactinery and tecmiques for the 

realization of very tarp ICs. However, Texaa lntlruments did un a 3/'Z- diameter 

slice for di~tionary wiring (see <Spandorfer 68>). We've also heard that 

Hughes developed 3 50-watt package for a s• slice as part of the Navy•• All 

Applications Di11tat Computer protram; unfortunately, we haven"\ learned any 

details about this yel While many of Tl's. and Huahes' techniques for mountin&. 

packaging, coolinc, etc. can probably be earned over to tare• cellular arraya, ·that 

process may demand considerable investment. However, that process will 

inevitably occur, spurred by improvement• in IC yie1dl. We ere not even cloee to 

a fundamental limit here. 

F01" technologies that require power lines conneetinc many cells, 

increases In array size increase the probability of 1rray-de1troyin1 power 

problems. The probability of a power but beins open-circuited can be made very 

small by making the bus wide. Layout care can lower the chance of shorts 

between a power bus and a signal line; most such lhorts would probably not be 

catastrophic anyway. Nevertheless very large arrays should perhaps include 

protection devices in each cell or block of cells. This drcuitry could cut a shorted, 
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or even overheated, cell off from its power source, before the malfunction blew 

the power line's fuse or sucked down the power. line. The protection devices 

could be a fuse, or could be semiconductor circuitry, such as common transistor­

SCR protection circuitry. 

In any case, the well-defined nature of the protection circuitry'• 

expected load would enable it to be very simple. Figure 3.23 schematizes a 

possible layout for power lines and protection circuits. 

Another power-handling approach would make a cell's supply of power 

controllable by the cell's neighbors. For Instance, any of a cell's nel1hbore could 

command that the cell's power supply be switched on or off. This could save 

power in an array, and reduce the danger of faulty cells, by channeling power only 

to the cells in an embedded machine. Indeed a •power arm" could be •grown• in 

parallel with a processing arm into an initially quiescent array of cells. 

Another question relates to the size of shift-registers A and B. Havin1 

shift-register 8 longer than 1 bit helps in the monitoring of arm growth; if each 

shift-register 8 in an arm contains a known pattern of Os and ls, the Array 

Programmer can monitor the position of a faulty cell by noting the location of faulty 

shift-register 8 output. On the other hand, a longer shift-register 8 demands a 

corresponding longer time to test an arm. Consequently a good length for shift­

register 8 is 2 bits. Shift-register A should probably be a length consistent with 

maximum expected number of bits in a shift-register arm. 

An array yielding a maximum shift-register arm of a certain lenath can 
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Fig. 3. 23 Possible Layout Of POWer Lihes And Circuitry 

Protection Protection 
Circuitry Circuitn 

'' 

f' 

Cell or Cell Cell or cell 
proup ·Ci:r:cmd:tey Group Circuitry 

Protection Protection 
Circuitry Circuitry 

Cell or cell Cell or eeil 
Group Circuitry µroup-Circuitry 

• _..__ 

vcc 

Communication lines between cell groups are not shown. 



PAGE 152 

be used to provide arms shorter than that length. This means an IC producer could 

customize the same array to various customer needs. An unusually flawed array 

could provide a small shift-register, and its package could be marked accordingly. 

Customers could even be given an IC with a variable-length shift-register whose 

length was controlled via a side-set's loader inputs. 

If function-specification state bits are nonvolatile, a shift-register arm 

can be loaded into an array before it's shipped to a customer. The customer has 

the option of access to loading lines, which allow him to re-program or repair an 

array. 

If the function-specification state bits are volatile, there are several 

customer-manufacturer interface options: 

1) If a customer has a computer or other appropriate digital machine, 

he has the capability for testing and programming an array. He can use 

these capabilities, and a manufacturer-supplied program, on untested or 

slightly tested (e.g., for functioning arm base cells) arrays. 

2) The customer can receive a pre-tested array and a description of 

the loading sequence required to form a specified arm in the array. 

This description could be in tome non-volatile form, such as read-only 

memory, paper-tape, or paper. Loading an already-tested array is as 

easy as loading a shift-register. Power is turned on, an S line is raised, 

and [4 x (number of cells to be loaded)] bits are clocked via C and D 

lines into the array. 

--------- -- ---------·------- ----~------
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3) A communication link, terminated by lo1ic-interface machines on 

each end, could coMect the manufacturer and customer. (The link miaht 

be a phona line or cable.) This link could be used for loading, end even 

teatlna and repairina, of a customer'• machine by • manufactu-er'1 or 

system house's computer. 

4) An array requiring very low power (such as a CMOS array) could 

be shipped around with • battery-supply. 

In any event, a volatile array must be backed up, either by a machine 

capable of re-loading or by a power-supply insurina preservation of the function 

state of the array. 

It's obvious that the techniques we've described for fhe shift-resister 

arm machine apply to any arm machine. Arm machine realizatione are appropriate 

to many machines which are realized as a chain of modules, with each module 

communicating with at most two other modules, and only the modules at the end of 

the chain directly connected to the machine's inputs and outputs. Many one­

dimensional cethJlar arrays have this characteristic, so they could be appropriately 

realized as arm machines in a flawed checkerboard array. The techniques for arm 

machines easily reneraUze to the high-relcon and tree machines discussed In the 

next two chapters. 
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CHAPTER 4: HIGH-RELCON MACHINES 

Section 4.0: Introduction 

This chapter discusses arrays embedding hi1h-relcon machines. Hlgh­

relcon machines have fewer restrictions on communication between their essential 

cells than arm and tree machines. In an arm machine, no cell may have more than 

two essential neighbors. In a tree machine, only one cell may actively output 

information at a given time. All the essential cells in a high-relcon machine may 

have four neighbors, and all essential cells may be actively communicating different 

information at the same time. High-relcon machines may therefore have speed and 

flexibility advantages. However, high-relcon machines are harder to test and 

repair because a cell may have up to four essential nei1hbors, and because 

essential neighbors in one high-relcon machine must be essential neighbors in all 

equivalent embedded machines. Powerful mechanisms - the loader, and balanced 

processing transmission states - allow test and repair of arrays embedding high­

relcon machines. The description of a machine as an essential network facilitates 

repair by abstractly describing the machine in a repair-oriented way. 

High-relcon machines are conducive to a sequence in which the array is 

tested, a plan for repairing the array is developed, and the array is repaired 

through proper loading of good cells. This contrasts to the interwoven processes 

of testing and repair appropriate to. arm and tree machines. However, this 

chapter's methods still use a loading arm for loading cells durin1 testin1 and 

- --------------- ----
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subsequent repair of an array. Transminion link• form tett links for te1lins en 

array. These same transmission Unka may wire toaether .... ntial neishbor• in • 

machine embedded in a flawed array. We detail the teat and repair. procedur• 

that use ·these ft.meti·on stat•. Experiments with r..,.,: procedUres we've written 

help us compare repair difficulties for .m Md 'hi~eleOn madib.t, n •lll"t 

ways to improve our repair procedures. 

Appt'lcaUon area• moat appropriate to hi1h•relcon machines are 

considered. We ''present a simp1e cell, Gnural, which enables realization of the 

benefits of hi~ mlchinet. Gener-1 fMY be uMd to rftti2• hljhly. parallel, 

arbitrary eequM'ltial machines. within Hmlte set only by the size of a General erray, 

i ta number of input.;.'c>utput leads, and the' spf;id of lb cotnp0nent1. General 

embodies the mec:Nlni$ml we use to teSt, · 1oad, anet repaft' h1P-refcon mecNnes. A 

General array may~'.,embed a· ·triveraal eotnptlt...-CWtructor-repalrer that UHs the 

test and repa1r procedures we describe. General'• loldin1 mechani•m rnay be 

controlled by en extra-array Atray Proarammet. ~er, I machine ernbfMided 

in a General. •ray may be an Array Pro1ratnmer; it can control the foadin1 

mechanism· of cehin tt1 environment via a fl.rdlon atate thlftranlrlite proce1ein1 

inputs to one 1tda'• loader outputs. This enables a mlthine embedded in • 

General array to tett, manipulate, and repair I ts CtitUlar- Mvi~onrneftt 

For specificity, we belin by detdlht the General cell. Then we 

consider. a 1eneral testins and repair approach for ertlbedclftl hlah-relcon machines, 

and compare .thl• appro&ch to the one used for arm mach1nea. We diecu•• 
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realization issues peculiar to high-relcon machines. A comparison of the properties 

of high-relcon machines to the properties of arm, tree, and non-array machines 

reveals applications most suited to high-relcon arrays. 
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Section 4.1 Th& General Cell 

The General cell is amenable to realization . of hishly parallel sequential 

machines. Thia cell incorporates the mechanieme essentl8' to our testin1 and repair 

approaches for hiah-relcon machines. Function states for proce1sina, transrniffion, 

and memorization of information allow realization of an arbitrary sequential machine 

in the processing layer of an arbitrarily lar1e checkerboard array. A Control 

function state that tranemlts proce88lng inputs as loadln1 outputs enables an 

embedded high-re1con machine to load cells in Its environment Such a machine 

may control a Jeadin1 arm and four teat links lo test, program, and repair its 

cellular environment Two or more such machines may monttor and repair each 

other. 

Figure 4.1 gives symbols for the General cell's function states. Like the 

cells of the last chapter, each General cell only communicates directly with its 

neighbors or the extra-array world. There are no sicnal busses extendint throulh 

a General array. We've discussed the testin1 and repair advant91e1 of this type 

of cellular desip. The loaders of the Shift-re1ister and General C911s are identical, 

except that procesting inputs can control loading outputs when a General cell is in 

the Control function state. Each of a cell's four sides has S, L, and D loader inputs 

and outputs (as in figure 3.5), and a Processing input and outpul Like the Shift­

register cell, the General cell incorporates all the loader'• options. The ahift­

register loaded by a loadh'\g arm has four function-specification state bits - FM, FO, 

Fl, and F2 - and three loader state bits - LOO, LOl, and LSTA. This 1hift-re1ister 
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Fig. 4.1 General's Function States 

Function states are shown for all values of (FM FO Fl F2). 
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is reset when power is turned on. In all but one function state, only loader inputs 

affect loader outputs. However, in the Control state each Processina input from 

one of three sides affects a different loader output at the ri&ht elde: P.U.IN • 

S.R.OUT, P.L.IN = C.R.OUT, and P.D.IN • D.R.OUT. Thi• state allowa a machine, 

embedded in an array as a collection of function states, to re-prov1m it• cellular 

environment by appropriate processin1 sips traneferred to some cell'• loader 

outputs. 

The CroS&, L-tum, R-turn, and U-turn atates are types of balanced, non­

branching transmission states. Cross is a cronover; the other• are bends. We'll 

see that. Cross, L-turn, and R-turn are very u•eful for testing and fault-avoidance; 

note their similarity to the shift-register cell's non-tip 1tate1 (eee fi1ure 3.12). 

Cross, L-turn, and R-turn may combine to form a tranemlnlon link arm that snakes 

through an array. Such a link may act as a two-way wire bus, or simply as a wire 

carrying information in one direction. U-turn is useful in testing; note lta similarity 

to the shift-regist&r cell's tip states. 

State (- 1 0 0) is a memory state. In this state, FM is not used in its 

customary function-specification state bit role; instead It's a processing layer 

P.R.IN-selectable 0 fUp-flop. A Reset input for this flip-flop is not provided, but 

this function is easily simulated by proper manipulation of P.R.IN and P.D.IN. This 

memory state is very convenient for realization of r•tere, addr•eebl• read­

write memories, and other common memory modules. 

The states associated with F2 • l allow convenient realization of a 
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Fig. 4.2 A Function Performed In Different Orientations 
(first of 2 pages) 

Function F: out= (a + c) (a + b) {b + c) 
Some busses between opposite sides are not shown. 

A) Array A has inputs and output at its left. 

B) Array A has its inputs and output at its right. 

a 

b 
Array A 

c 

out 
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Fig. 4.2 A FUnction Performed In Different Orientations 
(second of 2 pages) 

Function F: out=(a + c) (a + D) (D + c) 

C) A rotated version of Array A, aided by u-turns, 
performs F with its inputs and outputs above. 

c b a out 

D) A rotated version of Array A, aided by u-turns, 
performs F with its inputs and outputs below. 

.,___ .... 
This 4x3 array is the array of largest 
cells above. It is a rotated version 
of Array A. 

c b a out 
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combinational logic function expressed, for instance, as a minimum product of sums 

or sum of products. Figure 4.2 shows that these states function and combine very 

much like the states in programmable logic arrays. These General states, coupled 

with U-turn, were designed to eliminate the severe waste of cells that often 

results from cell designs that only operate on signals coming from a given, 

preferred direction. Those designs demand the use of many cells to turn an input 

signal into an appropriate orientation. Figure 4.2 presents sample realizations of a 

logic function, and indicates the ease with which General arrays operate on signals 

to or from various directions. This is particularly important for functions with many 

input-output lines. 

The fact that digital machines usually require extensive signal-routing 

explains the cell's emphasis on bussing signals from one side to an opposite side. 

This allows a cell to perform bussing operations at some output while 

simultaneously performing a branch, combinational logic, or memory function at 

another output. 

It's easy to see that arbitrarily large, properly programmed General 

arrays can perform any time-independent, effectively computable computation. It's 

been demonstrated that today's general-purpose computers can perform such a 

computation if their memory capacity is unlimited (see <Min~ky 67>). Like <Banks 

71>, we therefore need only show the ability to realize an extensible general­

purpose computer in the General array. The ability to realize a general-purpose 

computer comes from the availability of its basic components - Nand r1ates, wires, 
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and memory elements. E'XtensibUity comet from the Control state and loadin1 

mechanism. A'ft array•embedded computer can b• constrUcted to control the 

processing fnpUts, and conasquently h rilht tide'• loader outputs, of a ·Control 

cell on a right ··11ide of the computer's ptitiphery. We'Ve seen that appropriate 

loader st1nala 1o an arbitrertfy cell atlow the troWtff of a loadin1 arm to an 

arbitrary cell in a perfect array. The arr.Y~·comf)uter can conseqUenUy 

send signal• •b)· mer .... ltt memory at needed. 

Stnce welt a mlchine hn a rnov.able cOnltruction arm, it can construct 

arbitrary digital rftachiAes in an arbitrarny latce array. For instance, lt can 

construct a copy of itself. It it therefore also a Lriverael constructor. 

We'ft see that. for array flUlts ·of a ~aln ·~ nattn, an Array 

Prouammer ean 'test an array and ernbed a perfect machine in a flawed array. 

Since the Array Prosrammer can be realized.In a 'flawed Wrtl'/, the General cell 

allows universal tepair for faults of an neurned nature. 

Thus the. General array can support a univerael computer-constructor-

repairer. 

General is universal, but simple. A processina mechanism's complexity 

results in advantacee and ditadvantqet whose tinport*"C8 depends on the cell's 

use. The need for a low proportion of flawed cell• in an array ernbeddina hilh­

relcon machines currently requires ·that only simple celts be fabricated on a slice 

containing many cells. Batie, universal cells illow an embedded machine'• deliener 

to exploit the paraltetiem in a atven al1orithm Teetina. repair, and lip-routlna 
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require cells to assume transmission states; usin1 a very complicated cell in such 

a simple state wastes most of its complicated mechanism. On the other hand, a 

simpler cell has a smaller ratio of processing circuitry to loading circuitry; the 

simpler cell suffers from a higher associated overhead when the loading circuitry is 

quiescent. When a cell's simplicity requires more cells for a 1iven machine, the 

function-selection in each cell slows the machine. 

One component of a cell's complexity is its number of processin1 lines. 

If a cell has many processing lines in a side-set, routing each of the lines to or 

from a different part of an array requires many cells to break the lines from the 

side-set's bundle of lines. Furthermore, unless independence of different parts of 

a cell's processing mechanism is assumed, test time per cell rises exponentially 

with its number of processing inputs. 

An array designer considers these general considerations and specific 

design goals when designing a high-relcon array. 

General's processing mechanism is one consistent with efficient 

. implementation of our testing, repair, and computation goals. The Cross, L-turn, R­

turn, and U-turn states are important components of test arms and transmission 

links in testing and repair. Although General cells perform wirin1 operations in 

many states, signal-routing is so important that expanding General's sisnal-routin1 

capabilities might be worthwhile. Some variation of the Control state is necessary 

for realization of our goal of array-embedded array manipulatora. The sequential 

machines we envision for General would use enough memor)' to support a memory 
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state; construction of memory elements from 1ates would require a 1reater 

proportion of eelts in an array than Is justified by the resultant simplification of a 

cell. Indeed, actual applications micht arcue for more memory elements in a cell 

and/or more memory-oriented function states. 1ra true that cetla with (Fl F2) • 

(0 1) are rotated versions of cells with (Fl F'2) • (1 1), and that cell states can be 

eliminated by clever use of the (0 1 0 1) cell. A1ein, these cell sirnplificationt 

would probably resutt in disproportionate numbers of cells for most applications. 

We briefly digress to give a little information about a familiar mechine, a 

miniprocessor, unique only because we designed it as a machine embedded in a 

General array, end because a special feature allows It to test and repair Its 

cellular environment This rniniprocessor could be the processor of a univereal 

computer-constructor-repairer. This digre88ion fa Intended to live some specific 

information about our cel.lular realization of a machine like one many readers are 

familiar with; those who aren't will not lose continuity by jurnpina to the next 

section. We don't think the General cell is particularly suited to realization of 

conventional processors, because processors are already mass-produced ICs. 

However, we do want to demonstrate the General cell's power. Furthermore, this 

desi1n 1ivas some insi1ht into the number of cell• of various type• needed to 

implement a somewhat familiar machine. 

The miniprocessor we designed is a 16-bit parallel, synchronous, single­

sequence machine with conventional A-8-C bus structure. Ficure 4.3 gives a map 

of the miniprocessor. The machine has 66 extra-array lines: 1 clock, 1 interrupt, 
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Fig. 4.3 Map Of Miniprocessor-Tester-Repairer 
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8 data inputs, 8 data outputs, 15 memory address, 1 "write memory", 16 memory 

data inputs, lftd, 16 memory date output lines. The machine also haa four teat 

links, and one loader arm for testma and repair; we dt1CU11 use of thete eallly 

implemented features in later sections. The machine'• main eections are a Timina 

and Control section, a Memory Interface section, and an Arithmetic-Lo1ic 

Unit/Re1ister1 section. Both the Memory Interface and ALU/Reai1ter1 sections 

have 16 ·similar modules, one for each bit·tlic.e. The Memory Interface Section 

contains the 1·4-bit instruction register, and many transmission links. The 

AW/Reeisters secti'ln contains six larce 05 or 16-bit) registers; lhese are the 

Accumulator, Program Counter, lnstru:tion, Subroutine Return, Interrupt Return, and 

Input-Output/Test & Load registers. . Thit 1ection'1 16 block• are identical, except 

that the block interlacing with the Ttming and Control section is sliahUy clfferenl 

The miniprocessor has fairly conventional aritlvnetic, loaical, subroutine, interrupt, 

and input-output capabilities. Instructions are· procened,in a conventional, einale­

sequence way. 

We 'tp8Cified this machine as one embedded in a pet"fect, rectanaular 

General array with ab9ut 9,000 cells. Its non-writing lAdirect memory reference 

instruction takes three cycles, with about 700 cell-delays for each cycle. Since 

most cells introdwce about one gate-delay, a cycle takes about seven microseconds 

for a technology with a gate-delay of 10 nanoseconds. Each rectan1ular 

ALU/Register slice gives an example of a mix of cell types; each has 18 unused 

cells, 147 transmission cells, 53 combinational locic cells, and 6 memory cells. Each 
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bit-slice has 88 essential cells: 53 combinational loaie cello, 6 memory cells, 16 U­

turns, and 13 branches. There are 118 non-brenchina trlMn)itsion cells used ea 

wires. Other parts of our processor-tester~repejrer had an even hi&her ratio of 

wire cells to essential cells. This emphasizes the importance of good sip-routine 

capabilities in high-relcon arrays. 

Testing and repair techniques using. the G,eneral cell depend only on the 

loader and processing transmission states, so the testina and repair approach for 

General can be applied to other hi1h-relcon arrays wHh loader end proce11in1 

transmiHion capabilities analo1ous to General's. 
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Section 4.2: Introduction To Testing, Construction, And Repair 

Testing, configuration, and repair for hlgh-relcon machines is similar to 

those processes for balanced arm machines, althou1h there are important 

differences. The chief differences are that hip-releon mechinn are not conducive 

to the interwoven processes of test and repair; and test and repair are more 

difficult and le.as efficient for high-retcon machines. We consider an approach 

applicable to any htgh-relcon checkerboard array with ·our loadin1 arm and 

transmiHion link facilities. We menUon how a Control state' like General'• rney be 

tested, but this stale is not essential to cu testinc and repair approach. 

In considering embedding an arm in an array, we made certain 

reasonable a•sumptions concernin1 failure modes of the array. Then the 

interwoven processes of testing and repair were considered. These processes 

occurred by the aradual snakin1 of an arm into an array. A cell was tested only 

insofar as necessary to establish its successful incorporation into a desired arm; 

this usually meant a cell wasn~t tested in all of its states. T eating of a new arm­

tip cell required using a partially tested cell, but this presented no difficulty. 

In considering embeddini high-relcon machines, we make assumptions 

very close to those made in the last chapter. However, most hiah-relcon machines 

are poorly suited to cradual growth and testing for two main reasons: 

1) In growinc an arm, the number of relevant extra-array proce1sin1 

inputs ai'\d outputs remains fixed. However, hi1h-relcon machines 

usually have a variable, sometimes large number of relevant side-sets 
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as they're l"OWn. Most 1enerally, this req&.ifet t•t · . .,.,... linkina . 1 tett 

machine to the relevant aide-sets et .a partially crown machine'• 

periphery. This requires an Arrr/ Procrammer to have a variable and 

often lar1e number of test .ermt end lllqCieted link-. We'd much prefer 

to have a low, fixed number of auch Uaka. COMeqUentty, we test celle 

individually, relyinc on i~ UIUP'Ptions ~t cells' behavior. 

2) Embeddinc an arm in a flawed array can be.done efficiently by 

gradual 1rowth of the arm, followed. by I~ jo11ioc of the arm to 

include clumps of good cells. HiJtt-r.tcon mec:hi"81 t.nefit creatly from 

a 1lobel repair approach that bep. with a deacrip~on of all the flaws 

in an array. This means that repair -.ffldenq is. iinproved by Uf*&tion 

of the test and repair procedwes. 

These ccmeideration• explain why.~· teet U,4 r••lr procetMt for 

hl&h-relcon machines are ee1mented into a 1erle1 of Mverel cliatinct pr~edurea. 

First the Array Proerammer's T1st procedure teat. an array, notiQI the 

location of faulty cells. This testin& is independea,t of the enential machine that i1 

eventually embedded in the array, so Test's retul~ are valid until. an array 

develops a new flaw. 

A Ripa.tr procedure determines how. le _. • .J*f4!C,l machi"8 in the 

faulty array. Repair accepts a flaw pattern detcription of a .flawed array from 

Tesl Repair also accepts an essential network model of the, desired enential 



PAGE 171 

machine. Repa,'1 output is a description of the repaired arrrt that places each of 

an array's cells into one of the foltoWina four catepnes: 

1) The cfflt is flawed. 

2) The cell is an etsential cell. 

3) The cell may assume an arbitrary non-control function 1t1te. None of 

its outputs i1 · retevant to the·~· tftlehfne'e output 

4) The cell is in a Cross, L-turn, or U-tarrftrensni88ion state. The cell 

is 11»1rt of one or more wires a88ocl1ted with relevant inputs and 

outputs of ••ential cells. 

The Construtt procedure constructs a perfect machine in 1 flawed array. 

Construct modifi·es Repair's output by mappina each of an easential machine's 

essential cell states into a properly tocated essential cell. Repair has arran1ed 

that essential ceUs be wired together in the proper way. Construct accepts from 

Test a modef of the· flawed array statint which tide-lftte may definitely be used 

for loading. Te•t devetops this mode1 as it test• an &tray. Every cell that Test 

finds to be lffd has some side-set that can be used for loadin1 the cell. 

Construct only activates the side-seta specified by Test as It extends a loading 

arm into an array~ Construct's loading arm may touch any aood cell, but it always 

touches and loads e~sential cells (cate1ory 2) and wire cells (cate1ory 4). When 

Construct completes its loading task, a perfect machine is embedded in the array. 

The embedded machine is ready for further test or use. 

Our high-relcon repair procedure Hsumes that the len1th of wires 
t 
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between essential cells is irrelevant to the proper functioning of an embedded 

machine. Possible techniques for assuring the validity of this assumption are 

suggested at the end of this chapter. 
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Section 4.3: Testing 

Testin1 an array embedding a high-relcon machine involves the one-by­

one testing of the cells in that array via test links between the tested ceU end an 

Array Programmer. This procedure is relatively difficult, compared to testina of an 

array embedding an arm, because Test doesn't know how Repair will map a perfect 

machine into the faulty array. This implies that most cells must be tested in all 

their function states. Because all of a cell's acce88ible proce11in1 lnputa and 

outputs may affect an embedded machine's output, Test must vary the accessible 

processin1 inpubJ to the cell, and monitor the acce1Sible processin1 outputs. 

Consequently testing a cell usually involves linkin1 each accenible side-aet with 

the Array Pro1rammer via a test link. Figure 4.4 ehowa that the processin1 

transmission states are ideally suited for this task. 

Test makes the assumptions listed below. Each aasumption ia .,..01oua 

to the corresponding assumption made for shift-reciater cells. 

1) Good cell's are only loaded under Test's control, or because of a 

branch: cell, and not by signals caused by faulty cells. 

2) A cell's performance depends only on that cell's mechanism, state, 

and input signals. 

3) A aucceufully tested cell doea not develop a fault before the 

Construct process is over. 

4) A cell's processing outputs don't depend on its loader state; and, 

unlese the function state is the Control atate, loader performance 
I 
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Fig. 4.4 Test Links To Proc~ssinq Linea Of Tested Cell 
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doesn't depend on the function state. This non-e88ential, reasonable 

independence assumption allows a reduction in testin1 time. Test need 

not, for instance, test a f&M'letion state for all loader states. 

In considerina testing, we first focus on the test stages that occur when 

all tests are passed. We then address implications of test failures, and possible 

flaw models. The Madet11na question ls pUrtued in the IUbtequent delcription of 

Repair. 

T estin& a cell requires explicit tests of its permiHible hn:tion states, 

and concurrent implicit tests of its loader. Testa of a typical cell involve two 

types of communication between the Array Programmer and the cells at the test 

site. Test Unk• connect the Array Pro1rammer to the proce1sln1 input• and 

outputs at the test site, as In figure 4.4. The test links are composed only of cells 

in the Cross, L-turn, or R-turn transmission states. The Array Programmer 

requires one test link to each accessible 1ide-1et. The Array Pro1rammer 

communicates to a lested cell through si1nals to and from the bese of each test 

link. Besides the test links, a loading arm extendln1 to the tested reaion link• the 

Array Programmer with loader inputs. This arm may pass through cells that are 

also in a test link, or even through the tested cell. (However, the Array 

Programmer should not relay hl1h processing signals down a test link connected to 

the up, left, or down side-set of a cell being loaded, and temporarily in the Control 

function state.) The Array Programmer may change the state of cells, such as the 
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tested cell, either by sending signals into the base of the loading arm, or by 

sending processing signals down three test links that converge on a Control cell. 

Testing a cell's non-Control function states involves cycling it through 

those function states the cell may assume in an embedd~d machine. For each such 

state, appropriate stimulus signals, and responses to these signals, flow through 

the test links. We'll see that Repair always specifies that a good cell adjacent to 

a hopelessly flawed cell assume a Cross, L-turn, or R-turn state; this is an 

example of the tested function states being a subset of the set of all non-Control 

function states. In this case, only some of the tested cell's side-sets are 

accessible. A functional test of a non-Control, non-Memory function state involves 

at most 24 = 16 input combinations. Fewer input combinations may be appropriate 

if some side-sets are inaccessible, or if independence of certain outputs and 

certain inputs is validly assumed. For instance, the left Processing input might be 

experimentally found to never affect the right Processin& output in the U-turn 

state, even for a faulty cell; this would allow simplified testing of the U-turn 

state. 

Testing a cell's response time in a given state is possible, if the Array 

Programmer can accurately time a test link's output response to an input. 

Differential techniques then allow the calculation of the delay associated with each 

test link. Additional delay comes from delay through the tested cell. 

Unfortunately, accurate timing requires time resolution of less than one gate-delay, 

which is difficult to achieve. 
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If th& Array Programmer knows the delay thrOUlh each test link, test 

time for a given function state depende on how quickty the Array Pro.,...ll'ner can 

change the input to· a test link. This Is United by the Array Pr•amrner's speed or 

the bandwidth of a cell Any inaccuracy in the estimate of the delay throuah a link 

may also limit test. speed by effectively reduci"I the a..lwidth of the Hnk. 

In testin1 a Control function state, test links connect the Array 

Programmer to all four of the side-sets of the cell in the Control state. First the 

Array Programmer. verifi• that the rilht side-set'• test Hnk la not a test arm, by 

ascertaining that a aitnaf into the bate of the teat link ctoeanyt return to the base 

after an appropriate delay. Then silft&I• into the up, left, and down proceasin1 

inputs command· the tested ceU to load the ceU to it• riaht into a U-tt1m state. 

The Array Programmer again tests the right test link. If it'• now a test arm, the 

Control state is pod; otherwise the Control state·is bad. 

T estint a ceU's loading mechanism is implicit in the t•t• of the cell's 

permissible function states. If a cell faits its fll1Ction tests, Construct doesn't try 

to load it. If a cell passes its function tests, a loadinc arm has sUQCessf&Aly loaded 

the ceH and retracted from the cell. Theref«e Conatruct'• loldin1 arm can also 

load the cell from·~ side-set Test keeps a map of which side•Nt• the loader 

uses to succesefuHy activate and de-activate wortdftl celle. Conetruct UHt thl1 

map to determine. the path of its loading arm. 

After a cell hu been teated, test links mutt be moved to a new test · 

site, if there is any remainin&- The new test site ia usulfly a cell adjacent to the 
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last tested cell. Thus only the tip ends of the loading arm and test links need be 

moved. This is fairly simple, since a loading tip is at the test site. Each test link 

is gradually extended as part of a test arm, just as arms were extended in chapter 

3. After each incremental extension, all links are tested to assure growth is 

proceeding satisfactorally. Since a test arm only incorporates cells in transmission 
l 

states, faulty cells are discovered and avoided as in chapter 3. This gradual 

extension is particularly appropriate in an array with a high fault density. In an 

array with a very low fault density, the speedup from non-gradual growth could 

offset the slowdown from a faulty cell's confusion factor. 

The process of moving the test site terminates with each of the new 

test cell's accessible side-sets connected to a test link. The new test cell, in the 

LI-turn state, is the tip of one or more test arms. The test process is repeated 

for this cell. 

In the last chapter we noted that failure after an incremental arm 

extension could mean several things. For instance, the new tip cell might be 

hopelessly flawed, or it might just be incapable of receiving information from the 

indicated direction. We noted that various flaw models might be appropriate, 

depending on the cell lay.out and the sophistication of the Array Programmer. 

This modelling difficulty again rises with the high-relcon array. Growth 

of test links is analogous to growth of shift-register arms, so the same comments 

apply. A similar difficulty arises when a cell is in the process of being fully tested. 

The cell may produce nonsense in all states; modelling that cell as hopelessly 

------ ------
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S-.ction 4.4: R~r 

The Rep,air pr~• ~·~~'bow ,t~, ,~-,~w.f~ t)Jth-relcon 

machi~• in a flaw.t •r~y. T•st~dAM! a fJ• ~\~ ~plioo. ,(af the 

flawed array. Most generally, Repair may embed the l•1est &rid machi~·:,it can. 

Construct may t~n co~truct in. lhf. tlaw,g. f(l'.81,,.,,,,~• 'Nith an •-ntial 
• T •• t - · -~ '~ "-.' 1-.~ <7fl r• .. ,"·,:- t, " ,,: .("'.;. ,"; • ·' ><,, t-... ' . 

netw~rk. that fib into. this l~1"'st. ·;'rid. W• .~;;W°Jct"~ fjral Most 

actual embedded ~llft.. ha'(•,. ea.-tir,A, ~!,:-wUP).trtfeY.n.t. ~~Ii, .. their ' , , . > -- -·. -_ ~, ~-- .. ..· ~-~ <. "> f "·"' - ' ' ~,,,. --~ ~ - ·~-', 

.~•s•nli.~ ~twork~, er• ,.-i~• wj:~:·'~'-~. ~ ,,U¥~;M~. ,Jhe ,,.,~t,;""*'a1 
. Rtte~r methQd is th!" less aHici'9t. tba,n .~ .. l'l!~;~';;,~~'~ ."1 i_nc.on,P•t• 

'rid. We evenllJ$11)' ~~d,er such ,a ~. ~~~!~'~"~'"'~t~~r Rf.~•· 
". ' ,_ ,_ •< ' ,__ - - ·-· - • • 

Its ~n drawblck ~~· .~~ a ~ ~~ d!f.t~~ ~ J,i,,"'8 .. }lawed 
. - . ' - - ! ' ,_, ,. - ' ·~ - --- . - - -

arra,~l ~f. the ~ ~hi~'• eaten~ -~~ ~'~., ~~'of \be.Jwlsinal 

essent~al network, new rf!,pair of the array is ..-...-r!. ~r,~ ~w ·to 
-. • < , ' ' ;' - ,-.; ' "'. ',, -- .. - '", - ~ ..... ·..' ; ., . .,)' ,,_ '. ' '" _,_., - "' ·-

l~ate. a,ncf wire. toatt~ .J2P'i eas•ti..t .• ~'1ta,,u.;~~l.1M c,U•·~n tr~aeion 

atates as wlr••• Jo •mb•d • pert~.t ~bin~ Jn ~·<i~ W,t.91 .. TlJia. -'Iowa 
• - '> ' . . , . . ' •.• -·· -

,,~Qnstr~t ta ass~te th.-proper. f~ . .U,~,with.,,.~1,e••lial cell, and to 

wire t9gether •-••entill cellt with.~n¥.-;o01~~~~~1ctw Repeir. 
'. . -~ ' , - ' - - . . - ' -~ - - . 

. mod,I: a cell is either .1~ or hopelestb' fl~· ~i~,vaijx~ .,~on is 

most queptio~le, t>~•• of il.J her:~.,~~,,,~;·~ ~.-0· cells 

. A and .s i~ imp"ss~e., .This coi:dtion can -·~ ~~.;~'.'ftiN; Ulat. either 

~ell A or cell B ha tlopelessly flaw.._ ~-k~ y,.t. ~...,~ed ~l Jhould 
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not allow a faulty cell'• ouput to affect ., embedded mec:H••• output· Thus no 

output·affectiftf..,., Witt be tr8"*"\techtctoi8 N ~·'tfela rn Ill other CaM1 

where· a ·c• ~ . ..,.. .. tldtt~•• tfj ,.....-:w. '• flop••••ry; Rewed 

cell. 

Conaider. twO "checktrtioard . .r,ay, With the . ...,.. dttribJuon of 1ood 

and bad cell•, and c0n1~ntly the 18'tj·1HQ patt~:" the fi~lt ~rr"1' 1·. for 

embeddlna a arid machih*; and UMt ·~ 11·1(cif ;~ en· n m.M:NM. Since 

there·are Many iWayt en h can Wfnl' UV'~ .d:thi ~-nodes :Of ·"'1 .. of the 

arid'• relcon netwofb;• the fcihleet ~ *"' in' th; Second ~ cont.in. et 

least 81 Many eitentfarcetlt as the lar1~af1rfd -~ fn tt\e''.firs\ 
1

fwray. 

Embeddinc • aikt·m • ft.W.C. ilray irwOtva'~#.oftMa,~~·-~:,y ~i ttnk• 
• ·. ~ ... ' ;~- ,","". ~·~.-····-'·';"•·:" ~l".~,-~ ~,,_,," ~·,; . ..._;,, 

between ••enttll 'MillfJOf•. ·cen1' In ltle'corr~ polluon in ht MCOnd 

' array CM be UHd .. ahtf cfa1ts; b&c8Uae ceh in link• K&V. retcori •;Nlh ii' cell• 

In arms. Thu• opUriun i8Pelr·effidency fOt M ~ -~ 1• at le.et ... :fil~ .. 
0ptimum repair ~ for the arid ·tniic:hirie, 11v1.·~1'Mt ~ lllW pattern: , 

Kow:.,dD the Osstimum efffdltnciet' C:~? Alitierift1 'tlff ~•lion 

from a non--~m.fttill~ purely~-~ ,,..ive;··---· viry· cffficull 

An analytic, tractebha .,,,_estlon tor optimum . .,. "6f~, elven a s-ticular 

ff aw pattern, ap,,..,.e impossible kW motf ca"tel. ·· An' txpre•elon for .. av·•r•1• 

eftldeftey, · averarat oWr- Ill fraw chtrtbutldnt for 1 ·llVift ~, of flawed cell• 

in ~ array of a cert.tr. iin, ·alto ·appears impottfble'' tor both arm• and 1rid1. 

Althouth one miaht tmd ._·tower bculft'"for replff ~tney, lh My 'tMt the 
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bounds would not be close enough to the optimum to be practically interesting. 

Furthermore, one would still have little knowledge of the difficulty of attaining or 

surpassing a lower bound in an actual Repair procedure. 

Consequently, our approach has been to write promising repair 

procedures, observe their behavior, and use our observations to suggest 

:mprovements in the procedures. Some of these suggestions are implemented, and 

the process repeats. 

Many actual essential machines contain a mixture of low-relcon and 

high-relcon essential cells. Figure 4.5 gives the relcon network for our embedding 

of one bit-slice of the ALU/register section of our processor-tester-repairer in a 

perfect array. The upper-right region of the bit-slice has many high-relcon 

essential cells, and has few links to nodes outside the region. On the other hand, 

the bit-slice has many relcon-2 chains, balanced arms, and even relcon-0 celle. 

Many relcon-2 and relcon-4 cells are used as a wire or crosso~er. 

In embedding the bit-slice in a flawed array, we could approximate its 

essential network by a grid. Adding constraints to Repair in this way would have 

three major effects: 

1) It would simplify the description of the slice's essential network. 

2) It would make Repair's results valid for any machine that fit into a 

perfect 7 x 32 array. 

4) It would diminish Repair's efficiency. 

In this section, we first consider grid-embedding - the most difficult, general repair 
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in a checker~~lt~ . .,-r.ay. W.t c~•t.~,te .~embeddins. We 

then suggest an approach which improves embeddina ef~y1~~' noticin1 rni•lin1 

links .. between noq~t in a hi&f\-r~,Qn ;~~'! ell«f:ll,it•tw~ This type of 

•P,Pr~ach .is the .most '•'8lPI• .for: ~t~· ~..-. 

It's u.-lly difficult to op~Y ~ ttff9 JA~- 11,WMi et/ftk. If the 

array has .. very. few. fla,1, Gz!f!; R1/Jt#r i• .-r .. :bw;_,._~MF•: --•~ .~. re..,_,.• 

wa~~ to interc~t -~ cells ~Q .forql-,~ ·'-P 1fic:L A• U. ~r of .ffltw• In 

the. array i"'r.etases, tt~ .~er of r~e. w• _,;#Mm4'>.arP crid ~·· 

Repair cannot .consider aU poasible ... ~np;_,, i:tt,il _...,,,, lek•.: too ... much 

computation. The obvi°"'9 ain)ple. r~r -~~·~•~ wtleci .~ ~·._..rays 

don't work well. Event"1ally th•• are ao many.fl••·.ia:• .array ~l the 
.- ' ; "" •, • ." " •e ~ .• • • ·,, C • •: • ' • ,> ,- • • > 

the arr•¥· 

We f~ on the most .diffiQl,lt n.t14'>*1.Mcfi'tl~~~ ·w. JWesent 

a reasonable approad,l, ,,whi~ .·~ conai"-"'~. ~ •. .,,...ti~~· than. the only 

simUar, appr9ach w''v~""n. wqi~h is ~eja'.J r..;r.o(,~point-connected 

arrays. 

The nucl.•':'8 otGrid Repair le •,:r:~.~~>Pf~~· :T~•wc.v;;tiD.we, 

which we'll detail, is very efficient -.t,,•r$~Af;~1rj~ in. QlOderal•lY lar1e 
' 
rectangular arrays of fl.wed cells. Anotb4N' pr~ ]Jl~,,""epts as inputs: 

1) an essential network tor, • ~ .~ .i1,1 ., perfect .. wray. 

This network is described• jnwcotaafeted.~tau'M aridl. 



PAGE 185 

2) ·a flaw patlwn;for 1:ftli#ld trrtf,'whife'Meh'c:.11 ii .itrw '*1ect 

or1l...._ 

We~.-- '*t Rep11r·11tecf··~t c6ntlder.'the local10n of a 

flawed array'• inpUt·~ •• we· _.. NWc;h 1tl~ aft..,.*' fiiray is 

repaired.· W.'R ... ihlt llitiott ts _, rftudmiltt'w, ·aw..., the location of 

, , l"PUt-oOtiM ·1w. 9ttlekoff ~patttt1n·'ttie··fllWld··..,..Y·1rito· ~ Mocks 

· separated· by lftterconftectioA :•ttlJit; •tteh: blodk · fj l"'*ridw to Word·· a · crid. 

etock0ff·t'*1 .._ TWld R•r tel'~ 1*'1o ~ a ~-stid tlfd into 

each of the &ltMtb. ff TwNf'._. ceritM'jerlotli llt t.-af'tor'W 'Of ttMW':blocks, 

. ··BIOttteff ftil&· ott.wtte··lJlockoffdeddh ~£tft.rdrbtcor•·Mt:ffhl'proper 

arid links· e>ctentln&-·"°"' -=h block. If· ft; 1Uc:e1•t11) 'l!lrbdkoff J»•6U ht ~~Una 

da9oriptlori of' the tepelt.d lnfly 'to eantht '• lf80cioff e~ tnt~Mct the 

irids, it asks Twist Repair for en alternate embedcint for at 1 ... t one btock. In 

re-repairiftl •tock. -t.Mtl """* eontmuM lfi r1p11r:.._t1 ftom the point of 

It• latt ......... · Tfw. proeM itwltett·tlftttf ~-.-..... 'Ol''liltt. 

Reptiir f1 Oriented tOMltd rtc\alnaii•; t.t\iA" ft)t· nftrlt r1Mont. First, 

this is the moat nab.rel, tractable structure in 1 checkerboard erray. s.cOftd, the 

General cell t•'IUitld·to Tld.,.,..,. macN-. nn.fty,d*'t'ct.ck.,...... rwhlne 

can be vi.Wed at • ~te ofrectenll .. of veriOU. ..._ .. 

We first detllf Twt•t ltepatr, ancfthen thckofl. We e><arnin• their 

response to actuiil -~ probt..,., ~· their pt;fof'tnance to Arm Repair, 

and note their llrftltetiOftl. Wt alto ..-t· r•1 ....... ·'*teMlona of the Replir 
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procedures we've written. 

The simplest, most obvious way to embed a grid in a flawed array only 

uses a cell as an essential node in the grid if the cell's row and column contain no 

flawed cells. A good cell in a flawed ltne - a row or column - enters the Cross 

state, so it interconnects essential neighbors. We'll call this repair technique 

Stmple Repatr. Simple repair of checkerboard arrays Is analogous to Kukreja'• 

repair of cutpoint-connected arrays. 

Note that Simple Repair is the best possible grid-embedding repair 

when an array has few flawed cells. If an array has onl~ one flawed cell, an 

embedded grid must have at least one less row and one less column than the 

flawed array; the flawed cell's row and column are bottlenecks. 

Unfortunately, this Simple Repair is very inefficient as the number of 

flaws in an array increases. For such an array, we'd like an approach that is able 

to twist a grid's lines through an array, so that some cells ;n flawed lines can still 

be used as essential cells. The L-turn and R-turn, cooperating with the Cross, are 

ideal for this purpose. Because of the way repaired blocks must interface, we 

assume a grid's lines must extend from one side of a block to its opposite side. 

The Twist Repair approach, which includes Simple Repair, uses 

horizontal and vertical adfustment ltnes extending completely through a flawed array 

(see figure 4.6). Any flaw on an adjustment line must be at the junction of a 

horizontal and vertical adjustment line. Adjustment lines break the array into boxes 

- rectangular regions of cells. At most one flawed cell is allowed in each box. If a 

--- ---------------- --·· ----------
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Fig. 4.6 Flawed 15x20 Array Twist-Repaired Into A Perfect 10xl4 Array 

~ 

• x • 
• • x x • 

• • x 0X • • 
• Xi: .... • 
• 7. x x • -

• • X• • • •X• • 

+- Adjustment Line 

..... 

.... 

• XY. X• +- Adjustment Line .... 

• x ·~ - ti' .. ;-·,~ x :·rs. : .. -, • 

Explanation: 
The retcon network abc>ve indicates the states of good cells and flawed 

cells in a grid-repaired array. Flawed cells er• indicat~ .. bY an X. Good, unused 
celts in an arbitrary state ere indiclted'by • ~ Coad c9W tMt are ....,ti.a cells in 
the arid are indicated by +. Other cell• ere used to intercomect essential arid 
cells. The L-turn rtate it Indicated by ~' ~, or #; .,.ndinj on the context. 
Similarly, the R-turn state is indicated by /~, ", or ~ and the Crots state is 
indicated by - or i. Note that Joleme a wire r...,.. h'we of at ta..t two L­
turn or R-turn states. 
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line of boxes is free of faults, adjacent boxes in the line interconnect across 

adjustment lines via Cross cells. If a box is in a row (or column) of boxes, some of 

which contain flawed cells, one row of the box is not used for essential cells. If 

the box contains a flaw, the flaw's row is the row with no essential cells; all 

unflawed cells in that row of the box assume the Cross state. If a box is in a row 

of boxes with flaws, and the box contains no flaw, an arbitrary row may be put 

into the Cross state. Thus all the boxes in a row have the same number R of rows 

useable as rows of essential cells. Cross, L-turn, and R-turn states are used in 

adjustment lines between boxes in a row to yield R embeddMI grid rows extending 

through all the row's boxes. 

Several considerations make the Twist Repair approach a reasonable 

one. Because exhaustive consideration of all repair possibilities is computationally 

excesssive, a reasonable, heuristic approach is necessary. Simple Repair is 

inadequate for most arrays with more than a few flaws. Twist Repair reco1nize1 

the equivalence of many specific embeddings. For instance, an adjustment line that 

doesn't include any flawed cell may occupy any line of cells between two flawed 

cells; all such lines are equivalent. Recognition of equivalence limits computational 

difficulty. Furthermore, this allows Blockoff more flexibility in interconnectin1 

blocks repaired by Twist Repair. We found that forcin1 L-turn and R-turn links 

onto adjustment lines results in far less repair confusion ancl inefficiency than less 

restrained use of these states. Consider snaking an embedded grid's row throu1h 

a flawed array of unbalanced cells, such as a General array. The only possible 

---~--------------
------~~ -------------
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essential cells in the snaking path through the flawed array are those cells which 

the path links to cetls on the same row in the flawed array. This sua1ests that 

jogging of the line and movement of the line in the vertical di~tion should be 

limited. Twist Repair often uses alt the side-sett of cell• in the L-turn and R-turn 

states; this efficiency helps rninimtmize the number of cells used as repair links. 

Twist Repair also attempts to place e88ential neilhbof's close to each other in a 

flawed array. This is helpful for two reatons. Flrtt, since wires between ••ential 

neighbors are utele88 as e88ential cells, it's important to minimize the number of 

ceils in each wire. Second, an embedded machine's rilaximum speed la limited by 

delays through wires; intended processing is only done at e88ential cells. OlM" 

ultimate ju.tification for Twist Repair is that it is better than any other method$ 

we've considered for repairing small rectanltJlar arrays to embed srlds. 

The Twist Repair program's inputs are a flaw pattern and a request for 

a minimum acceptable number of grid rows and columns. As in the arm 

experiments, a square array's flaws are randomly generated. Startin& with a eood 

gue•s of wher• to draw adjustment lines, Twist Repair consider• arternative 

adjustment line placements exhaustively - ignoring equivalent placements - until it 

succeeds. Table 4.1 is analogous to a table given for balanced arms, showi"I the 

best square grid Twist Repair embedded in experiments varyina the number and 

distribution of flaws in the square array. 

Figure 4. 7 shows curves based on the information In the table. The 

curves show the avuap of Xoftotal for a liven Xftawed, for various array sizes. 
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Table 4.1 Results Of Twist-Repair GrJd ... 911bedding J:>q,.,r i•ente 
<lat of 2 pag88l · 

Key: lflawed - flawed cells as percent of all cell• 
cells - total cells in square array 
flaws - total flawed celle Jn array 
max-grid - the largest square grld our prograM ••bedded 
loftotal - max~grid as percent of eel ls 
timelim - time limit, in seconds. 
time - the time the progra11 ran 
loftimel i• - time aa percent of timel im 
* - For two starred (or unstarred) arrays of the eaae elze, 

one set of flaw coordinates 11 a subset.of the other. 

Table: 

If lawed £!l.!! flaws max-arid %oftotal ti.met I• ti111e loftlael I• -
0 100 0 108 100 100 .085 0 
0 225 0 225 180 225 .095 e 
8 . 400 0 400 100 400 .ees e 
0 625 0 625 180 625 .885 8 
1.6 625 10 324 52 625 26 4 

* 1.6 625 10 324 52 625 SS 15 
2 100 2 64 64 188 . u .e 

* 2 180 2 64 64 188 .es 8 
2 480 8 225 56 400 2.6 1 

* 2 400 8 225 56 400 ~ 1 
2.22 225 5 121 54 225 .17 8 

* 2.22 225 5 144 64 225 .16 8 
3.2 625 20 196 31 625 117 .lS 

* 3.2 625 20 Answer not found In tl .. 11• 
4 100 4 49 49 100 .87 8 

* 4 100 4 36 36 100 .03 e 
4 400 16 81 20 400 263 66 

* 4 400 16 100 25 400 231 58 
4.44 225 10 64 28 225 7.1 3 

* 4.44 225 10 64 28 225 2.4 1 
4.8 625 30 36 6 625 198 32 

* 4.8 625 30 Answer not found in tiaeliM 
6 100 6 25 25 100 .88 1 

* 6 100 6 25 25 100 .85 1 
6 400 24 Answer not found in tl•ellM 

* 6 400 24 64 16 400 24 6 
6.4 625 40 Answer not found in tl .. 11• 

* 6.4 625 40 16 3 625 233 37 



Table 4.1 Reeutte Of Twiet-Repair Grid-embedd1ng EKperlMente 
(2nd of 2 pages) 

If lawed ill.!!. il.!!:!! maK-grid loftotal t imel ip !l!!. Xofti11ef ill 

6.67 225 15 36 16 22S 76 33 

* 6.67 225 15 36 16 225 8.7 4 
8 100 8 9 9 108 2.2 2 

* 8 100 8 9 9 188 3.5 4 
8 400 32 Answer not found in tlaeliM 

* 8 400 32 4 1 400 308 77 
8 625 58 9 1 625 406 65 

* 8 625 50 Answer not found in tlMelim 
8.89 225 28 9 4 225 SS 44 

* 8.89 225 20 16 7 225 58 26 
9.6 625 60 4 1 625 129 21 

* 9.6 625 60 1 0 . 625 136 22 
10 100 10 9 9 100 .62 1 

* 10 100 10 9 9 108 4.9 s 
10 . 400 40 4 1 400 307 77 

* 10 400 40 1 0 408 148 37 
11.11 225 2S 4 2 225 96 43 

* 11.11 225 25 9 4 225 57 25 
11.2 625 70 1 0 625 64 10 

* 11.2 625 78 0 0 625 7 l 
12 100 12 1 1 108 2.2 2 

* 12 100 12 1 1 100 7.0 7 
12 400 48 0 8 400 84 21 

* 12 400 48 0 0 400 138 35 
12.8 625 80 0 e 625 64 10 
13.34 225 30 e 0 225 81 36 

* 13.34 225 30 1 0 225 32 14 
14 100 14 1 1 100 2.6 3 

* 14 100 14 1 1 100 4.2 4 
* 15.56 225 35 1 0 225 21 9 

16 109 16 0 0 100 3.0 3 
* 16 100 16 0 0 100 4.8 4 
* 17.78 225 40 0 e 225 26 12 
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Fig. 4.7 Graphs For Twist Repair Experiments 
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The smooth, coneistent nature of these curves •uac•ts the, conclusions lieted 

below: 

1) For a given array size, Xoftotal drops with increases in %flawed. 

This drop tends to be 1reatest for small lflawed, milder as lflawed 

increases, and non-existent after Xoftotal reaches O. 

Consider the curve of Xoftotal as a function of %flawed, for a 

given square array. Let E be the number of cells in a line of the array. 

The first flaw introduced into the array forces Xoflotal to drop from 

100 to <JOO(E-l)2>/E2, while lflawed increases from 0 to 100/E2• Thus 

the slope of the curve is l-2E for %flawed near 0. This explains why 

%oftotal drops faster for larger arrays in thie reaf on. 

Consider an array with several flaws. Introduction of a new 

flaw may not cause a decrease in loftotal. For Instance, the flaw may. 

fall at the intersection of two adjustment lines, or in a box where a flaw 

had been assumed (to allow the box to interface with adjacent flawed 

boxes, as discussed earlier). Over the set of all flaw dietributions for 

an array, the probability that a neyt flaw will not cause a deer ... • in 

loftotal tends to increase with the number of flaws in the array. At 

worst, a new flaw will eliminate one row and one column of the former 

repaired array. If the former repaired array is smaller than the oriainal 

array, i.e., if the repaired array hu any flawa, at worat the new flaw 

decreases %oftotal less than previous "worst posaible• flaws. These 
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considerations help explain the fact that loftotal drops le88 rapidly as 

%flawed increases. 

2) Xoftotal drops faster with %flawed for lar1er array•, because a 

given %flawed implies a hilher percenta1e of flawed lines for a lar1er 

array. 

We've already analyzed this eituatlon for %fl11wed near 0. We 

found the negative slope of %oftotal versus %flawed wa1 directly 

proportional to a square array's tide lqlh, E. As %flawed increaaea, 

the particular distribution of flaw• infl~ J.oftotal. However, It'• 

easy to see why Xoftotal tends to be smeller for lercer arraye, for a 

1iven %flawed. 

Given a fixed %flawed, lar1~ array• tend to have a hi1her 

percentqe of flawed lines: the nµmber of Haws It proportional to the 

area, but the number of lines ia proportional to the aquere root of the 

area. Consider two arrays, one with E•lO an~ one with E•lOO, at 

Xflawed = 1. For E=lO, the one flaw implies Xoftotal=Sl. For E•lOO, 

the best poasible distribution of 100 flaws puts eciich at one of the 100 

nodes associated with 10 horizont~ and 10 vertical adjustment linet. 

Xoftotal is then 81. Most other distrib&,ltions require the Jo1&in1 of erid 

lines, and Xoftotal is then usually sianificantly smaller than 81. One 

extreme occurs in the unlikely event that all 100 flaws occupy the same 

row or column. The array is effectively cut, so Xoftotal•O. 
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A more 1eneral perspective provides 1 stronc arcurnent that 

moves in the direction of a proof. The flaw dittributione in two errey1 

are 1qutval1nt if there's a one-to-one rnapplnc between the flaws in the 

two arrays such that the following is true. If an arbitrary flaw in one 

array has a certain relative position with respect to the other flaws in 

that arra~, the corresponding flaw in the second array has the same 

relative position with respect to correspondin1 flaws In the second 

array. If one of a flaw's coordinates is X, then the relative position, 

with respect to that coordinate, of a flaw whose correspondin1 

coordinate is Y depends on which of the five followin1, mutually 

exclusivt:t, collectively exhaustive statements I• true:· X+l<Y, X+l•Y, 

X=Y, X=V+l, X>Y+l. 

Now consider two square arrays with different sizes, but 

equivalent flaw distributions. The first array has E rowa, n flaws, and 

E-F grid rows in an optimally embedded square grid As %flawed has 

climbed from 0 to 100n/E2, loftotal has dropped from 100 to 100(E­

F)2/E2. The second, larger array has K.E rows. Since Twist Repair 

notices its equivalent flaw distribution, the second array's optimum 

square arid has K.E-F grid rowe. Here loftotal has climbed from 0 to 

(l<.F\2 as Xoftotal has dropped from 100 to 100(K.E-F)2/(K.E)2• The ratio 

of the change in Xoftotal to the change in %flawed is (2E.F-F2>/n for the 

first array, and (2K.E.F-F2>/n for the second array; an equivalent flaw 
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distribution is more costly in the larpr ""IY· Any flaw distribution in 

an array hu a correepondins. equivaJent diltrlbution in 1 lar1er array. 

However, the fact that not all flaw dlatributloM in an array have an 

equivalent di•tributlon in a llUUer 1rray predude8 limply extension of 

our reasonln1 to a proof that, for larpr arrays. Xoftotll drops faster •• 

Xflawed increases. It miaht be po.,ible to make such a proof by 

defining some sort of loosely equi,valent flaw di•tributions. 

3) For a 1iven array size, Xoftotal drops fre>m 100 to 0 fairly smoothly 

as Xflawed increases from 0 to a number N dependent on array size and 

specific flaw distribution. (For°" expwimente, 11.2 s N $ 17.7&) Thie 

contrasts with 1rowth of arms, where lftawed deer .... • aradually and 

smoothly a.mtil it reaches a point where it pknmeta, '*'811y for %flawed 

approxinM1teJy equal to 28. 

4) Repair efficiency is much smaller for &rids than for •"'8. 

5) For arrays with more than a few (approximately five) flaws, Twist 

Repair is far superior to Simple Repair. For instance, in the unstirred 

array with 625 total cells and 20 fl•ed cells, Twi.i Repair embedded a 

14 X 14 square &rid. Simple Repair embedded a 4 X 4 square vid for 

the tame array. 

6) The time to repair an array varie• wktely, even for a constant 

array-size end Xflawed. The raUo of the time to repair an array to the 

number of cells in the array tends to be hisher for lar1er arraya. For a 
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particular array, the time for repair it relatively low when there are 

very few flaws. As flaws are introduced, repair time tends to climb 

graduatty. reach a peak, and then descend rapidly. Thi• is because 

repair time it roughly proportionat to the number of non-equivalent 

adjustment line placements. If an array has very few flaws, there are 

few non-equivalent adjustment fines. As flaws are introduced, the 

number of non-equivalent adju1tment line• incre11e1. Eventually an 

array becomes so crowded with flaws that Ira difficult to find an 

adjustment line that doesn't include a flaw. If an adjustment line 

contains more than one flaw, several associated lines are required to 

satisfy the constraint that every flaw on an adjustment line be at the 

intertectlon of a horizontal and vertical adjultrnent line. Thi• reduces 

the number of non-equivalent adjustment linn for very flawed arrays. 

Experiments with Twist Repair su11nt a new &rid-embec:ldin1 atrate1Y. 

We notice that for a liven Xflawed, Xoftotai tendt to be wbatlfttiaily hiaher and 

Xoftimelim significantly lower for smaller arrays. Thi• difference becomes more 

significant as Xflawed increases, until Xflawed ts so tarp that ail arid-ernbeddina 

attempts are futile. This sugeests that embeddin1 a crid in a tar1e array should be 

done by bre~k · ... ~ the array into block• of optimum size, separated by 

interconnection strips. Each block Is repaired via Twist Repair, and its 1rid 

outputs are connected across the lnterconneetion a_tripa to the pid outputs of its 
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neighboring blocks. In fact, experiments show that such a procedure is superior to 

Twist Repair for large arrays with many flaws. 

A block's optimum size is determined by a tradeoff. Decreasing block­

size tends to increase %ototal within each block, but it also decreases the total 

area devoted to blocks by increasing the number of interconnection strips. If 

%flawed is 0, it's pointless to waste any cells on intercoMection strips; there 

should be one maximum-sized block. As %flawed increases, the optimum block-size 

decreases. Assume that the overriding factor in embedding success is %oftotal in 

each block. For large enough arrays, the fraction of cells used in blocks, given 

each block has E cells in a line, is about (E/E+1)2• This number is 100/121 for 

E=lO, and 400/441 for E=20. Using the curves of figure 4.7, this indicates that 

E= 10 is superior to E=20 for %flawed greater than about 1.5, given our 

assumption. This indicates how the curves and the value of (E/E+l)2 may be used 

to suggest an optimum block-size for a given %flawed. Experiments with Blockoff 

have confirmed that there is a fairly predictable, optimum block-size for a given 

flaw density. This fact of an optimum block-size suggests improved grid­

embedding can come from breaking an array into blocks whose approximately equal 

size is determined by the array's flaw density. Then the simplest approach assigns 

identical sub-grids to all blocks of the same size. This approach is limited when 

some blocks have a disproportionately high number of flaws. This situation often 

arises with current IC slices, where flaws tend to cluster. Since a very flawed 

block can only contain a small grid, that block is unable to link up with all the grid 
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outputs of its neilhborina, le11 ftawed blocks. This Hmlh the: number of pld-row• 

in its row of blocks. 

Before cOASiderina how Grid Repair should handle blocking off an array 

containing. flaw clusters, it's useful to examine the repair problem more pnerally. 

It's quite clear that a heuristic approach is nec...ary if Repair i• to effictently 

repair arrays with many flaws. Twist Repair is time-consuming, especially when 

one wants to place a neer-tarcest grid into a flawed array. We'd therefore like to 

be able to determine a priori the feaaibility of 1 certain repair, in term• of 

computational difficulty and probability of succeH. This is particularly true if 

Blockoff is used to interconnect many blocks. AHume Blockoff operates on m 

blocks, and there are 1111 satisfactory, non-equivalent sub-grids that can be 

embedded in b1ock m. Let P be the product of Int as n varies from 1 to m. There 

are P combinations of sub-grids which Blockoff may try to interconnect to form an 

embedded grid. If a high percentage of these P combinations are consistent with 

the destred grid, Blockoff may quickty succeed. At the other extreme, Btockoff 

would spend • time proportional to P in vainly considerin1 each of the 

combinations. 

Happily, Repair may use a rather simple heuristic approach tO' reduce 
,~/( 

repair time. Let F be a success function which estimates the grid-size that Repair 

can reasonably expect to embed in a given array. Moat simply, F it a function of a 
.. \. 

square array's size and its flaw density. F can be refinecfTn various ways we'll 

consider. For instance, an input to F could stat• the probability F'e •timate la not 

•., 
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an over-estimate. If non-square grids and blocks are considered, F can depend on 

their specified shapes. It's reasonable to obtain F experimentally, because of the 

monotonic nature of F. For instance, we've observed that ~.,s output decreases as 

an array's dimension or flaw density increases. This monotonicity enables us to 

estimate F by experimentally determining some of its key values, and interpolating 

to find its other values. F is Repair's heuristic guide. 

Now consider the following procedure adapted to embedding a grid 

containing R rows and C columns in an array that may contain flaw-clusters. Repair 

uses F to break the flawed array into approximately equal blocks whose size 

depends on the array's dimensions and average flaw density. F suggests the block 

size that is expected to yield the maximum embedded grid. Repair then considers 

each line of blocks, associating with each line a number equal to the number of 

lines F associates with the most flawed block in the line. Thus Repair reco1nizes 

the difficulty of snaking a grid's rows or columns through a cluster of faulty cells. 

Repair finds the sum S of all the numbers associated with the row lines. If S < R, 

embedding the specified grid will be difficult or Impossible; Repair's action 

depends on whether it's willing to spend a lot of computation on what is probably 

a vain effort. (This decision can be made implicit if a success-probability 

parameter, like the one we've· discussed, is passed to F.) If S =· K.R, where K is 

greater than or equal to 1, Repair multiplies each row number by about 1/K; so 

that all the row numbers sum to R. An analogous procedure is applied to the 

columns of blocks. If Repair decides to call Blockoff, Repair has heuristically 
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determined the m ·Of the llJbwarid •"'"9d 'to llCh black. ... Thul F hiicmtat.. a 

heUrtstic··for :~··WW 1·11va -~rt,...._ .. ...,:,, 'ii.·ar.::a.t..,,_.t 

· .Wen to etockOff. · 

Wm 'ftOtllt tftat .,..~·Ji· the.:mo.f dlrtrtat repllr prOblem In 

a chetkerboarc! arriiy~ The mlfot swtetlelt ·rinpcttt .. ~ if. ,., .. ,,, ~~edur• . 

1eared toward trld-emMdcln1 ft fff ·--~ if rti;Jltr PMt91(COMtruct a 

ttawed· -~ ·apecmicf ... ,,., ... amt.~~ m., --~- tn ... flawed "'"Y 

any i'nachtne Whote etsenti:et rietwoft is a tub~netwo.t':of itte artd'1 .... ntlal 

network. HOw'ev8r, thit'pner.Uty·~· the -~~Witt\ WNc:h a ~ 

machinei1~·embedlfad in a flawecfari-IY. ·W.'Ve ..n"·iN;'tOrttte·_..-,~ ot 

ar~ 
""~ •• .:·: '., ~·· ' ~ ·, ' f ' .! 

The llOCkoff' procedure we've written la· -.a· ~ to eccept M 

eri8ntial network cont•nna recbrnjlar,'tUb-aridt· ·'with ~--ww: .. between 
adjacent sub~lridi. tt-1 easy t6 lee Why~ notk:ltta n..tt·8d cOinriturilcatfon paths 

between a ~"t 1f~retctn ·,....w·~ -~,-• ..,·op.alee 

under ·fewer~ .. 
',:'. f 

Table· C2' Ind ftpes 4.1 and 4.t 1l111111rf~ a Hrie8 of experiments 

that begins to e>cplore howblodt~tize ·w, diMi*'l pkfudc. affeet ........ hlah-

releon machinn Table 4.2 tummariat h •ti 'fr'om tt'9 ~ 9nc1· ffaw• 

4.a enct·4.9 lfve Bfdoff•prodlbd~··fl r•.ct-. · · 
The expwbanh aH uted itf.Wed ~.; 5, ··-~ flpe· 4. 7'1 cl.lrve1 

eu11est is a reat-f ~ 1>tcrck~*9 of'fOkftf it Wier' V. bloek•lize of ~20. 



Array E><perintent 

10><10 
20><20 
20><20 
20><20 

+ 40><40 
40><40 
40><40 

* 80><80 
80><80 

I 88><88 

10-conneet 
10-eonneet 
10-nocQtlnect 
20-connec;: t · 
10-conne~t-
10-n~omect 
20-connect 
10-connect 
10-noconnect 
28-corMct 

Best EHockoff"ftetult · Ti•• (seconds) 

1 6><6 grid 
4 4x4 grids • 8>e$ 
4 4><~ 'gr ids .· 
t S><a ,~ i.Q . , 
16 w grjda .•. 12>cl2. " 
16 l+tcltf gr hie . · ., ·: 
4 S><S grids • 18><18 
64 2><2 grids • 16><16 
64.3><3 grids 

2.3 
47.0 
9.2 

63.1 
58.7 
32.2 

832. 
963. 
188. 
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+When a~ed to. put 1:6.4~4 1rid1 inJbli~rBlockoff was still thinkinc 
after 45 rmnutes. .. Then: .. we.Jntem.rple4.aad · · · . _Dlockoff. 

' ,·~ ' .. ~- ,, . ' 

* When ~ad to put &4,3K3 Ficil in ti;•' flewtd ~.L Sl~off was still thinkins 
after 27 rmnutes. Theni we interrupted.a ~ 1:110CKoff. 

·~ ·::: ,.' .,, •,; 4. ,, 

! When asked to pu. t 16 3x. 3 or 4x~ Btd't ~ ..... array, Blockoff was ttlll 
think~n1 after 22 tninUt .. :· 8"" 9.5 (ni"'-J~: r' " ' · .. 'it(y. Then we interrupted and 
terrmnated Bteckoff. .. . · 

-----------·-------·- ------------------------
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Fig. 4.8 Blockotrs Repair Of 20x20 Array Wi,th 5X Flewed Celle 
(2nd of 2 pages) 

C) 20-connect embeds one 8x8 1rid 
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Fig. 4.9 Blockotrs Repair Of A 40x40 Array With 5% Flawed Cella 
(l st of 4 pages) 

A) 10-connect embeds sixteen 3x3 interconnected grids 

• • • • • • • I, • • • . ·0 • • • • • • • x • • • • • • 
• • • • • • • • • • • • • • • • • • • • • • • • • • • • 
• • • • • • • x • • • • • • • • • • • x • • •X• • 
• • • • • • • •X• • • X•X • • • • • • • • ••••• 
• • • ... -~i • • • • • • • • • • • l'_ ---- • • •X• 

• • • • • -- -- • • 
• • • • ·xJ~' •X • • yi k'• • • • X• • ~ ~~ 

• • • • • • ••• • • • • • • • X• • • ~ • • • • • -- --- . x • •X• • • • • • • • • ~ 

~~ 
..... ..... ..... ............ :Q . . ----• • • • • • • • • • • • • • • • • • • • • • • • • • •X• 

• • • • • • • • • • • • •X • • • • • X• • • • • • • • • • • • • • • • •X• • • • • • • . * .... ~·X· • • • x l. ..... • • • • • 8 II a 8 • • • • • • • • • • • • 
~X·Xf • • • • • • • • • • • • • • • • •X• ............... . - • • • • • • ••• y• •• ~~ .. ·Jx • • • • • • • • • • • • • X•X• •X• 

• V• • • • • • • •X• ~· ~~~~ -~ --- • ~· ~ 

• • • • •X• • •. 4 • • • •X• • ~ • •X• • • • • • • • • • • • • • • • •X • • • • • • • • • • • . t . -- • • • • 
•X • • • • • • • • • •X• • • • • • • • • • • •X• • • . . x • • • • •X • • • • • • • • • • • • • • • • 
• • • X• • • • • • • • • •X • • • • • • • • • • • • •X 
• • ....... x .. x . • • • • • • • • • • • • • • • • • • • • 
• ·X•2 • • • • • • • • • • ~ • • x . . • . . x. ..... ..... ..... • . ~ ....... ..... - ...... ..... ..... --

•X•_rf-J. • • X• • • • • • • • •X • • ••• • 
• •X • • • • • - ..... . · w:. • • • • • • • • ... ~ ~ • • • • • •XX_i-X• •X ~ • • • • • • • • • • X· • • ·X~ • • • • • : . ~;.~_:_: . • x • x ... ••• • • • • • . . ~ • • • • • • • • • • • • • •X • • • • • • • • .....-. • • • • • • ••• • • • • . . x. • • • • • • • • •X • • ~~ ~ 

• . ~ • • • • • • • • • • • • ~ •X•X• • • •X• 
• • • • • • • l • • • • •••• - -- ..... • • • • -7. • • • •X• • • • - • • • •X • • • • • • • 

• • • • •• X• • • • • •X• •X• • • • • X• • • • • • t 



PAGE 206 

Fig. 4.9 Blockoff's Repair Of 40x40 Array With Si Flawed Cells 
(2nd of 4 pages) 
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Fig. 4.9 Blockoff's Repair Of 40x40 Array With si Flawed Celle 
(3rd of 4 pages) 

C) 20-cc.nnect embeds four 5x5 interconnected grids 
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Fig. 4.9 Blockoff's Repair of 40x40 Array With Si Flawed Cells 
(4th of 4 pages) 

0) Only one link between adjacent 4x4 grids 
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Indeed, 20-connect always took substantially longer to repair an array than did 

10-connect. Furthermore, 20-connect never embedded a larger machine than 10-

connect, and sometimes embedded a smaller machine. 10-noconnect always 

embedded at least ~s many essential nodes as the others, because 10-noconnect 

works on a grid with links missing. We commanded Blockoff to place the same 

square grid in each of an array's blocks, because we didn't want to help Blockoff 

by implicitly telling it the location of flaw clusters. This constraint on Blockoff 

limited its performance; this explains why we can see ways to snake extra grid 

rows and columns through the flawed arrays. Figure 4.8.A indicates that the 

lower-right block of the 20 x 20 flawed array limited the performance of 10-

connect and 10-noconnect. Similarly, figure 4.9.B shows that certain very flawed 

blocks limited Blockoff's performance. This argues for use of the success heuristic 

suggested earlier. Figure 4.9 indicates that Blockoff's performance diminished as 

more links were introduced between sub-grids. 

Comparing the graphs for Twist Repair experiments with table 4.2 

shows Blockoff's superiority to Twist Repair as a flawed array's size increases. 

For %flawed equal 5, Twist Repair achieved a %oftotal of 6 for a 25 x 25 array. 

This indicates that for 40 x 40 and 80 x 80 arrays, Twist Repair would have 

achieved %oftotal substantially under 6. For %flawed equal 5, Blockoff used 10-

connect to achieve & %oftotal of 9 for a 40 x 40 array, and %oftotal greater than 

or equal to 4 for a 80 x 80 array. This and other comparisons we've made of 

Blockoff and Twist Repair indicate Blockoff is superior when %flawed remains 

------- ---- --- ·~-----
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constant as an m:ray'1,llinJncr~19.te. 
,, ' ·~ -

We wish w~. co&Jld o~fer ,rno~• e~p~rim~~l~~·•ult1. fro"' ~epalr. 

Howev~r, Repair'• tarp .QOmPU\a,tiQn"'.tilM .,._.,~.tMA9Jwu.r ~t• 
"- . · · . :• ,.K;, .-. ·; -,• - < ,~~·, ,r;1_.., ., ... _ .J , , . · _, , . , .,•, ... .. r 

unfeasible. 

¥!• now rt·c~der tt.}!n~ov-9.~R~i~'fl?~ .. , W• •~:P.t It 

is oriented to~q, ernbeddiJw • m.chi• ebtlt~tb' 1~ . .a•. l'l~ted 

rectan1ular ~b-1ri4t. Repair 11'8Y "" ~ ~~~..,r.}o dedck.~~~wt of 

a flawed arr.-y •ho'lld. ace•~ eac:h •ub-.-rict., :. ~~W' ~ ·~ en ••••nt, 
Repair calla Blockoff. (:Jlockoff Jn1Y .~.:•. ~'* .~· ,_.., to ~-hctw to 

'. ~ .·"' - , , . " • ,·, . , . ·i, , , , .. ...: ~- r , . '.,, .,. " ~ ~ 

__ embed et.ach sub'."'.&rid. If the su~-c,14.: it •~(~IR,""lt~7 .... ll. Twist Repair 11 

·•appropriate. .. OtherwlM ~'-' may br~ ~ ~--Jtltf ~'1- . ..t .. p:,..nt 

R~~r with each ~-cri~ Th.-t ja, ~r.,. b1f ~~· lft,q ~·•n•ray 

is eventually.br_okcm iQto.blacka ,..,...ed by Twit~.~ •. ~.i~.,d by 
- -. ., , ' " ' J, ' -

Blockoff. 

We've .purposttlY i1nqr•d:·~~J•-~~••i84~14l!i,~··~d~_.d, J!l•~l)Jne'1 · 

interQonoettiODJ to olber machine.._ eitbw in Of'. out of lb.,,,,._..,:, tc.q.offJ rtl,l•tina 
~: ''!.<: · ' · ~, _ .-·. ·, •.. , '"-"·\s~ . .,;~: ~« 

adapted to accepting inputs desc:ribin.c )Yhtc;ll of the cefl• •t•J""Gbine'• ~ry 
• > • ··: ' • ' ', •" :-• >' ', • n • > • •• <' - " [ ' - ', ~ ' -... <~ 

carry the machine's inputs_.~ .. ~nc.~•~,i~ ~jk9,, ~lnJ .. the ipl.,-face 

between li~ls~ sµb-sr:'dt. In each cas., •Par~• ~t,UOffJnatanae, one.with • 

lead to ~he extra-•r•y wcrld) ~:~tt~~;~~li~celL 

One can envltion furttw laYeJ.• Q'~ fW>*,.: ~Pl), ~ pal l• 
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increased embedding efficiency. ,Choice 'Of ·$GpH11ffcatt0n level depends· on the 

character of e>Cpected repafr probf•ms.~·, F"or·rn$1briee, ~.,Y lar1e arrays mi1ht 

.. benefit by intere~eetlon strips: wider:t11art:~s~ ti .. ;~t~••n lari~ bloi:ks. If 

substantial sections of en essential machine were likely to hive e...htltll c9lli with 

.. few et8entla1 net1hbor1··. (a1·· U\e.Cenarat·'Si'toceiso?itelt'er-repairer did), 

&fftciencies wO...d tt.ult from special hihdlme :•fif theie 'si:tlclris'. tnde.J.' P.,.fect 

tnaehin61f·shou1ct prObabfy· bcr ctetaMdjik admocu1V faiiO;\ \vfih relativity few 

cornmun1catton f)att\i' tt•twe•i\ ·1nodutet. · ni·'·new to ntnif inter~modul• 

communication patti i• ••ad)' taco~ trft~ -~ of t°"~.ntfon.1 'Yi• 
We briefly skftctrJI promi1'nl·repatr tecftW~'i«'atd, hi~ielcon 

·- , _, .4 ,. .. __ ,,,, •• ~, "'.6""~i· : :,, ' 

machines. · Al1 asattnt.-t"network Is c•tqdrtied ln'·!fte"'foriowinl way. Each 

essential node with"three or fi>Ur :-.1ntta1· 11*i~ •• ·asf'ociated wlth some 

rectangular Atf lntll':on btocl in a compiet Btacto1f.:~Qftfp.tltifi. way tharl been. 

discussed. Those wires and essential cells with one or two essentiaf neijhbora 

that are not in a ·NP.refcon··bl~ ar-' aetociatecs·waih-lir·r1icon Moc1s (aee fipe 

4.10). ·, A strailft Mrltoritaf or v6rticlf flnt ·tJ'W-. ~;,~ ne~; ~' 
thtoulh at I •• .t one htlh-refeon or low•releon 15f0ck. ;} That block which the 

Sueceas Heurlatic F' ettimatea ae feat' effitt•nllf re,t~lred, 1lven the ffewed 
. ' . ~ 

array's averac- ffaw deWlity, defirminef'1f6W ·many, ltaWed ~ray· un.1 ahoUtd be 

allacated tor an •entia1 netWotk line. f'or ins~;, th&t ~ed 8rnt>eddinc 

efficiency tor th•''farp hilh-r•tton"blodt··dlctlt••;tt\I' riuritber offl1w1icf array 

®llnftns devQlW'fd:)pertect arrly'c1"umtta·o ~ 1··~ relatively hi1h 
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Fi1. 4.11 Blockin1 Off A Hiah-relcon Essential Network 
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embedding efficiency of transmission links dictates a lower multiple of flawed erray 

columns devoted to column 6. Thus ft~ •·the succeSI heuristic to estimate 
··-·: ; .... ;; ' 

whether a repair will succeed, and: to .... ,. rou&h estimate of how to allocate 

flawed array space. Repair may then adjijit1iilnitiel •timet• by considerina the 

actual number of flaw• in each allocated bfOCk.~ Repair then U888 Blockoff to repair 

the hiah-relcon blocks. Given a tucce" here, Repllr cellt e procedure devoted to 

· llH the tow--retCott• '~et Ce1t9 .end w,Hs ·N ~9;1~ •li~'t~ block. The 
.· ·,· ·~',1,:: _-,··:::,;' ': .... ' '.'' ~·: :.·\· .: .. ··:;t.: ' ''.-\ .. · 1 • . ··~ 

mai~ pcXn\ ,'Of thtt .. ~oath· IS ·to ~~· ;-~~,~~Yajr,Cill11: ;~th flawed 

arra ··· r~ona: .~ .. ( . ·. l .. of 'i1-..'·~v.__ ..... "I~ .G."'''F~~ny·-~ ··~ :;.·· ,,,:: ·.:,_~ --'net 
.. . '1 .._. .. . , . . ·.·· ~ .. , -~• ... ··· ... Jiii,~"¥ W1l. ...... v• ·•-

, .• • ' • • ' . • . J • : :. id ;(; '• ,:, ' ": ... . ' .. . 
vain. e>Ch$11Uv~MM1Ul1ttcan~-.-t1ve.1'&Ar.,a._ llOckeff'.,M repair an 

array blocked off in 1n unrepairable: way. 

If Repair uses details of a machine's enential network to increa" 

embedding effidency, Repair needs a detcrlptlon of that network. In the le•t 

sophisticated case, a designer .could apecify that network to Repair; we've done 

this in our experiments with .Btockoff. However, it .la fairly euy to write a 

procedure which ab$tracts a machine's essential network from its description • an 

embedded machine. The procedure •works beck• from the embedded machine'• 

outputs to find the essential cells and wires of the machine. The re1ultin1 

essential network could be blocked off by analysis of the location of hi&h-relcon 

regions. Straietlt lines throuah the network that yielded a low density of link• 

would indicate reasonable boundaries between hip-relcon resions. 

We've c:hcueted an effective Repelr procec:Ue, and actually written 



PAGE 214 

and analyzed fundamental components of this procedure. Neverthelees, repair of 

high-relcon machines remains a largely unexplored area. Some programs we've 

sketched remain to be implemented. Perhaps better melhods of repair can be 

found. More experiments would enable a better understanding of the heuristic 

success-function's nature. Interesting theoretical questions remain. Consider the 

curve of the expected width of a square embedded grid versus the width of a 

square flawed array, for some low, non-zero flaw density. Is there a repair 

procedure such that this curve is monotonically increasing? Is there a repair 

procedure such that the curve is above some positive-sloped straight line for very 

large arrays? Can you produce such a procedure, or prove there isn't one? This 
,,,,,. 

is an important question; because its answer tells us the expected size limits on 

grid machines embedded in arrays of a given flaw density. This helps us determine 

the expected size limits of high-relcon machines that aren't grids. 
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Section 4.5: Constrijet 

Constrijet accepts three Information inpute which dictate how Construct 

loads cells in a ft&Wed array. Theee inputs are: 

1) a description of an enentiat machine atatina essential states and 

associated wiring; 

2) a d.!scriptlon of a repaired array, In which each cell's proceesin1 

I ayer function is in one of the four cate1orie1 we've mentioned -

flawed, e11ential cell, particular non-brfthinl trlnlrniaion 1tate, or 

unused good cell in arbitrary state; and 

3) a description of the repaired array 1tatin1 the aide-sets 

succnsfuily activated and~vatirfby,Telt'I; loader.-

We've noted that Construct's precise nature depends on Repair's 

1enerality. In any case, Construct is very eimple. First Construct "mentally" map1 

a machine's essential cells into a repaired array's essential nodes. Then Construct 

extends a loadina arm into the flawed array, po88ibly touchina all 1ood cells and at 

least toijehing and properly settin1 all the cells acting as essential cells or wires 

between essential cells. The loading arm's base may be any cell with access to 

the cells that must .be set. For instance, any of the cells of an embedded machine 

would be an acceptable base. Setting the proper ceHs is even easier than growin1 

a long arm into an array. Constrijet knows the location of flawed cell., and may 

extend, retract, or niove its arrn throuch si~seta Te1t auc:cetafully activated in 
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any way consistent with touching all the proper cells. Figure 4.11 shows the 

result of a simulation demonstratine Construct'• ability to perform its task. The 

simulating procedure moved its arm in a flawed array. All cells were initially in 

either the X (flawed) or G (good) state. For simplicity, it was assumed that all 

accessible side-sets of 1ood cells could be succeHfully activated and de­

activated. The arrr. moved around in the array until all touchable cells were 

touched. (This i1 doing more than is necessary.) The tipe shows the state of the 

loading arm when Construct suc.ceeded. Of course, Construct could completely plan 

its loading strate1Y via such a aimulation before actually extendina its arm Into an 

array. 
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Section 4.6: Other Considerations In Realizing High-relcon Machines 

We've considered the basic issues of testing, construction, and repair 

for high-relcon machines in previous sectons. Now we turn to less fundamental, 

but important, aspects of high-relcon machines. We considered production and 

marketing issues for arm machines in section 3.4. We suggested ways to satisfy 

constraints imposed by the need for adequate array-access ports (chapter 3 called 

them "arm bases"), the need for proper handling of shared power lines, and 

volatility. These constraints have obvious analogs in high-relcon machines. 

Because satisfaction of these constraints is also obviously ~nalogous, we need not 

consider these constraints further. Instead we concentrate on considerations 

peculiar to high-relcon machines. 

All the testing procedures we've discussed assume independence of cell 

behavior. Gradual growth of an arm machine involves concurrent tests of an 

individual cell and its associated machine. As soon as the •ast cell of an arm has 

been tested, the arm is complete and tested. On the other hand, high-relcon cells 

are independently tested before they're included in an embedded machine. Testing 

an embedded machine, or its modules, checks our independence assumptions. An 

embedded machine may be tested like any digital machine, via its inputs and 

outputs. Furthermore, test-link capability provides testability to high-relcon array 

machines that's not available in ordinary digital machines. Test links may connect 

an embedded machine's module with a test machine, to allow independent testing 

of that module. A test link, terminated by a transmission-branch cell, may be used 
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as a probe which, at a given time, monitors the signals on a wire in an embedded 

machine. After test links are used for module testing or probing, they can be 

withdrawn. Of course, this assumes that the test arms do not effect the operation 

of the eventually embedded machine; this is a safer assumption than a elmple cell­

independence assumption. 

The use of cells as wires in high-relcon machines necessitates special 

considerations. In most hard-wired machines, it's safe to disregard the delay 

through wires; but this assumption is usually not valid in high-essential machines 

because the delay through a wire cell is close to the delay through some other 

cell. A pair of essential neighbors may be linked by different-length wires in 

different flawed arrays. Wire delays consequently decrease an embedded 

machine's maximum operation speed. Furthermore, they compound the •critical 

race" problem, thereby making array machine designs more constrained than non­

array designs. A synchronous high-relcon machine must be clocked slowly enough 

to allow for the delay through embedded wires. Other conventional techniques for 

solving timing problems, such as ready-acknowledge signalling, may be employed 

where needed for communication between modules in embedded machines. 

Array machines compensate for inherent limitations by providing added 

capabilities, includirg automation-compatibility. We've seen that a simple array 

facilitates testing and repair by its iterative nature, and by the fact that test and 

repair facilities are built into a cell. An array's simple structure also facilitates 

computer-aided design. A designer could specify a machine as a perfect 
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embedded machine with timin& constr~~,on)t,, ~' ~,:Ii., prol(ML~d 

check that an envisioned embeddi1lJ- c~Ua.f~~d i~8,'!; c;OASlr,aints. A more 

sophistjcated procr~ could "compile" ,a maci,i,,._•1>h.'~J,evel-l&QJUllle ~fication 

into an acceptable array-embC!dded machtne; this jt diffi_~ult. but easier than 
' - ' r<.-.:,.1: 
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Section 4.7: Hiif\-retcon Machine Appficationt 

W•'~ diteusMd our approllCh to the rMt clfftcdt t..tlftr Md repair 

proce89es for a check.rboerd array ;;:; treaflMnt';of lftk-nitdn nlachln.t. Abttract 

description of an el1ential machine as ·an ••••ntW' ·n.twottffocU9ft on the 

properties of 1 machfne that ar• ·ltnp0rtant to Wt~:.,...~~.1_,;;W.•ve·lhown that 

high-relcon machine• have higher te1tin1 and repair co1t1 than arm machinea. 

We've also shown, that, even for hich-relcon mechinea, OW' cellular approach offer• 

major integraUon, test, and mainteftll'ICe advantaae• relative to other methodl for 

. 1ystem implementation. In this aec:tion we Cons1cMr applications merits · of hiah­

relcon machines, relative to arm mlChinet and non-..,.ay ~net. We cllCUM the 

General cell as one which enabte1 realization of the befteftb of hip-relcon 

machines. 

Chapter 2 discussed the 1eneral advanta1e• of cellular arrays, and 

argued for our array approach. This approach attempt• to meet syatem. delip, 

production, and maintenance . needs throuch etandard, hi1h-volume, fleKibla, 

automation-oriented modules .. ceHs and aseodated pr..,._ We cornpm-ed our 

approach to other, let• constrained approachet. Chapter 3 chcusaec:I balanced arm 

machines usin1 our approach. Earlier sections of thi• chapter· compared l•tina Md 

repair procesaes for arm and high-relcon machlnet. Thie eeetlon hiahlitht• 

·pert ormance features that haven't been sufficienUy covered. 

Because foe communication pathe between cell• in a hish-relcon mechihe 

are I••• con1treined thin thole in an •m mecHne, a hlah-relcon whine providel 
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speed. anq flexibility advant81fts .in ~~taiA ;f#Jj~atie>n•· . :ra.~•.uitabitity of·• 

part,icular type, of. neentiel ~ .. ·~ 04\~i utili\y. ol:• :sLven ..,._.of 

direct, simultaneous inter-cell c~.Jor ~~.,._ . ,A,11•i81"1n; ••~Ill-
. ' ,~, -: ' - " 

out shift-recister .. is well;l'Uiled to _,,.,..jm~nes,. t?~••,4'~h 1t11e of the 
,. ... ' .. · ' '· .. 

register corm:nunicates ~r~tly: with at ~t .tw9:~,.·!,tfa• , Tri!•~ ·are 

well-suited to rnachi.ne, ~hi~. t.,ve 91'1y .. ~ .• Ji~.-~8''4 :•1 ;~ liVMt·· ~ 
~ . . . 

therefore random-accets lf'.\d ·~ Q\h#.~.ar• _,....M#td·~O r•izetion 
' . ' ',. ·0,2..,, ·.,, • .• ·· ' . ' 

as tree machin~s .. In an arm mBCti.,_,. ""'1ii ........ :~'9;,~'f8r' m· Jtd.Mcenl 

cells. In a •rid embedded i.n .. •. flaw~·.,.,.,y,,~it,&(ftf}~e .,.,.·t ~...,.ify 
·, '. .... .· 

in adjacent cells; this dimin.llh•• .th~:~P'~ ~.~~t'8~ p:~ t •. -....o 1¥id 
r 

machine. Hi1h-relcon machine. r~aliz .• tton is.: p.,-tU;ut.rJlt. 8\lfied· to ,._...., 

composed.· of .module• which c~•t• c;tfflJ:"t ~ •· thr~ ,,. ... 

other modules at the same time. S~h mac~•, l'l'iallt r:~•>: ~ .cell• to 
.. '. • • ;·" ,. ' •.·. -1 •• •• , 

even awkwardly •hare the. com~cAtion .p~i~~·~.tr~" "m;.~ 

For 'instance, buildin1 a proceesor 11 .•rt, ar.11Lor .t~if"ad.\ht•· would pr_.ly 
, .: ' . ' ;, : .,. ' ,_. ' '. ,., •-" 

require complex cell~, aryd suffer from Jow ,par1lleli~ .. F,or~fMI·•" a maohiM'• . ' . ' . .. . ~ . 

extra-array leads to connect tp one cell.,,._, J~-U~ oi ce,rWn11f'acbiM• veor 
" . " . . .. ~~ 

difficult. Thus hich-relcon arrays provide: .~tionlJUn.~pr~.paU., ~.require 
'~ ' . -

higher testina and repfir costs wben th~ ai;e .J.IYd for, ~relcon· machines. · A 
< ._' " ,. • • • ', - ' - ., • • • • 

high-relcon array is .most su{lod ~ ~,,._ !¥4hi~·~ \he.1•ray'a: avail.,.. 

information paths, such as the processor-tester-repairer built of General cells •. 
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peripheral equipment in a computer system. ··'Ate cornput•r·~yttem offers the 

array a non--votatile Array Pregrammet. Tfte ltray o,,.. '1 reHW:Jftl, ine>Ci)ensive, 

pro1ramm1bte, hflh-sp9'8d,r«essm1 capabtHfy. 

For many machine tasks, fhe Genar•f array· la: I co~rect. compromiae 

between a single-sequence computer and a spktaf fUir(j:.'.~r~ IMChine. A typical 

co'mput-ery-s perfortnonce advantaps;' iklude 'l:~tation81 · s>Ower, fleXibllity, and 

· •••Y · programrriebiti •y. ; Its major di•advat1ta1i-l1 elow 'pihorma~e relative "to 
• ~ r > 

' - • . . . , ,_ . : •. • '. . -. ";i - .···1' -. - . ,;:. - ' ~-.' f ' ' 

hard""wil"ed machines. The sinfle·•equenctf computer processes only one 

instruction at a tim·e, wf.th aach 1natructlb1flaiint meny aate-delays. The 

amertoraling paralletism tn •e>me instructions ;~·-~lten w~s\ed. · For in1tance, an 

atgorithm that' onty operates orr;l~bit w .. ds·:·•tuftis~s an AND tnat' ope~ates on •. 

larger words; "fhe eo.tventional computer ti p.,_f.cutar1y in-sUit8c:J to 'irreautar or 

high-frequency reaf:..ttme aPJ!»ffeationt; b~fht inc~ng'·~.,pa1·~ lhrOUJh interrupts 
I 

is particularly time•eonsuming' and 7bicky .. C~t~f lie so'"ctumsy at real-time 

applications thal' 1 fhey'ctff.,.,rety :on i hard-~irid·)·lchi~":to buffer incomin1 

signaf s; ··· tbi• machine continUotlsfy mom tors,· <:OIJf!Cts. and. P,.e-P,0ceues· incoming 

data. M.~ny- ap~rlions· are'mare •Offed to a ~·~:~ial~~..)ipoae1..inacftine, which 

offers hicher spe~. Disadvantag8' of"i~·a·tftachlne· incl~' hill' setup times and 

hich setup costs, espedelfy if th"9e ~costs· -m.~ ·11bt' dftttibutai"'ovir a ·tar1e number 

of maehiAes .. T asttnr and repair df ·theft ·~•;t'ih"be" '*ttcu11r1y· difficult and 
;;, 

A peripheral erray, such as the'Geiterat ilini)I, is a cbrnswomiae between 
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the performances of these two most common machine approaches. The array may 

be quickly and easily programmed to one of a large set of embedded machines. 

For instance, a processing-intensive problem could be solved in an array which 

interrupted the computer's processor when it had solved the problem. Alternately, 

a General array could be used as a processor compunent tailored to the 

requirements of a particular processing task. The array provides a high degree of 

potential parallelism. Basic cell operations, those that occur in the cell's function 

states, are faster than basic computer operations, but slower than the basic 

operations of a special-purpose hard-wired machine. Like a hard-wired machine, a 

General machine can continuously monitor and procAss incoming signals. 

Furthermore, our arrays have the added advantages ot low cost and easy, 

automatic maintenance. 

Of course, an array's suitability depends on its intended application area. 

The General array is oriented toward narrow data words; there is only one 

processing input in each of a cell's side-sets. Parallel algorithms, especially those 

amenable to two-dimensional array solution, are particularl/ appropriate for the 

General array. Many physical problems, such as temperature distribution on a 

plate, are consistent with such an array solution. Such an array might benefit from 

larger processing side-sets to accomodate numbers representing one of a wide 

range of temperatures. However, such a macro cell with large side-sets could be 

built of General cells. The General array is good at logic simulation. Real-time 

applications which would otherwise require an expensive, low-volume special 

- --- - -·----- ---- - ----
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machine are often suited to a high-relcon array. 

An array's utility depends on its size. This partially explains our 

interest in array repair. One way to increase an array's size is to interconnect 

arrays. If one's objective is a large array with a checkerboard array's 

interconnection network, one must currently make many interconnections between 

neighboring arrays. This is fairly costly, even if one uses a special interconnect­

array circuit board, because of the many IC leads involved. Our approach reduces 

the need for many leads between sub-arrays by relying on testing and loading 

arms, and by Repf1ir's block orientation. This block orientation recognizes that 

most machines are composed of modules, and have few communication paths 

between the modules. 

A high-relcon array may also replace special-purpose machines in a 

computer system. Here the array is most appropriate when computer­

maintainability is important. 

· The ability of an array-embedded machine to test, program, and repair 

its cellular environment is particularly attractive. Such a machine can form its 

cellular environment into machines appropriate to a given application at a given 

time. Two or more machines like the one we've designed can achieve high 

relibability by monitoring and repairing each other. Each machine is embedded in a 

sea of spare parts, cells, with enough cells to support many cell failures. When 

one machine notices that the other has failed, it re-tests the other's environment 

before embedding a new, perfect machine. With three array-embedded machines, 

- ------------------
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a first good machine may continue normal operation while the second good one 

repairs the faulty machine. 

It's amusing to consider the unlikely event of a form of •array cancer•, in 

which a faulty machine attempted to wipe out a properly working machine. Each 

embedded machine could guard against inappropriate attack with test arms for 

noticing attack, and a loader arm for fighting the attack. A machine could be 

programmed so that both its defense and attack programs required proper use of 

all the machine's processor sections. With the right attack and defense programs, 

a perfect machine should then be able to dominate a malicious, faulty machine. 

If the General array is non-volatile or easily backed up by a power 

supply or loading source, it may be mass-produced and program-customized to 

provide inexpensive, low-volume machines inappropriate to microprocessor 

realization. Sometimes added advantages come from the machine's nature as a 

standard part that can be tested, programmed, and repaired through limited 

communication with a standard machine. Our arrays can even be repaired by a 

remote machine connected to an array via communication links. 
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CHAPTER 5: TREE MACHINES 

This chapter discusses embedded machines with a particularly simple 

nature. All cells of a tree machine are effectively linked to a common input bus 

and common output bus. Each cell is a balanced, essential cell whose function 

state includes a unique name. At any given time, only one cell may transmit Its 

information out of the embedded machine. Examples of such a machine are paged 

random-access and track-addressed sequential-access memories, with one cell per . 

page or track. The embedded machine's simplicity means that a cell's processin1 

layer can be designed so that all tree-like relcon networks with a given number of 

nodes may correspond to equivalent embedded machines. This allows efficient use 

of good cells in a flawed array, because an embedded machine can incorporate any 

good cell linked to its input-output (tree base) cell by some path of good cells. 

Because one form of tree is an arm, a flawed array embeddtng a tree machine can 

be repaired at least as efficiently as a corresponding array embedding an arm 

machine. Furthermore most large, flawed arrays may be repaired to embed 

random-access memories or other tree machines with average access time 

proportional to the square-root of the number of cells in the array. 

For specificity, we consider a paged random-access memory 

implementation with the following characteristics. The RAM has 2P pages, or cells, 

with 2w words of length Lin a RAM on each page. Command and output words are 

handled serially. The RAM has two input lines called Klock and Command, and one 

output line called Return. When the RAM is ready to receive a command 

------- ----------------------
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specifying a "Read" or "Write" operation, the Command stream Klocked into the 

RAM specifies the following: 

1) a p-bit page address which selects the one cell of the embedded 

machine with the identical name stored as p funttion-specification state 

bits; 

2) a w-bit address selecting a particular word within the page; 

3) a Read/write bit specifying either a "Read" or "Write" operation; 

and 

4) if the command is a "Write", the L-bit word to be written. 

If the command is "Read", the L Klock pulses after the commt1nd Klock the selected 

word out of the embedded machine. 

Since the paged-RAM cell's loader is the same loader detailed 

previously, we focus on a balanced processing mechanism and ·associated function­

specification state bits for cells in a checkerboard array. Each of a cell's side-sets 

has one lnsel input line specifiying whether that side-set is relected to send Klock 

and Command information directly into the cell. A cell in a working embedded 

machine has only one of its lnsel inputs high. The lnsel-selected Klock and 

Command information is broadcast to the cell's neighbors via the cell's Klock and 

Command Outputs. A cell's broadcast Return output is that cell's RAM Output line 

if the cell has been addressed; otherwise the Return output is the OR of from 

zero to three Return inputs selected by four Retsel function-specification state 

bits. Each Retsel state bit corresponds to one of a cell's side-sets. Besides 
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Fig. 5.1 Relcon Networks For RAMs In Identical Flawed Arrays 

A) Relcon network for one embedded RAM 

B) An· embedded RAM with better acce88 time than A 

Commands input to a tree's base flow to the tips of the tree. Every link 
that carries an input command in one direction carries a Return in the 
opposite ~irection. An addressed cell's Output information successfully 
reaches the embedded machine's output because the Output is ORed 
with Os as it flows to the embedded machine's output. Maximum access 
time is minimized by minimizin1 the loncest path between a tree-tip and 
the tree's base. Machine B's access time is better than A's because A 
has a circuitous path to node (3 0). The b.-t expected access time 
results from placement of a tree's bate at the ~er of Its astociated 
array. 
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determining whether a cell's left Return input is selected to be ORed, the "left" 

Retsel state bit is also the cell's left lnsel output. A corresponding statement is 

true for a cell's "right", "up", and "down" Retsel state bits. Thus an embedded 

machine is organized so that cell A accepts a Return input fr:>m cell B if and only if 

cell B accepts Klock and Command inputs from cell A. Input command information 

enters a cell from one of its neighbors, and is accepted by up to three of its other 

neighbors. Hence a given RAM with c cells can be realized by any tree-like relcon 

network of c good cells consistent with the limits imposed by an array's 

interconnection network. Figure 5.1 shows relcon networks for two equivalent 

machines in identical flawed arrays. The machines differ only In their acce88 time. 

In a checkerboard array, access time is minimized by placing a tree's 

base cell at the center of a square region of cells; one diagonal of the square is a 

row, the other is a column, and the diagonals cross at the tree base cell. When 

such a strategy is used, the expected time required to senc.: information to or from 

the tip of a tree embedded in a flawed array is proportional to the square-root of 

the number of tree cells. Expected access time is therefore proportional to the 

square-root of the number of cells in large tree machines. In an n-dimensional 

array, this expected access time is proportional to the "n"t~ root of the number of 

tree cells when the tree's base is at the center of a cube O" hyper-cube. 

Since the cell we've discussed handles information serially, it needs a 

counter and associated circuitry to coordinate activity. This counter is initialized 

by the loader. 
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Techniques used for improving performance of conventional RAMs, such 

as use of parity bits, are applicable to this approach. The RAM in each cell Is 

identical to conventional RAMs. The fact that a loadin1 •m can rapidly shuffle the 

names of cells in a machine without disturbing their RAM contents may be useful 

for some systems' memory management If a simple pagin& system is willing to 

effectively construct a Paa• table by shuffling the namN of memory cells, • apeciel 

page table and lte anoclated delays are not required. 

Test and repair of flawed arraya embedding tree machines is similar to 

test and repair for arm machines. A tree machine Is grown cell-by-cell Into the 

area around its base, and each extension is monitored by communication between 

the tree's base and the Array Proirammer. A cell in an embedded machine is 

always linked to the base cell by the shortest posaibte relcon path, and given a 

unique name. A working cell in an embedded machine i&nores inputs from flawed 

cells and dangling array inputs. 

Packaged memorias are easily formed into larpr memories by provldin1 

a few links between packages to allow growth of the tree through all the 

packages. The number of ceHs in the tree is only constrained by the required 

access time and the number p of page-address bits·in eech.ceff. 

Overhead circuitry could be reduced by usm1 triangular arreya instead 

of checkerboard arraya, if this was compatible with the production process. 

It's obvious that this approach is applicable to any machine which may 

be realized as a tree machine. Inputs and outputs to such a machine could be 
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parallel rather than serial. One could Implement a ~ny""tracked sequential-access 

memory, with one cell for each track. Associative memories and even some multi­

processor systems (similar to the ETHER system) are compatible with thl• 

approach. 

These tree machines further evidence the fact that relaxin1 the 

requirements on the communication paths between enential cells in an embedded 

machine facilitates repair efficiency. 
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CHAPTER 6: CONCLUSION 

This thesis has presented an LSI-oriented systems approach to test, 

configuration, and repair of cellular arrays. We've specified standard modules that 

are built into the cells of a machine to facilitate testing, loading, and repair. Thus 

the mechanisms for testing and customizing a flawed array are built into a simple, 

iterated part. A computer may access these mechanisms via a few direct 

connections to an array. Programs allow the computer to maintain or re-customize 

the array. We've been careful to note our assumptions, and to discuss design 

approaches that help insure the validity of these assumptions in actual arrays. 

Development of terminology and models for programmable logic machines 

has helped us analy2.e important machine classes; these are arm, high-relcon, grid, 

and tree machines. A particular class of machine is characterized by the 

requirements placed on the communication paths between essential cells of any 

embedded machine in the class. A particular embedded machine is associated with 

a set of equivalent embedded machines. The nature of this set affects the 

testability and repairability of an array. Properties of a cell, such as balance, 

affect an embedded machine's structure and associated equivalence class; and 

therefore affect the repairability of an array. 

There are reasonable practical and theoretical extensions of this work. 

We believe that tying further theoretical inquiry to actual machine realization goals 

will be most productive. 
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Tree and arrr, machine• ~••• '"'~"':~~ ~~, ~P)~ediete array 

realization. These .machi!'8• are. rea~tively.fi~l~'·"if~tlCf'lty t~:t, ~ePtir, and 

re-customize. Furthermore, their re,lativelr I~. ~h~Jf'CU!try ov~ . ~ hiah 

repair-efficierq' · 11ve them ~jor inletrftion-:lev,,., tdvla~ 

Arm or tr.ee fnl!Chines '!'8f. first:~ ~~~", 11n:.•: eytt~)-~o.nl•nina 
many IC.s. Such a system . would enabltt ruot.: ,~.eti.OA ""' ~kt\iQn of 

• ", < , • ,' , " • -.~. , • ,':c. ', .:! ;:- !;~'1 : ',' ''. , I; • ' \ '!,'~ • " ,. ' ' : ic 

the feaaibility of our •PRroac~ Th~. major -~~~,,,of •. n,t~y-,tC sy~tem, 
compared to a system intqrated on one 1Hce, .. , its Jow dev .. opment co.at and 

., • , '~ ' ' · .. ·,."·-;) : " .:) '/k~?~'f\_ . .;' '"~'.'.'<_:('<:·;·~.... , ':_ . ·I ' •'.,,~"'· 

hiJh comp°'*1t 8"ettibility. Such a 1ytte11 ~bt -..:to·Mc:~on.when •ome 
;,.J· ,,·· . ',.::. :.':'. . . ~ - ;. . -~\ :,,-.~·""> ,. ·1<:·' ~'-tli~». -· . :~ .J· .~, __ ·. 

of I.ta ICa are !emoved CM' cte.tr~y~ !'!d '°"" of 't' ~.!'~.cut. The man,Y·IC 
. -~~· . ~- " - ;., ": - :~; ·',~ :·.\' ' .. '~. ··.·"""; "":;.. '"- ' " .- . 

system would enable us to refine CU' ...,_ Md ow ~ .~ ~r prOlferM. 
_'- ,.1, .:_.;··.c' ,.,, - "'. 

The major liml.t~tion of a many'."'IC reaearc~ veh!ct• l'J•t It dpetn't precisely 
'.' ~ ' --i- . • ~~ • ... - '. ".: • .t ', --::.• ';' ' . t ' .. : ~ 

model our ulti~te 1ot11.1 cell~ar syet_,. i~8'8\9'""'~'~,~~"~ 
• ,, f ~ ' •• ' ' -- , ~. ·-. . ' 

Besides its obVi0\19. val.ue as I ,,'1'~ COf~~r~ I ;f\i.,-eli~· ~,. or 

arm machine wo\lfd help answer import~. ~ti~ rtl•~.-t. to othtr ll'r.e'I. How , . ·-_ '. ··~~-~ : "~'·· ,,.,,~~~;,.·' ··,-.· o.: ,.,-..~-~~~··, .:r ·. ·; ,, ·, 

•i1nificant. i~ the branch cell problem? How d°' "~er ~"~l• hftt di~"tip~tion, 

array size, and other practical consideration• affect ~r.r•Y, i~l"""~eUon? 
.• •'-l'.1.r•"·,.,. - ·-···· ,, - ' 

Answers to. th•t.• .. q';18ationa will d~p~~ partly ~;~~"',.•n1io,erin1 skill and 

production care of array dev~opert. Since a.rm and kee" ~M~. •• simpler to 
. . . . -. . .~ _, '~ ". . ', ' ~ ,. ,;.. "~ - . 

implement t,., ~)' other prosrarnmat»ltt. ~,;c,~..., ~it~ t~. l~t ,\MM 
' ', - . .· . . ,, ·'' ;,- :, . -. '.. ..- . ' 

arrays is a ajne qua a,on for pr~tic1Uty «>t ~ .~u.r.P-QP9,. "''YI. 
- ' . ' " ' ..... ·- ... ,. . .. 

-------- -·-- ----------------
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Arrays like General are the most exciting, because of their use of 

simple cells acting in parallel to provide universal computation-construction-repair 

capabilities. These arrays offer speed, reliability, and flexibility advantages in a 

low-cost integrated circuit. Current IC densities and yields probably don't allow 
' 

practical realizatioi of these large arrays. However, densities and yields are 

improving so rapidly that these arrays should be feasible before 1980. By then, 

many questions pertinent to these arrays should have been solved for tree and 

arm arrays. Continued work on testing and repair, and development of computer-

aided design facilities for these arrays, will be important to their commercial 

success. Consideration should be given to the machine organizations most suited 

to high-relcon machit1es. 

The first use of our approach to high-relcon machines may be in many-

IC arrays of fairly complex machines, such as microprocessors. This is true 

because these arrays are closer to conventional digital systems. Unfortunately, 

the fact that such arrays have relatively low basic operation speed compared to 

General means they don't use high-relcon arrays to full advantage. Nevertheless 

we've seen the advantages of building simple test and repair mechanisms into an 

iterated component. 

Since our test, configuration, and repair techniques may be adapted to 

existing arrays, it would be useful to categorize these arrays according to their 

realizability as an arm, tree, high-relcon, or other class of embedded machine. 

Other inquiries may take numerous directions. A more rigorous 
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treatment of our te1tin1 aesumptlOM- tnd approach would be useful. Many 

queations r.,,.,, concemift& the repeir el cblc:k~'.-8)'1 tMt embed hilh­

relcon machines. Thete questlont concern the bnt way to repmr the• arrays, 
' ' 

and the limits of this repair. A better ~~,of ,repair will allt;»W :better 

estimates of the reliability and mainteinlbility of hish-relcon machines. The use of 
. . . 1: .. -. . -

a plurality of hilh-relcon machinet in a •elf~r9 ..... ,.,.tern ~ P,t .,&ored. 

The reliabilUy and Mtinlai,..iffty ·~~ .:th:tt •'" -'•ved by our various ,, 

machines should be compared to the levelt achieved by other machines. The 

network model• and terminoloay we've ·v~ 1.,.~..-.-~,mechiclea c,n be 

refined, and new m.achine cl111es can •· ~tfi• ··~ Qur tr~t of 

testin1 and repair for checkerboard arraye c~ be ext~' to wreye with .other 

interco~tion networks. 
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