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Abstract 

With the evcr incrcasing popularity of built-in self-Lest cornes an increasing reliance on 

pscudo-randorn patterns for testing. Sorne faults within a circuit, however, rnay be hard 

to detcct with pseudo-random patterns. One approach to improve the detectability of 

thcsc fau)ts involvcs modifying the circuit by adding test points so that it responds more 

favorably to the given test set. 

A rnethod for performing test point insertion in combinational circuits Îs presented. 

Thc mcthod is bascd on a combination of fault simulation and probabilistic techniques. 

An implerncntation of the test point insertion procedure is described and results are 

prcscnted showing the effect.iveness of this method on the ISCAS benchmark circuits. 
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Résumé 

Avec la popularité sans cesse croissante d'autovérificat.ion pour J('S circuits Înt,(;p;rés décolllt, 

une dépendance sur la qualité des vectcurs pselldo-al(.ilt.oir<'s pOlir fins dl' t.('st.. J::t.ant. 

donné que certains défauts de f",bricalioll sont difficilf'lllcnt. d(~krl.;\hle:- pal' <1(':-, \'l'cl.c'\lJ"S 

pseudo-aléatoires, il existe des méthodes pou r arnél ion'r la COli wrtHr(' d(' ('('S fil ut.es. (II\(· 

de ces approches consiste à modifier le circuit pal' l'ajollt. d(' poillts d(' t.('sl.. 

Une méthode pour insérer des point.s de test. ('st prcs('lItée. EII(, pst. f()lId~(' SIII' t!('IIX 

éléments: les probabilités et la simulation de fautC's, 

L'implémentation de la procedure est décrite, Aussi, des résultat.s qui délllont.n'I\t. 

l'efficacité de cette méthode sut' les circuits étalons dC' l'ISCAS SOIlt. pl'<;~i('IIt.(;S. 
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Chapter 1 

Introduction 

IlIIprovenH'nt.s in t('chnology are continllally leading to increa~es in the level of intcgration 

possible for ei('c!.roni(' circuits. Cl1rr('llt comnwrcial de~igns may includt' tcns of ItlÎllions 

of t.rd.llsÎstors on a singlp chip. TlH' 1I~(, of hardware description languages and synthesis 

tools has h('lp('d to manage t.he complexity in the design process. 

As t.he ('omplexit.y of VLSI circuits incr('ase, the importance of testing procedures 

!)('collles III 0 1'(' apparellt. The m<tl'ketplace not only demands more functionality but in­

('l'('as('d qllalit.y as wrll. To provide titis qllality at th(' syst('lll Icv('l, il, is nccessary 1.0 

<'IISUr<' t.hal. th<' individual (,olllpolH'nb al(' of (HIc'fluate «uality. 

TIlt' i nlt'gl'éI t.('c1 circu i t fabrica t ion pl'Ocess is Ilot pel'fect. Not ail dcvices will function 

ProIH'rly. 'l'II<' ollly way to gllarantef' a ('t'l'tain level of quality is through testing. The 

id<,itl t('sting proCf'dur(' will identify all faulty parts. 

Th(, quality of a t.l'st ran be evaillated in tCl'Ins of the fault coverage that it provides. 

'l'II<' higher tht' fault ('ov('r agI' , the Iwttpr the test. Given the large circuits thai may be 

desiglH'd t.OddY, it is no lOllg('1' feasible to gencrate test vectors manually. Automated test 

patkl'll g<'IIt'l'atioll or l'élndolll pattt'rns must be uscd. 

llnfort.ullat('ly il. l'equin's more than just a desire to test chips after they are produced. 

1 
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ClIAPTER 1. INTRODUCTION .) 

The chips thcmsclves must he t<'stable. 

Traditionally, engineers entering th(' fi('ld of VLSI for t.!H' firs!. t.iIlH', \\'('n' 11101'1' (,()1I­

cerncd with design and fUTld.ion th(,11 \Vil h t.esl,ing. This, of Wl\l'S(', wlI1plicilt,('d t.11t' joh 

of t.esting thesc integrated cirnlit.s, 

Design for t('stability (DFT) tcchniqu('foi [\VPS:Jj hil\(' t.ried t.o addl(':-o,; tlll' iShlll' ,,1' 

making chips more testahle. j) FT \.('chniqllt,s such as scan d<'sign [A ndSn, EWiï, 10'1\ YS~)l 

are becoming incrcasingly popular, ily linking aIl t.he regisf.('rs of a chip int.!) il sCiln chain, 

scan design allows a sequelltial circuit. 1.0 1)(' t.1'('at.ec! as a cOlllbinat.iPllal Ollt'. 'l'Iris P;1(',It.ly 

simplifies the tc'st geIlcrat.ion pro('('ss. 

Determinist.ic test gCllclation c\lgorithllls arc ('XPOII('llt ird in t.ill1\' (,olllpl('xit.~, and t IIII~ 

are costly in tcrms of cpu ti\lw. Alt.ernatiwly, l'ault, simulat.ion Illay \w mit'd 1.0 ~iI'k("1. I.I'S\. 

vectors from a randomly gelwrated seq 1\('11 C(', BoU. of 111<'5(' IIwt Iwcb rl'q1\il'l' Ut(' st.ol'ap,<' 

of test pattern~, typicil IIy in <lll {'xl.t'l'Ilal 1 ('sl.el'. 

As an alternative' 1,0 ston'd pat.!('rn t.est.ing, il p~,wlIdo 1 <lIHlol1l S('«II('II('(' Illay 1)(' g<'ll<'r­

ated on the f1y wit.hin t.he tester 01' on the' thip. Built.-in s(·II-I.(':·;\, (BIST) [l'II( CHG, TSHHj 

which inlegratt's test vedol' gcncratioll and rf'SpOllSt' (OI11pdCt.ioll 011 ('hi" 1(·(III("(·S 1.11<' I)('(,d 

for expemivp high spc('d external test. cquipJllcllt.. A typical BIST rrnpkllH'lIl.a,t.ioll H:-WS il 

pseudo random 80111('(', such as ail lillear f('edhack shift rq~lst.(,1 (LFSH) t.o apl,ly IMt.t.('IIl~ 

to the circuit ulltkr t('~t (eUT). 

Not ail circuits are susceptible to randolll pat !.<'l'm. SOli\(' faolt.s wlt.hill d\(' circuit. IlI.IY 

be hard to detect with random pélt.t.('ln~. OIlP approacll 1.0 illlprov(' t.lw dd.(·cl.il1,ility of 

these faults is to adjust the test vector!'. lIsing s('h('II\('s ~lIc1t as w<'iglrkd 1',IIIdOlll IMt.t.('I'II~. 

Another approach involvcs rnodifyillg 1.11(' circuit so I.hal il. rc!'.pollds mOl(' f.IVOI ,,!>Iy 1.0 

the given test set. 

This thcsis explores the latter approach in t(~l'ms of tll<' addit.ion of (ollt.l'OI ,IIHI O\':'<'!'Vil­

tion points withill the circuit. An approach 1,0 é\.lIaly;t,(' the ('ircuit, alld guid(· t,lw plan·H1(·Ilt. 

of control and obs~rvation points is prescnted. Chapter 2 illt/'OdlJ('('~ sOllle of .. II(' "asi< 

li 
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i~,.,ues in testing and design for testability. Chapter 3 describes the overall framework for 

the test point insertion rnethod. The rnethod itself is described in chapter 4 along with 

a discussion of the irnplernentation. Results are presented in chapter 5 followed by sorne 

conduding rernarks in chapter 6 . 
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Chapter 2 

Testing and Design for Testability 

2.1 Fault Models 

Integrated circuit fabrication is not a pcrfect process. The stat.isti('al IHtl.llJ'(' of SOlllf' of 

the processing steps removes any hope of obtaining a pf'l'fect. <!('vi('(' ('V('I'Y t.illw. Althollgh 

a number of fault models exist, the stuck-at fault mode! (Eld59j is t!u' IIIOSI. widply W;(~(1. 

As the name implies, this model provides two failure ll1od('s for l'aeh litl(' in t.!l<' ('ir('uit.. A 

tine may he stuck-at 0 (stuck-at ]) in whi('h case the lille llIaintaillS t.Jw Jogie 0 (1) stal,(· 

in the faulty circuit. 

Since each line in an n lille circuit may have ;j states (fault rl'('(', st.uck-at 1 01' st.IJ('k­

at 0), there are, 311 comhinatiolls to considcl' in gCtl<'l'ét1. '1'0 silllplify t.ltis ptohJ('IlI, il. il' 

assumed that only one fault is present in t.he circuit al. cl tin\('. lJ licier this sillglp faillI, 

assumption, there are 2n possible faults. Alt,hough this a:,sumpt iOIl is not Ilf'cessitrily I,I'IW, 

most multiple faults are detected by tests fol' single f<lull.s 11\1"81, IIM8(), .JB87j. 

Stuck at faults do not model ail of the railul'cs that cau OCC\lI' il! VLSI cir('uit1i [BA HTI'S2, 

PRM90]. Many other fault models have bcen propo:,cd including Sl.lIek open fa.lllt.s [Wa.d78] 

and transition faults [Koe86, WLRI87]. Stuck-at faults, hOW('VN, an' conllllollly Ilsed 1)('-

4 



CIlAPTER 2. TESTING AND DESIGN FOR TESTABILITY 5 

cause of thcir simplicity compared to these other models. 

A full fault set for a circuit contains a stuck-at-O and stuck-at-l fault for each line in 

the circuit. Sorne faults in this set may he equivalent. For example a stuck-at-O fauit on 

the inputs of an AND gate is indistinguishable from a stuck-at-O fault on its output. Two 

types of equivalencc relations can be ohserved between faults: structura.! equivalence and 

functional equivalence [MC71]. Faults are structura.lly equivalent when their resulting 

faulty circuits have identical structures, while they are functionally equivalent when their 

result.ing faulty circuits realize the same logic function [MC71]. 

Equivalent faults can be grouped into equivalence classes, and only one fault per 

equivalel1cc class needs to be considered. This processes, called fault collapsing, reduces 

the size of the fault set. withollt. any loss of information. Most structura.lly equivalent faults 

can be ideutified in a lincar backward pass through the circuit [SM72], such as those local 

to a single gate. Other equivalent fauIts that are harder to identify are usually ignored as 

the non-linear algorithm required to find them would cost more than the savings achieved 

t.htough their collapsing [SM72]. 

A fauIt is unt.est.able or redundant if its presence causes no malfunction [Fuj85]. An 

untestable fault results when the fault cannot be excited or the fault effeet does not 

propagat.f.' (.0 an observahle output. 

2.2 Test Pattern Generation 

Illtegrated eÎrcuits are tested by applying stimuli to the circuit inputs and comparing the 

l'csponse at t.he output.s wit.h the expected response. In digital circuits, the input stimuli 

and output l'esponses nOl'mally consist of a sequence of binary logic values. 

The combinatioll of input and output values is known as a test pattern. The output 

values can be cletermined from the input values by logic simulation, thus the problem of 

test pattern generation is concerned with detel'mining the input signal assignments. 
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For an n input circuit, 2n possible input. signal assignlll('nt.s cxisl. Ali (,,:hanstiw t.('st, 

in which every possible input signal assignnwnt is ('IlUIllC\,(lt('d, is illlpra('t.iral duc' 1.0 t.in\(' 

constraints. 

Pradica. considerations dictate that t.hc t.il\lc l'('quÎ\"('d t.o g('Ilt'I'iÜ(' and apply t.('st. 

patterns should be reasonable. There arc I.hr('(' mcthods which Cc\1I h .. IIs('d t.o obtaill test. 

patterns [Bot86]. 

1. Manual generation 

2. pseudo random pattern generat.ion 

3. algorithm:c (or deterministic) test gCllcrat.ioll 

Manual generation is usually impractical. Pseudo ralldolll patt.('rlls an' ('i1SY 1.0 gc'llt'lïll.(' 

automatically. They can be generatcd off chip via soft,warl' 1IH't.lrods fOI l'''lldo", 11111111)('1' 

generation 01' on chip with an LFSR. 

Deterministic test pattern gencration target.s spf'cilic faults wit.hlll t.11(' circuit.. A 

number of algorithms exist, including the D-algorithm, PODEM [(;()('HI], FAN [FSS:J], 

SOCRATES [SA88], and Quest [RegO, Cox91]. The pl'Obl('111 of <dgol'it.hlllic t.(·sl. pat­

tern generation is NP-complete [FT82, G.J7S] so 1)('1Iri~t,i( s art' ort,('11 mwd t.o impl'ov(' tilt' 

performance. 

Test generation for sequential circuits is an CVCIl hard('I' problelll dlll' 1.0 t,JJ(' IIwlllory 

elements in the circuit [Kau68, BHP+71]. 

2.3 Testability Assessment 

Given that aIl circuits are not always easily te.;table, il, is necessal'y 1,0 have a 111('1.1.0<1 

of assessing the testability of a circuit. In addition a suitahle IIIdri(' must hl' chos(,f1. 

There are two possible types of circuit testability rnctl'ics, l'clativ() alld absolutc. RelatÎw) 
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metrics allo',u US to compare the testability of two or more circuits but do not give us 

any indication of how many fauUs are actually detected. A common metric of testability 

assessment is fault coverage. It provides an absolute measure of the percentage of faults 

detedable. Using fault simulation, an exact measure of fault coverage can he ohtained. 

2.4 Fault Simulation 

Fault simulation provides a means to evaluate test quality. Given a specific set of test 

patterns and faults a fault simulator will determine which faults are detected by the test 

set. 'l'he fault coverage is then expressed as the percentage of faults detected relative to 

the size of the initial fault set. 

Many algorithms for fault simulation have heen developed. The four major categories 

into which most of the~e algorithms can he c1assified are those that use: fault injec­

t.ion met.hods, deductivc met.hods, concurrent methods and critical path tracing meth­

ods [AS88]. 

2.4.1 Fault Injection 

Fault injection is one of the most straight forward methods of fault simulation. To deter­

mine which faults arc detectahle by a specified test vectol', a good machine simulation is 

performed for the test. vector. The faulty circuit is simulated by injecting the fault effect 

al. the fault site and propagating it towards the primary outputs. The fault injection 

process is repeated for each fault. Each fault is simulated independently of the others. 

The fault is considered to be detected if the fault effect rcaches at least one of the primary 

outputs. 

On('e a fault has been detected, it can be removed from further simulation. This 

process, called fault dropping, Îs one of the techniques that call be used to increase the 

eflicicncy of fmllt. simulation. 
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Word parallelism can also be exploitcd to implov(' tllC' eflki('l1cy of fault simulaI iOll. 

During the fault simulation proct'ss, many boolf'an op<,raliolls ar(' pcrfo1'l1H'd ill a rt'I>t't it,IVc' 

manner on a large input set. Since most proceSSOI S pf'rfOrtll hoole(ln olwratiolls in a. bil.wisc' 

fashion on the machine word, it is possible to us(' ('aeh hit 1.0 l't'preSt"lt t'itl\t'I il dilfNi'llt 

faulty machine or a. different input vectol'. 

This technique can be applied to fauit injection 1l1f'thods 011 two ways. 11\ t.IH' peu'allc'I 

fault simulation method [Ses65, TS75] a computt.'r wonl of w bit.s is associat.('d wit.h ('cl ch 

line in the circuit. Each bit represc1Its t.he circuit with il particlllar failli, (01 110 falllt). 

For f faults, only r.r/(w - ln passes pel' Pclt.!{'rIl c\l(' l'('qlll1('<I. 

Alternately, w input vcct.ors can be pron'ssl'd in orll' CO III l'" I.t'I won!. Thllli, 011 il 

32 bit workstation, 32 input vcctors can b" procpssed liilllllltallt'()usly. This ('xploit.at.iol\ 

of parallelism is known as the parallel pattern <,valuat.ion I.t'chlli<!,\('. Parallpl pat.t.t'rtI 

evaluation takes advantage of the full width of t.he Pl'O('('SSOI' l'!'gi:,I,('l's 1.0 spC'('d "l' I.hc' 

sir~lUlation process. Using this techniqu<" a c1ass of fiUdt. Sil\llllclt.ioll lIwt.hods kuowII as 

parallel pattern single fault propagation [WEF+~!jJ (PPSFP) Wc'~ <!('v(,lo(l('(1. 

2.4.2 Deductive and Concurrent Methods 

Deductive and concurrent fauIt simulation methods rely 011 t,\)(' lise of Iisb l'<'I)J·('S('IIt.illg 

the effect of fauIts on each line in the circuit.. This allows t,\WIII 1.0 COl\\plll.(· whi('h falllt.s 

are detected with only one pass pel' pattern. lu a df'ductiV<' fallit sirllIJlatol' [Arrll7:l], il 

list is maintained at each lille of taults for which signalli 011 t1)(' lirlC éll'(' diff('\'('1I1, fl'Olll t.I)(' 

fault free state. Fault list.s are propagatcd hy dedlH'illg t.lh falllt, list. 011 t!w olltpllt of il 

gate from the Iists on its inputs using simple set operatiolls (union cllld Îllt('f!wctioll). 

In concurrent fault simulation [UB74] a list of faulty gales il'! llIaintaiued for earl! gat.e. 

It contains the effeet of each fault 011 the gate if it differs from tht' faull frœ state. 

i 
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2.4.3 Critical Path Tracing 

One of the goals of fault simulation is to determine the detectability of faults at the pri­

mary Olltputs in a givcn test set. A number of methods have been proposed to increase the 

effidency of fault simulation. Thcse metllods exploit parallelism and structural properties 

of t.he circuit. 

A seheme for speeding up fault simulation by partitioning the circuit in terms of its 

fallout fref' regions (FFRs) was deseribed by Hong [Hon78J. A fanout-free region is defined 

as a maximal sub-circuit containing no internaI fanout stems. The output of a FFR is 

eit.lwr a primary output or a fanout stem. The inputs to a FFR art" either primary inputs 

or fanollt branches of fanout stems. Any fault in the circuit is detected if and only if: 

a) the fallit is sensitized to the FFR output line and 

h) the fault. is propagated from the' FFR output to a primary output. 

In 1I0ng's rnethod, the faults that propagate to their FFR output are determined using a 

single fOl'ward pass t,hrough t.he circuit. Surrogate faults arc injccted al. the fanout stems 

and explicitly simulat.ed to the primary outputs. 

It. was shown that rriticality of Hnes within a FFR could be determined by a single 

baekward pass from the output of the FFR to its inputs [AMM83J. Since explicit simu­

lat.ion of fanout. stems is O( n2 ) but critical path tracing is linear in complexity, a more 

cffici('nt mt'lhod of fault simulation was proposed in which critical path tracing within 

FFHs is performed bcfore explicit simulation of stem faults [AS86]. If there are no faults 

('fitical to t.he fanout st.em t.hen cxplicit simulation is not nceded. Further efficiency ean 

ll(' gaillt'd by st.opping the propagation of surrogat.c faults at dominator lines [AS87]. 

These t.echniques reduced the amount. of work required in the fault simulation process. 

The analysis of reconvcrgent fanout and the definition of stem regions bounded by exit 

Iiru's l'esults in a stat.ie reduction of the al'ca of explicit simulation sinee it is performed only 
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within stem regions [MR90h]. In addition, tl)(' dropping of circuit aH'as from fault-fn'(' 

simulation provides a dynamil' reduction in the falllt simulat.ion I)I'O(,(,~S [1\1H!)()a]. 

2.5 Testability Measures 

Testability measures provide information on circuit t.C'stahility wit.hout t.he' IW('cI for falllt, 

simulation. Detcrminist.ic testability measures such as t.he Salalia ('ont.rollahilit.y /Oh~wrval,ilit.y 

Analysis Program (SCOAP) [GolSO] are in<lependellt. of t.!lt' input. patt.('rtI~. S( 'OA P pro­

vides a relative meé\SlIr(' of t,('st.ahility. 

Probabilistic test.ahility measl\f('S 1('I~r 011 pl'illlélly illput. signal plo"(lhilit.i(·~ TI\(' 0 (1) 

controllability of a Bode Îs defined as the prohahility of s(,tt.ing 1.1)(' 1I0d .. 1.0 il lop;icéli 0 (1) 

given a random input "ector. Parkf'r and McClll~k('y [PM7!)] sho\Vc'd é1lld c'xad Il)('t.hocl of 

calculating the signal prohabilities in a colllhinat.iolléli circuit. using e'xponc'ul :mppressioll. 

It has been shown that computing tll(' exact slgllal pr<;htlbilit.ic·s of t.11(' uodc's ill a gC'1I 

era.! combinational circuit is NP-compld.f' [WUIlS;)]. T('stahilily llH'élStlJ'(· ... (,1111.1',\'(\(, ofr ac­

curacy in the interest of speed. The COIlt.lOllclhilit.y jOhs('('vability 1'1011,1 éllli ( '01') [lh~~HI 

estimates d~tection prohabilities ill lilH'al' t.illl(· by 1101 takillg Îllto an OUIII t.!w stéltisti( al 

dependence of signais at a rcconverg<,nt. point.. '1'1)(' 0 alld 1 ('olll.lolI"hilit i('s, <!C'l\otc's 

by Co(/) and CI(I) respectivcly for a lilH' 1, an' propagat.(·d flOIll t.!w prÎlII,uy input.s 1,0 

the primary outputs using the gate input/outP1lt. signai prohabilit.y J'(·lélt.iolls descrilH'd III 

Figure 2.1. 

The Probabilistic Estimation of Digit.al Circuit. Tpstahilit.y (PH E\)l( :'1') [SPASr,] IIu'l hod 

uses a graph approach to compute signal pl'ohabilit.ic·s extl('t.ly usill~ Shalllloll's (·xpallsioll. 

An approximation procedure provides il t.l'adeoff 1)('1 W('C'II (U'('llrrU'Y and (omput.atiollal 

cost. 

Statistical approaches rely on simulation dat.a 1.0 ohtaill st.atist.ical (·st.imal<·s of cOlltrol­

lability and observability. Statistical Fault Analysis (STA FA N) [.J AStl 1 COIJIIHIt.es signal 
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o-{>oo Pz = 1-P (2.1 ) 

[Y n 

Pz = II Pa 
1=1 

(2.2) 

EU n 

Pz = 1 - TI(l- PI) 
1=1 

(2.3) 

Figur(> 2.1: Input/output signal probability relations 

controllabilities from truc-vaille simulation and then approximates observabilities deduc­

tivcly. The 0 and 1 controllabilities of a liue l, obtained by counting the number of times 

1 is at logie 0 or logic 1 during the true-value simulation of N vectors is: 

Co(l) 

Cd/) 

zero - count 

N 
one - cOU1d 

N 

2.6 Design for Testability 

(2.4) 

(2.5) 

'1'0 Cé\S(' the test generation problem, design fOl' testability techniques were developed. 

Thcse techniques can be divided into two classes: ad hoc techniques and structured 

approaches [WP79]. 

Ad hoc techniques include circuit partitioning, and test point insertion. Structured 

approaches inc\ude scan design and build in logic block observation (BILBO) [KMZ791. 

One of the more popular DFT techniques is scan design. 

Scan design allows the registers in a sequential circuit to be connected into one or more 
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shift register type structures called scan chaiw;. Tlwsc scan chains ('ail 1)(' lIscd 1.0 s<'rially 

shift data in and out of the rrgislrfs t.hus pro\'iding ohsN\'abilit.y <llul nmt.rollahilit.y. 

Using scan design techniqul's, a S('qlu'ntial circuit can 1)(' t rt'é\lt'd as a nH\lhinilt.ioIHlI 

circuit for test generation purpo~('s. This gr(,(It.I.\ simpliliC':-- t hl' I('sl ~e'lIe'r"t iOIl prollle'lIl 

A natural extension of t!wsr Ilwt,hods i:, Imilt ill ~(,If \t'st (BIS'!') :\ Iypi< "llIlIpl('III1'II­

tation of BIST uses an LFSR t.o generat.(' pse·udo randolll !Mlt('l'IIs. 'l'II<' olltpUt. of tllC' 

circuit is compacted to fonn a signat.ure. A faulty sigllrltll\'(' illdicat.(·s a f(udt.y d('vin'. 

2.7 Fully Testable Design 

The idea.l scenario for testing is 1.0 haVI' a flllly II':--tahl(· dt'sip,lI. Ali IIIl1l1lwr of IIH't.hods 

have been proposed to accomplish this f('at hy lIlodifyill1!, t.11t' (il( lIit.. Ilay .. :, show('<1 t.hllt. 

any circuit can be modified by l'rnbcclding xon galf's :--01 hall 1H' r('slIlt.ing circuit. n'qlJif'('~ 

only five test patterns [Hayi4]. The circuit is firs! <1(.( olllpo:--('d int.o two inpllt. gat,(·~ alld 

ail inverters are r~moved. XOR gat(·s with «)J\t.rollahl(· inpllb rllld ohs('rv<lhlc' out.puts 

are inserted in the input lines of ev('ry gate. A Il)('1,110<1 WélS (dso giv('n for dd,l'l'IIlilliJlg 

the input pa.tterns. Later in this chaptel', it will 1)(' :,howil that XOH gllt(·~ ('llil 1)(' 1I~('d 

to improve testability hy providing a Tll<'hBS 1,0 ('Ollt roi t.llt' :-.i!-';lIéll proh<lhilit.il'l'o 011 spl'('jli{ 

Hnes in a circuit. 

In general n + l test patterns are f('quir('d 1,0 d(·t(·ct ail singlf' <lnd lIIull.ipl(· !il.lIck-at 

faults on any n-input AND, OR, NAND, NOR gal('. At kasl, ;J t('~t pat.t(·l'IIs an' re(luin'd 

to test a 2-inpul AND gate. Thus :1 cali be thought (jf él~ a low('r bouml Of) t.11!' Illlllllwl 

of test patterns neecled to test ail stuck at. fau!t.s ill il circuit. Saluja and Heddy [SH71j 

showed that any circuit can be modificd ~Ildl that t 1,,'('(' t(·~t patt('ms arc' sufficie'lIt. 1.0 

detect ail single and multiple sluck-at faults in a circuit. 

The main disadvantagc of thesc methods is that they requir(' a larg(' iUIIOUJlt of circuit 

area. The number of gates in the circuit can easily he dOllbh·d hy tlwse rnelhods. In 
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addit:on, the number of extra primary inputs and outputs needed can be quite large. 

Most practical applications cannot afford this overhead. 

2.8 Testability Enhancement 

Wilh the ever increasing popularity of built. in self test. (B1ST) and scan design, cornes an 

inaease in the reliance upon randorn patterns for testing. The appeal of random patterns 

lies in the ease with which a pseudo-random sequence can be generated on chip using an 

LFSH. 

Th(' effectivcncss of the ralldorn patterns must be assessed. Using fault. simulation 

to assess the coverage of l'andomly gcnet'ated patterns we can determine if any untested 

faults r<'lIlain. The issue of how to test the faults that arc untested by the random 

paU('ms must then b(' addressed. Deterministic test pattern generation could be used to 

coyer these random resistant faults, but that. may require tht' use of two testing methods, 

cxtemal storcd pattern testing and BIST. In fad, we may have used random patte.ns to 

avoid the use of costly deterministic test pattern generat.ion in the first place. 

BlST is one example of a methodology where a finite Humber of pseudo-random pat­

terns are used to t.est a combillational circuit. Practical considerations such as time, li mit 

the t.('st. length to some Humber of vectors Nmax • The plesence of l'an dom rcsistant Caults, 

howev('r, may l'f'quire large test lcngths to achieve the required coverage. 

Giv('n that the pseudo random source is in ract deterministic, such as an LFSR, the 

t('st set will always consist of the same vectors. Once a pal'ticular test set is decided upon, 

fault simulation can be performed on the circuit using these vectors and the coverage of 

singlt, st.uck-at faults can be determined. The coverage obtained, however, may not be 

sllfTici('Ilt. to assure the required defect. level. Thf' problem Cacing us is how to improve the 

('ov('rage of the giv('n test set. 

Figure 2.2 shows d typicai fauit coverage curve where the fault coverage is plotted as 
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100 % .......................................................... : .. . 
·----------------1 

Coverage 

Nmax 
Number of Paltern.\ 

Figll\'(' 2.2: Fault. CO\'C'JëIP;(' 

a function of the numl)('r of v<,dors sillllllcll<'(1. 'l'II<' solid CIII'\'(' illllst l'al('~ 1 lit' ('()\'('l'''I!;I' 

obtained for the circuit, which ma)' Ilot \)(' as III!!,h <1:-- wc' wOllld hkc' aflpr Nmfl , pattt·IIl:--. 

If we cannot afford to apply 11101'(' t.hall Sm,u \'P( lor~ 11lt'1I w(' 11111,,1 tilld w.lys 10 obl.tÏlI 

a higher coverag<' with thos(' Scl/l\(' SnwJ \'('( lor~. Olll' \\'.I~' 10 do 1 hl~ IS 10 III! II'''~(' 1 Ilf' 

testability of the circuit and t.hu~ ohtaill l'ault, ('m'(·r.l!!,c· Sllllitai 10 1 lu' d.,~I\I'd ( III VI', '1'1\1' 

testability can be inCl'eas('d with I('st points 1 hclt "llo\\' ~igllélb illt.(·III.t! 101 II<' (in·lIit. 1.(1)(' 

observed or conlrolled. Ob~(,lvatioll t(·~1 poillls ctJ'C' c·~~c·IIII.t1 if \VI' do 1101 w.1Il1. 10 llIodify 

the circuit but are still illtcrested in inCl('a:--illg oh:--('\ vahdity a:-- ill <"0111.1( tI('~:-- plOhing alld 

increased observation techniqu(':, :'\I('h d" no:.s-( Iwck [STWS!)] 

Using scan design teclllliquc:. d\(' circuit 1111(\1·\ «'~I ("" \)(' t J'(·.ltC'd ,I~ " (olllhillill iOllal 

circuit. In an effort ta increas(' t!l<' I(':--t.abillly of t II('~(' l'in lIit,,, ,llId/ol If'dll(,(' t.h(· 1(·,,1 

lengths the use of test points has h('('[J propo~('d [1/1<,,1. STS!) 1. 1 BK!). BTK(i, S y K J\I)( 1. 

These methods rely on determining the (,ollt.rollabilit.y of cin lIil 1I0d(·~ ,lIId t.h(· dl'­

tectability of faults through probabilistic rnf'thods and/or silllulat.ion. 
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2.9 Test Points 

The term test point rcfcrs to a conncctioll ;:l!lowing a circuit node to be either observed, 

contl'Ollcd or both. Fault detection requires that the fault be exited and the resulting 

falllt effcct propagated to an observable node in the circuit. Il is not alwaj s possible to 

propagate th!' fauIt to existing observable nodes such as the primary outputs. Thus, it 

rnight he f1p('('ssary to add a connection to some node in the circuit su eh t.hat it becomes 

an ohs(>rvable output. A t.est. point which performs this fllnction is called an observation 

tpst point. or obsprvation point. 

The fUllction of a control test point or control point is to st.irr.nlate the propagation of 

fault.s t.hrough a gat,f'. A control point consists of a control clement which is inserted in 

t,II<' siguill pat.h of ail input. 1.0 rt gilte aud illcrpasps t.he contl'Ollability of that gate input. A 

cOlltrol point i~ t.ypicdlly us"d on lines that havp pOOl' conttollabilit.y 1,0 adjust the signal 

prohahilit.y to a v<lh\(, of o.!). The control clement consists of agate, sueh as an AND, OR 

or XOH, of t.he appropriat.<, t.ype to affect the signal probabilit.y in the desired manner. 

Thus an OR gate woulel \)(' used to incrcase the signal probability to 0.5 and an AND 

gat.f' wOlllcl he us('d to de('J'case it to 0.5. An XOH gate can be used t.o either increase or 

decr('élse t.11t' signal probahility 1,0 an equipl'obahle statc. 

p-----.., 
8--...---.. 

~~ Gl )1---<1---" 
g---..-- h 

c r-~------~ 
d e __ ,--__ 

x x 
f 

9 9 

(a) (b) 

Figure 2.3: Control point 

Figure 2.3a illustl'ates part of a circuit that con tains l'an dom resistant faults. If output 
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h of gate GI has a low signal probability 01' jf thcJ"(' is SOIll(' tH'gativ(' col't'(,lat.ioll \wl,w('('1I Il 

and i then it may be difficult for faults to prnpilgak tlll'lmgh g,tt!' al. '1'0 J'I'IlH'dy t.his, èl 

control point can be inserted as shown ill figlll'e 2.3h. lllpul. pis driv<'11 hy ail ('qllipl'Ohahl(' 

random source. The gate Ct! serves 1.0 in(Tcas(' t.\H' signcd probabilit.y of illpllt. ~. 1.0 g,II.<' 

G3. This will aid the propagation of fa,\Ilts from lilH' 1 10 IiI\(' .1'. 

S<',AN OUTPUT 

[),I\TAINPUT - ..... ------I------j 
DATA OUTPUT 

SCANINPUT ---l 

SCAN ENABLE ---__ -----' 

Figlll'(' 2.4: Tesl. C(,\1 

To provide controllability and obscl'vabilit.y al, a si ligIe !lod(' in t!w circuit, "ott. il 

control point and observation point may be Ufo,cd. Ali a\t,('llIal.ive lJ)('thod is t,o IIS(' il, 

test-ceIl [HHB89]. Figure 2.4 shows an imp!en\cntatioll of il I,(':,I.-n'II [lIIIBH!)]. 

DATA INPUT _.- ---------10 

21 DATA OUTPUT 
.1U.ll 

PO PI 

TEST ENABLE 

Figure 2.5: Simplified controljobserv(' point. for (·olllbillat.iolla\ (·i\'(,\Iit. 

This circuit shows sorne of the hardware llscd t,o construct t1H' sran path. III t\H' (,(lSI' 

of a combinational circuit, a more simplificd IlIpthod (',Ul hl' 1Ii>('d clS :-howlI in Figlll'(' ~}). 

The line to be observcd is connected tu il prilllôry output ,Uld il 1I11t1l.lpl(·xoJ' Îs 1Ii>('d 1.0 

select a prima,ry input to drive th<, HIle whcn l<~st lIlod(' i~ l'IléIhlt-d. WIIf'Il tt'st. lIIod(' is 

disahled, the logic value on the line is unctffeded. WIrCIl SCélJI d(·~ip,1I IS 'I~('d, tll(' prilllaly 

input and output shown in the figure will be connccted 1,0 il regi~t.l·r in t.he snw dl<lin <111<1 

thus the structure will he similar to Figure 2.4. 



GIIAPTER 2. TEST/NG AND DESIGN FOR TESTABILITY 17 

2.10 Overview of the Test Point Placement Problem 

Whcn faccd with testing an integrated circuit, a test engineer's main goal is to develop 

a test that will minimize the number of faulty chips that are ultimately shipped to cus­

tomcrs. In many cases this mealls the test should provide 100% fault coverage. 

ln order to improvcd the testability of combinationaJ circuits, they can be modified by 

the addition of control and/or observation test points. The main challenge is determining 

t.he number of test points needed and their placement. The henefit of the added test 

points is improved coverage at the cost of incrcased circuit area and computation time. 

An optimal solution to this problem will allow complete coverage of aU detectahle faults 

with a minimum number of test points. 

Considerations such as proccssing time may make it impractical to ohtain an optimal 

solution for large circuits. In a real life situation, we have a limited amount of CPU time 

ano circuit area. Sincc high fault coverage is our main goal, we can relax our constraints 

011 cru time and circuit area. Rather than minimizing them, we will require that they 

faH within reasonable values. 

2.11 Test Point Placement 

The problem of placing test points within a circuit to enhance its testahility is an old one, 

alt.hough it is still the subject of continued research. One of t.he earliest methods was a 

labcling approach [HF74], however there were difficulties in ohtaining minimallaheling 

fOI" a general combinat.ional circuit. 

The placement. of observat.ion points can he determined from fault detectahility in­

formation. The dctectability of faults wit.hin a circuit can be determined through fault 

simulation or testability measures such as those described in section 2.5. 

Simulation can he used to model the fault effects within a circuit. As a fault effect is 
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propagated through the circuit, the det.ectability informat.ion ('an he accllllllllat.t'd. Afl.('1' 

aIl the test patterns are simulated an exact. meastl\'c of t.11(' df't('ctabilit.y of ('ach fault. al. 

each line is available. PPSFP type fault simulat.ors hav(' h('('11 IIS('<I t.o guid(' t.II(' plan'lIwllt 

of test points [BT86, IB89]. 

Fautt simulation can provide exact. reslllts, but. has t.radit.iollally re<jlliH'd IMp,t' HIl\OIlIlt.S 

of cpu time compared to probabilistic est.imations. Probilhilist.ic md.hods (',llculaj,(' tilt' 

detectability of faults based upon some initial informat.ioll ~m('h as t.ht' :-.ip,llal probabilit.il's 

in the circuit. The signal probabilities Ciln he detcrlllill('d throllgh simllla.1 iOIl or proha­

bilisticly given the signal probabilit.ies at. the input.s. Probabilistic 1IU't.hods for cOlllput.ing 

the exact detection probability can be cxponcnt.ial in cOlllplexit.y, hut., é-\CC'll1'acy nlll he' 

traded for speed. 

In [STS9J], the COP t,estability measUl'(, is use 1,0 guid(' t1w plaCl'IIH'lIt of t.C'st. poillt.s 

A cost fur..ction is used 1.0 obtain a global JJJ('ithlll(' lor the ('IIt.iI(' cil'( "il.. 

The COP testability measure is also uscd in [SYKK911. Ih'urist.in; a!"(' IIM'(I 1,0 solw 1.11(' 

test point placement problern by grouping test. points \lsillg the conn·pt. of fit.1I1t. s('dOl's. 

A fault sector S is a set of faults of the same type (hard-t.o-collt.rol or hal'd-t.o-ohs('\'V(') 

and located in the fan-in or fanout of S. AlI the nodes for which t.he (leI,t>d,ioll prohahilit.y 

is enhanced by inserting a test point at S'arc grollped in a sc'dol' wit.h it.s origill al,,",'. 

Control (observation) points at the origill of t.he fault. h('ctOI' h' ('0\'('1' filult.s ill h' ill "I!I'il' 

fanout (fan-in) cone. 

The method proposed in this thesis makes use of both f<lult, simulatioll <tIHI J>l'Ohahilist.il' 

calculations. The techniques used are closely tied to t.he fault, sirnulat.ioll fralllcwork 011 

which the implementation Îs based. 
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Chapter 3 

Frarnework for Test Point 

Placement 

ln t.his thesis, a framcwork for test point placement based upon fault simulation is de­

veJoped. The test point pla.cement relies on detectability information obtained from the 

circuit. This detectability information is obtained through simulation and prohabilistic 

II1ct.hods. 

3.1 Test Patterns 

Bdore the analysis of the circuit can begin, the test patterns and fault set must be 

spccificd. In most real lire testing situations, the test patterns are deterministic. This 

hoJds for both storcd patterns or pseudo random patterns such as those generated by an 

LFSn. Thus, the test patterns are known in advance and can he used in the analysis. 

For many types of pseudo random generators such as LFSRs the patterns applied to 

cach input is dependent on the numher of inputs. It is important to maintain the same 

set of test. patterns t.hl'oughout the test. point insertion process, even if primary inputs 

19 
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are added to the circuit. The test patterns should 1)(' d('t(,flllilU'd ke('ping in minci tllai 

additional primary inputs will be nceded for lIH' addit.ioll of cont.rol point.H. 

3.2 Fault Set 

The amount of memory needed for the analysis is r('lakd t.o t.IH' siz(' of tl\(' f<1ult, H('\.. II. 

is desirable to have only those fa.ults that we a.re intcr('sted in \>l'('s('III, il! t. 11(' fa 1I1t, sC'\., 

Faults that are already detected can be removed from t he fa tl 11. st'l" 'l'II<' s<'l. of IIl1dd.('c(.(·d 

faults should be used for thl' analysis, 

This fault set is no longer valid ollce tlH' circuit. has h<'('11 l\Iodifi('d hy \.Il(' addit.ion of 

control points. Control points may l'l'duce t.he COWI'c1pp hy hlo('klll,l.!, 1.111' propagat.ioll of 

faults. Faults that were detected in the origillal circuit. lIlay 1)(' IIl1dd.(·t'I,l·d ill t.hl' modifi(·rI 

circuit. 

Fault collapsing can be uscd to recluce tlH' size of a faulL S('\" III (1 collapM'd failli, S(·I., 

many equivalent faults can be represl'nted hy il singl(' rault., B('('(lIlS(' of t.his, t.1\(' ('OV('ra~(' 

value obtained for a collapsed fault set. may not. be !.II<' sallie as t.ha!. obt.ililH'l\ fol' t.111· 

full fauit set.. This also makcs il. difficult 1.0 (0111\>;\1'1' I.h(· 11111111)('1' of fault.s dl't.(·c\.ahl(· 

by different test points. A lookup table cali be u~('d maintaill \.IH' 11111111)('1' of fal\ll~ 

corresponding to each fault in the collapsed fault. set.. 

3.3 Test Points 

To analyze the circuit, the effect of the test poillt.s within the ('il'cuit. ITII1~t tH! lIIeaSIJr(~r1, 

Rather than actually modifying the circuit ullder analysis, a mod('1 i!> IIset! fol' simulat.ioll 

purposes. To verify the results and t.o creatc a new tl~Htahl(· 1Iet.li!>t ct H('l'i('!> of rwtlisl. 

transformations are used to insert the test points into the circuit net.list.. 
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3.3.1 Control Elements 

AND OR XOR 

Figure 3.1: Control element types 

The concept of a test point was introduced in section 2.9, where it was stated t.hat a 

cont.rol point eould be used to adjust the signal probability on a specifie line. The three 

common types of cont.rol elements used for this purpose are the AND, OR and XOR gates, 

shown in Figure 3.1. 

Each of these gales has a different effect on the signal probability of the line in which 

it is inserted. Using the labeling in Figure 3.1, the signal probability of the original li ne 

can be denoted by Pt and that of the modified line by pr The control input b will be 

driven by a cqlliprobable random source so that P1
b = 0.5. 

The signal probability at the output of an XOR gate is given by the following expres-

sIon: 

With pl
b = 0.5, this redllces to 

The XOR gate can be used to set the signal probability to 0.5 independently of the original 

value. An XOR gate, however, requires more area than an AND or OR gate. The AND 

gate can be used to lower the signal probability according to the following relation: 

P{ = PtP;. 

The OH gate, which has t.he relation 
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can be used to raise the signal pl'Obabili t.,v. Sillc<, III(' AND galt' \'edl1(,('~ tIlt, ~i~IHll pl'Oh­

ability by 50%, the targel value of 0.5 can only 1)(' \'('adl<'d if \.lI(' o\'i~illal pruhahilil.y was 

1.0. Thus it is desirable to use the AND gale only whell t,lw signal pl'ohahilit.y is dos(' to 

1. Similarly, an OR gate could he lIsed if t.he signal pl'Ohahility is dOSt' 10 O. 

When contl'Ol elements are illscrted i Il a ci l'Cil i t., t h('~' llIay il rf('('\ t ht' dt't t'Ct. iOIl pl'Oh­

abiHties of the faults that propagat.(' thl'Ough tltt'Ill. TIlt' t'fft'ct dqJt'llds 011 th" t.ypt' of 

control element. An XOR gate clocs not alt,('l' t.he ddt'ct.ioll p1't)hahilit~·. III I.h(' t'iISt' of 

both AND and OR gates, the fault eff('ct can only !>1'0IMgcl!t' wh(,11 1.11<, ot.!\('1' inpllt. is st'!. 

to a non-cont\'olling value. This mcans t.hat OH' dd,(,ct.ioll pl'ohability will 1)(' l't'tln('(·d. 

When a random source is uscd, the detect.ion }>robabilit.y willlH' hc\lwd. 

3.3.2 S~mulation Models 

The simulation models a1'(, lIsed to l'Cpl'cs<'llt the' ('ff('ct.s of éI t.t'st poillt wlt.hill t.lw circuit.. III 

the case of an observation point, the mode! is very simple. Ali o),s('rvrll iOIl poillt pl'ovid('H 

full observability at a particular liIle in the circuit but does Ilot dist.lll'b any of the logic' 

values within the circuit. 1t can be modC'lcd hy tll(' ahility 1,0 M( ('SS rallit d(·t.C'dahilit.y 

information at a specifie Hne. By providing accpss to rallit dt·t(·d,ability Illfolllli\.tioll 011 

aU Hnes, every possible observation point can be modt+d al. OIU·I'. 

Control points requi1'e a more complicated llIodl'l. TIH'Y rtffl'd t.1H' logi(' valll('~ wit.hill 

the circuit. It is necessa1'y to do sorne f01'1ll of 1'('-allaIYHI:-' fol' ('rt('1l II('W ('Olllhinatioll or 

control points. The control point can h(~ 1Il0debi by challgillg tht' :-.igllal probilhility 

values in the circuit at the affccted point and recalculat.illg wit.hill tll(' af[ed('<! ('011<'. For 

simplicity, only a single control point is modeled al il linw. 

The following steps are uscd to mode! a <'0111.1'01 IJoillt aH HhoWII III 1,'igIlrP :t2 for 

simulation purposes. 

• Set signal probability on line LI 
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L1~ 
l2-a---l3 

Unmoclilied Circuit 

l1~13 L2 G1 
L4 G2 

L5 

Control Element J 

Figure 3.2: Control point simulation model 

• Adjust det.ection probabilit.y of faults propagating through line LI 

3.3.3 N etlist Transformations 

23 

'lb physically insert a test point into the circuit netlist a series of netlist transformations 

are defined. These local transformations insei't additionallines and gates into the circuit. 

Each of the transformations is illustrated by showillg the original section of the circuit on 

the Jeft of the figure and the result of the transformation on t.he right. For clarity, only 

the gates and lines that are invo\ved in the transformation are shown. 

Observation point insert.ion is accomplished by the addition of a fanout stem into the 

netlist, in which one of the branches becomes a primary output, the other branch connects 

t.o the original destination of the line which is being made observable. There are three 

possible cases, which are shown in Figure 3.3. 

Case la: The line LI is an input to a stem 

Add one more {anout branch to stem SI (L4) which is a primary olltput 

Case lb: The line LI is fanout brandI of a stem 

Add one more fanout. t.o stem SI (L4) whîch is a primary output 
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case 1. 

case lb 

case 2 

L2 

~l 
Gl 

SI L3 

~ 
~ 

L2 

~
I LJ 

GI 
SI lA 

L3 L2 

SI 

LA 

Figure 3.3: Netlist trallsformatiolls for oh~-i('rV,ltioll (loin!. clddit.ioll 

Case 2: The line LI is bctween two gates, 01 alld 0'2. 

Add stem SI with input LI and fanout lines L2, L3. L2 COlIlICcts t,o O'l. in plaCt' of 

LI and L3 is a primary output. 

Control point insertion is accomplished by the additioll or ail extra ('(mtrollillg gat.p 

having one input controlled by a primal'y input. of t.he circuit. This gah' SNW'S t.o modulat/' 

the signal probability of the Hne. There are two possible ('a~;('s to ('otlsid(,J' wlwn illSNt.illg 

the control point, as shown in Figure 3.4. 

Case 1: The line LI is an input to agate GI 

Add input L3, gate G2 and linc L2. 

Case 2: The line LI is an input to a stern SI 

Add input L3, gate 02 and line L2. 
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case 1 ~ 
~ 

lA 

~ 
~ 

~ ~ 

~
J lA 

L3 G2 L2 
SI l..5 

Figure 3.4: Netlist transformations for control point addition 

25 

lnserting a combîned control and observation point can be done as shown in Figure 3.5. 

The line is split into a primary input and output. This transformation models the circuit 

in test mode. Under normal operation the circuit should function as it did before the 

transformation. This can be accompli shed with a multiplexor as shown in Figure 2.5. 

cue: 1 

case: 2 

~ 
~ 

L3 

~ 
SllJL. 

LI 0 

~ 
~ 

Figure 3.5: Netlist transformations for control/observe point addition 

Case 1: The line LI is an input to agate GI 

LI becomes output and add new input line L2 which becomes input to gate G1. 

Case 2: The line LI is an input to a stem SI 

LI becomes output and add new input line L2 which becomes input to stem 81. 
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3.3.4 Faults in Added Hardware 

Test point insertion requires the addition of circuit elelll('nts. With II\('st' a<l<lit.iunal 

elements come additional fa1\lts. When a circ1\it is moclifi('d in slleh il manllt'r, its f"ult 

set should he updated to takc these ~xtra faults into a('count.. {Ising t.11t' stut'k-at. f,\\I1t 

model, the simplest way to accomplish this is t.o add él II('W pair of st lIt'k-éll.-O m((1 st.llt·k· 

at-l faults on each new line added 1.0 t.h(' circuit. 

3.4 Test Point Analysis Method 

ln order to dcterT"lÏnc the best location for t.est point.:., an analysis of th.· circuit is p('r­

formed. This analysis consists of d<.'tNllIining fault df'l«·(tahilit.y infol"Jllclt iOIl. 'J'h.· f,udt 

detectahility information actually giv('s us information ahollt. ob:.ervélhilit.y ill t.h(' dl cuit . 

It tells us how many faults wc can expect to d(·t.ee\. if ail ohs('rvat.ioll point. was pla('('c1 al. 

a particular line. It does not give us informatioll 011 how il ("0111.1"01 point. will ,lfr .. d t.h.' 

circuit. To determine the effcd of a cOlltrol poillt, t.he fc\llit. dded.clhilily informatiol\ lIIust 

he re-evaluated in the presence of the control poillt.. Hatller t.hall 1't·I)(,élt.in~ cl cosl.ly falllt. 

simulation, this is performed by probabilistic Ilwthoc!s. The ('ff('d. of th.· (0111.101 p()illt.~ is 

reflected in the fault detectability informat.ion al lhe prilllary olltpllts (l[ t.11t' .·j'fuit.. 

Fault detectability information is availablc for ('very possi hl(· obs('rvatioll point. 1>(.­

termining this informat.ion for every possible cOIlt.rol point. wOllld 1)(' cOllIputat.ionally 

expensive. To reduce the CPU time rcquircrnent., only a select. sel, of illl,«·rt·ht,illg Iill('s art' 

evaluated as possible control points. 



Chapter 4 

Fault Detectability Information 

This chapter presents t.wo met.hods for determining fault detectability information (FDI) 

within a combinational circuit, the Hybrid method and the Fault Injection method. Both 

methods involve fault foIimulation. The I-lyhrid method is based on a combination of 

fault simulation and probabilistic methods. ft sacrifices accuracy for speed by providing 

csl.illlat.cs of t.he rault dct,ed.ability information. This method is used for both control and 

observation point placement. 

The Fault Injection nlf'thod is based on a parallel pattern single fault propagation 

(PPSFP) {ault, simulator. It provides exact fault detectability information. It is only 

uscd for observation point placement.. As this is a simulation based method, t.he multiple 

iterat.ions that would be required to use this method for control point placement would 

bl.' ('Ost.ly. 

4.1 The Hybrid Method for Observation Points 

ln t.his section wc describe a method for estimating the number of faults detectable at 

a particular lille in a combinational circuit. This information ie then used to guide the 

placement of observat.ion points. This method uses a hybrid of fault simulation and 

27 
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probabilistic methods. The method fonsists of two phclsl's. First, f(U11t sillllllat.ioll is 

performed to determine controllabilit.y and fault. d('It'l't ahilit.y \Vil hin fanonl -fl't,t' l't'gion~ 

of the circuit. The fault simulation is based upon the Tulip [~IH!}()al silllul<ltor. 'l'III' 

detection probabilities are then propagated l'rom the fallout st"I1IS towards tilt' prillldn' 

outputs using probabilistic rnet.hod::;. 

Section 4.1.1 begins with a deHcription of tlH' fault. silllulat.ion (11'0(·.'<1111'(' and t.lwlI 

describes the ca1culation of the detect.ion prohahilitics in l-il'dioll ·Ll.:!. 

4.1.1 Fault Simulation 

Efficient fault simulation techniques litaI. avoid sillllllat.illg part.s or 1.I1C' circuit HÎlU'(' I.h('y 

are concerned with detf'ctabilit.y at. t.he prim,Ir)' olltplltS. COlllpIHctl(· tl)(' d('!.(·l'IIlill,lIioll 

of detectabilit.y informat.ion within the circuit. ('l'it.lcal IMt.h t ranllp." P('r!ol'll\('d wit.hill 

fanout-free regions From the fanout. stC'IIlS, do('s ilOt. l'xplieit.ly .!!,1I,II·iW\.C·C· t.ltc· illrol'lllél\.ion 

on what faults are detectahlp and how far t1l<'y propagatc'. 'l'II(' SlIlIlIl,ttioll of ~t.(·1I1 f"ults 

can be avoided in some cases by dctcrmining t.he c1d.('dahdit.y of t'xit. lil\(,~ rir~t.. Ikdlldioll 

of the fault·free simulation means that cO/ltl'ollabilit.y infol'lIlclt.ioll IlIrly not }w <ldC'l'lIIillc'cl 

in ail areas of the circuit. In order 1,0 detcrmi/l(' dC'!'c'ctahility informaI ion wit.hill FFHs, 

additional tracing is performed. Dctedahilit.y informat.ion outsid{' t.1 ... FFlb is t!c·I,C·rtllil\('d 

by probabilistic methods arter tlte fault simulat.ioll is (,olllpll'I,('. As t.he frullt. simulat.ion 

progresses, deteded faults are dropp('d (fault. dropping). Active FFHH M(' t.hosc· thal. 

contain undetected faults or exit tines of an active stem. Fault.-fr<'(' sill\ulation is l)('rfol'lll('<1 

on aU active FFRs. Controllability informatioll fOI inactive FFRs is ilOt. 11('(·<1('<1. 

The fault simulat.ion phase provides exact cont.l'Ollabilit.y valtlt,~ fol' Ut(' a.d,ive al'('(lS <If 

the circuit as weIl as deteclability values within FFHs. Tl\(' fétlllt. :,illllllat.ioll is I)('rfol'IIII'<I 

according to the following algol'ithlll. 

faulLsimulation { 

• Perform fault·free simulation and collect controllability information 
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• Trace active FFlts and ..,imu)ate stem fau)tf> 

• Deterrnill(, det('ctability within active FFRs 

} 

Fault simulat.ion is used to capture the propel't.ies of l'cconvel'gent fanout, which may 

not be adequately modeled by probabilistic methods. The fault-free simulation provides 

exact controllability values throughout the circuit. To capture the correlation between 

signaIs, pattern counting is pcrformed at each gate. In order to ease the storage re­

quireITlents ail possible combinations of signais on ITIulti-input gates are not considered. 

Instead, ollly 71 - 1 pairs of signais are considered for an n input gate. Moreover, the 

pairs t.hat an' considcl('d arc t.hose that. would dl'ise if the network was transformed into 

ail cquivalclIl. circuit. with two input gates. The fault free patterns are counted for each 

pair to det.crrninc four probabilities (Poo, POl, PlO, Pll) as shown in Figure 4.1, where Pxy 

indicatcs the probability that an x will occur on the first input and a y will occur on the 

second. r .. ······························· 
1 c9 ~. 
i .................................... 

................................................................. 
a d (pOO,p01 ,plO,pll) 
b 

x c 
(pOO,pOI ,pIO,p1 1) 

• ••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• 1 

Figure 4.1: Gate input pattern counts 

Within cach fanout-free region detectability information is collected for those faults 

int.crnal t.o t.hc l'cgion. Critical path tracing is performed within fanout-free regions with 

respcct to carh lille to dcterminc a count of the number of times a fault is detectable on 

t.hat line. 

To increase the diagnost.ic resolution, the polarity of faults is also captured. The 

detectability information is composed of two probabilities, PD and PD, representing the 
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probability of detecting a specifie fault as a 0 or /) 011 il particular li Ile. A lis!. is llIaill 

tained on each line containing the fault identit Îf'S and <!('t,pction probahilÎt.ics. A fault, ('ail 

propagate to a line in two forms, as il [) 01' ilS a lJ 'l'h(' f) sYlIlhol J'I'pn'St'lIts a 1 in IIIt' 

fault-free circuit and a 0 in the fault,y circuit.. 

4.1.2 Calculation of Detection Probabilities 

Initial values of the detection probability within fanout-frce l'<'gion are c!p\.t'rmilwd from 

simulation as the ratio (f/T) of thr detf'dioll COllUt. (I) to \.11<' to\.alllllllll)('1' of pittt!'!'IIS 

simulated (1'). 

Probabilistic mcthods are t.hen t1s('d to propagat,c' 1.h(' c!('\.('c1.ahilit.y illfollllal.ioll rorwilld 

t.owards the primary output.s. Each fault is p!'opaga\.(·d in a Ic·VC'li,wd fashioll st.art.i,,!!, l'lulII 

the output stem of the fanout.-free region ('ontaÎnÎllg \.1)(' fault. 

The mappings in Table ILl describes t.he <'qua lions us('d t,o propaJ!;at,(· t.1H' dd,('ct.ion 

probabilities through a gale. 

AND 0 j) 1 D OR 0 lJ 
o 0 0 0 0 0 

D lJ 0 D D 0 

1 

D 

0 

0 

ÏJ 

0 

1 

D 
D 

D 

1 

D 

0 D 

D D 

1 1 

D 1 

l 

l 

1 

1 

D XOR u (J 

D 

1 

l 

D 

o 
J) 

1 

IJ 

() 1) 

J) 0 

1 n 
f) 1 

Table 4.1: Gat(' input./output. rtlappillg~ 

f) NOT 

1 J) () 1 
/) 1 J) J) 

0 J) 1 0 

IJ 0 f) J) 

We now derive the propagation cquat.iolls for an AND gil\'('. COllsidcr onc' of Ut(· t('I'IIIS 

(T) required to produce a D for the AND gate in Tablc' 1.1. The prolmbtlit.y of;\ J) 011 

one input and a 1 on the other Îs iudicated a.s T = P( A = J) n IJ == 1), wlH'\'I' '/' i~ \l1>l'rI 

as a shorthand notation and A and B rcpl'escllt 1,11(' gal,(· inputs. \VI' ('ail (~xpalld this 1.0 

explicitly indicate the fault-free and faulty ~litt.c~ iUlel write IJ(A = 1 n A' = 0 n IJ = 
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1 n /J' == 1). Using Bayes law, we can con vert this to a conditional probability, 

T == P(A = 1 nA' = 0 1 B = 1 n B' == I)P(B == 1 n B' = 1) 

wherc the prime indicates the faulty state of the linc. 

During the simulation we collect information on the correlation of the fault-free signais, 

however, wc do not have information about the correlation bct,ween faults on different 

inputs to a gate. At this point, wc make the assumption lhat faults on the inputs to a 

gate are independent. This, of course, is not true when reconvcrgence is involvcd and will 

lcad t,o erl'ors in the estImation. Assuming faults on A and B are independent implies 

that 

P(A == 1 nA' == 0 1 B == 1 n B' == 1) == P(A = 1 nA' = 0 1 B = 1 n B' = 0). 

Wc then remove the depenclence on B' and apply Bayes law to get, 

T == P(A == 1 nA' = 0 1 B == 1 )P(B -= 1 n B' = 1) 
P(A = 1 n A' == 0 n B = I)P(B = 1 n B' = 1) 

== P(B = 1) 

w(~ can apply t.he same method to the first term of 4.2. 

P( A == 1 n A' == 0 n B == 1) 

Substituting 4.3 back into 4.2, 

P(B == liA == 1 nA' == O)P(A == 1 n A' == 0) 

- P(B=IIA==I)P(A==IIA'==O) 
P(B == 1 n A == I)P(A == 1 nA' = 0) 

P(A = 1) 

(4.1) 

(4.2) 

(4.3) 

P(B = 1 nA = l)P(B = 1 n B' == l)P(A == 1 n A' = 0) 
T== P(A==l)P(B==I) (4.4) 

Given that P(B = 1) ::= P(B = 1 n B' == 1) + P(B == 1 n B' = 0) wc can substitute 

P(B == 1 n B' = 1) == POl + PH - Ph in 4.4 and gel 

T = Pn(Pol + Pu - p}))PJj 
(PlO + PlI)(POI + Pn) 
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Note that T is dependent on the probability t.hat bot h input.s al'<' l, a f) \.ypt~ fault, Îs 

present on the a input and the h input has no fault, ('tfect 011 il. Th(, d{'nolllinator ('all 1)(' 

simplified by representing thl' probability of a 1 011 lill(, a as Pi'. 

Using the above method, the equations for 1.1)(' AN \) gcll,(' al'(' d(·fiu{·t1 as, 

PD = P( A = 1 n A' ::: 0 n B = 1 n n' :::: \) + P(:\ :::: 1 n 1\' ::: 1 n JJ :::: 1 n }J' = 0) + 
P( A = 1 n A' ::: 0 n B = 1 n B' = 0) 

= PH PD( pt - Pb) Pli (Pla - Pjj) Ph Pli PD Pl) 
PD pb + pa pb + pa pb 

t 1 1 1 1 1 

PD ::: P( A ::: 0 n A' == 1 n il ::: 1 n /J' = 1) + P(" = 1 n A' == 1 n /J = () n /J' = 1) + 
P( A ::: 0 n A' :::: 1 n il = 0 n n' = 1) 

= POIPpCPf - pb) PlO(Pla - Pf))Pb PooP'hpt 
Ra pb + pa Pob + nu /JI} 

o 1 l 0 'U II 

The equations for othel' gate types l'an be derived in il similal' IlHlIlIWJ'. Tahle' 'l.'l 

shows the equations needed for ail the logic gat('s. 

Using the equations defined above to propagate t.lw detec\,ioll prohahilit.i(·s, a list. is 

associated with each liue. This li st contains fault ide1ll.iti('s and t.ll<'il' d{·tecl.ioll pl'Ohahilit,y. 

In order to provide a single mt'é\surc of t.he relative merit. of ail pof,('1It.ial ohs('rvat.ioll pOillt.S, 

the Hnes are ranked according to the average numhcr of fault.s detedahle at t,hal. lill(·. The 

average number of faults detectable is cakulatcd dS, 

Navg ::::: L 1 - (1 - P,)'t, 
lEI-' 

where n i8 the total nurnher of patt.erns and P is the sef, of fault.s in the fault, lisl at tht' 

Hile. The individual probabilities p. = PD + PD arc tlH' prohabilit.i(·s of dc·I,(·ctillg a faillI, 

as either D or lJ on the lioe. 
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AND 

Pb = P(A = 1 n A' = 0 n B = 1 n B' = 1) + P(A = 1 n A' = 1 n B = 1 n B' = 0)+ 

P(A = 1 n A' = 0 n B = 1 n B' = 0) 

= PIIPâ(Pl'-Pt) + Pll(Pt- Pâ)Pt + PIIPâPt 
papb popb popb 

1 1 1 1 1 1 

pC 
D = P( A = 0 n A' = 1 () B = 1 n B' = 1) + P( A = 1 n A' = 1 n B = 0 n B' = 1)+ 

P( A = 0 n A' = 1 n B = 0 n B' = 1) 

= 
POl Pô (Plb-pQ) + PIO(Pt-PD)PÔ + PooPDP~ 

popb popb popb o 1 1 0 0 0 

OR 
PD = P(A = 0 n A' = 0 n B = 1 n B' = 0) + P{A = 0 n A' = 0 n B = 0 n B' = 1)+ 

P( A = 0 n A' = 1 n B = 0 n B' = 1) 
POI(Pô-PÔ)P~ PIOPô(pt- Pô) Pli Pô pt = fJop6 + popb + popb 

o 1 1 0 1 1 
pC 

f) = P(A = 0 n A' = 1 n B = 0 n B' = 0) + P(A = 0 n A' = 0 n B = 0 n B' = 1)+ 

P(A = 0 n A' = 1 n B = 0 n B' = 1) 
Poopn (I~b_pb) Poo(PO-PO )pb p. Opo pb 

= 00 0+ 0 00+000 
popb pRpb popb 
o 0 ° 0 ° 0 

XOR 
Pb = P(A = 0 n A' = 1 n B = 1 n B' = 1) + P(A = 0 n A' = 0 n B = 1 n B' = 0)+ 

P(A = 1 n A' = 1 n B = 0 n B' = 1) + P(A = 1 n B = 0 n A' = 0 n B' = 0) 

= 
POl PÔ(Plb-l't) PoJ(Pô-Pô)Pt PIO(Pt-PÔ)Pô PIOPij(Pt-Pp) 
~~ + ~# + ~~ + ~M o 1 0 1 1 0 1 0 

pC 
D = P(A = 0 n B = 0 n A' = 1 n B' = 0) + P(A = 0 n B = 0 n A' = 0 n B' = 1)+ 

P(A = 1 n B = 1 n A' = 1 n B' = 0) + P(A = 1 n B = 1 n A' = 0 n B' = 1) 

= PooPô(Pt-1'ô) + Poo(Pô-Pô)Pô + Pli ~Pi-Pij)Pt + Pli Pô (pt-pIi > 
pRpb p0p'b popb pop& 
o 0 0 0 1 1 1 1 

NOT 

Table 4.2: Detection probability equations 
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4.2 The Hybrid Method for Control Points 

Improving the observability of a circuit is not always ('lIough to guarallt.ee \00% fauJt, 

coverage. There may exist faults which are not exited by tht' particlliar t,('st, set.. 'l'lU' 

addition of observation points will not help these faults, The pl'Ohlt'm iH t.ht' wnt.rollahilit.y 

of nodes in the vicinity of the fauIt site. 

This section discusses the placement of cont.rol point:- wit.hill 1.11<.' cil'nlit ln improw 

the controllability of specific nodes within the circuit. 

The control points are used ta adjust the signal prohahilit.y of il HIWdfk lit\(' t.o a va,hw 

close to 0.5. To determine which lines are good candidal,('s for control POillt.S, a s('ric'H of 

heuristics are applied. The process takes place ill stages, Finit. a rOllglt !'ic·kct.ioll nil.el'ia 

is used to create a set of lines. The \ines in this sPt. al'(' t.l!('1l <'xamilwd 011<' at. a t.in\('. Tht' 

fauIt detection probabilities are recalculat.ed bas('<1 011 t.}u' }ill!' havillg il pl'o\'ahility of (),:1. 

An average value of faults detectablc at. the prilllitry Ollt.plll.!'i is t,Ilt'1I c1C't.c,rtl,il)('d. Aft,c'I' 

aU the lines are examined, the est.imat.es of t.1l<' avel'ag,(' Illlllll)('r of f"tllt.s <I<'I.c·(·t.ahl(' dll«' 

to each control point site is compared. 

4.2.1 Line Selection Method 

The initial set of lines is creat.ed based on the signal probahiliti('!'i in t.1H' ('ircuit. 'l'hl' 

signal probability informat.ion fol' eaeh lille it-l col\cdcd dming t.lw falllt, fl'<'(' simulat.ion. 

Using this information, a set of lines is erealecl. Eacl! lille is acld('d 1.0 \.}\(' s('t, hased UpOIl 

the following heuristic. 

• Perform levelized traversai of gat.es from inpllt~ t,o out.put.s. 

• Examine each gate G which has not. bccll droPI)('d frolll fault ff'(!e silllulat.ion. 

• For each input LI 1.0 gate G with non-cm pt y lis\. of félUIt,:-I 011 tlJ(' otlle!' inputs /lnd 

probability of controlling value grcatel' than or equal 1.0 a s('1, lhl'l'shold value 

-
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- add LI to selected set 

- trace backward through the circuit from line La and add the input line of the 

first stems encountered on each path to the selected set. 

4.2.2 Calculation of Signal Probability Values 

The signal probability values in the ur.modified circuit are obtained through simulation 

as shown in the following equations, where PXY represents the probability of obtaining the 

values xy on a pair of inputs to agate. 

pa 
1 - PlO + Pll 

pb 
1 - POl + Ptl 

Ra 
0 - Poo + POl 

p'b 
0 - Poo + PlO 

To dctermine the effect of a control point at a pal'ticular Hne, the signal probability 

of that line is set to 0.5 and the signal probabilities are recalculated in the areas of the 

circuit that are affected. The signal probability va!ues for the circuit with a control point. 

added arc calculatcd as in t.he COP test.ability measure. These calculations do not take 

into account any correlation between signaIs in the circuit. 

R' 00 - Ria Rib 
o 0 

P~l - Ria p,b 
o 1 

P;O - p'a p"b 
1 0 

p;\ - p'a p,b 
1 1 
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4.2.3 Calculation of Detection Probabilities 

The detection probabilities of faults are 1lle(\s\lt'(·d within each fanout-fn'(' l'('gion durilll!, 

simulation. Detection probabilities are calculated for the whole circuit. using (·quat.ions in 

Table 4.2 derived in section 4.1.2. These equat.ions try t.o t.ake int.o accoullt. SOIlW of t.he 

correlation between the inputs to agate. 

To deterrnine the effect of a control point, the d<,tectioll pl'Ohahilities éH<' 1'('('aktllal,<,11 

assurning the presence of the control point. ln this ca."!', a simpl('r md,hod iH \1H(·(1. 'l'II<' 

contribution to the detection probability of a fault. 011 lill(' (' <1\1(' 1.0 a t',UlII, 011 lill/' Il is 

calculated as the probability t.hat the fault. is pl'(,~wlll, al, t.he inpul, (/ 1.0 t.!J(' gal,(' éllld aIl 

the other inputs have non controlling values. 

PD = (ProL. non cont.rolling vaille) x Pi) 

The total detection probaLility PD is ca\culat.ed as lll<' Hum of (·olll,l'ilmt.ioIlH from t.I\I' 

fault on each of the inputs to the gate. 

4.2.4 Selection of Control Points 

For each of the candidate control points, an cstimate of t.he average 1It1l11her of rélult.s 

detectable at the primary outputs is complltcd. The8e VaIU('H an' 118('(\ t.o rallk th.· fOllt.rol 

points in a greedy fashion. The line which det.ects tIlt' highest. 11111111)('1' or f,mlt.s is SI'I('ckd 

first. These faults are then removed from considerat.ion and t,l1(' proC('HH iH l'(·p(·at.(·d by 

selecting the next best Hne. A list of control points iH gP!lpJ(Üt·d :,howing t.lll' élwrag(' 

number of faults detectable and the Încremcntal avcl'agp IIlllllh(', of ralllt.:; d(·t(·( tahl(·. 

This list can be parsed by an external procedure to selpd UJ(' cOlIl.rol point.s thflt. prOVifl(' 

sorne incremental benefit and insert. them into tll<' <:i,cllit.. 

To verify the actual improvement in testability, t.he circuit Il(·t.li:,t.:-. ('ail 1)(' modifif·d 

by the addition of the control points and thcn fault simulated. The addit.ion of control 
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points is modeled by a set of netlist transformations described in Section 3.3.3. 

4.3 The FaoIt Injection Method for Observation Points 

One of the simplest simulation based methods for determining fault detectability is based 

upon the PPSFP fault simulation method. As each fault is propagated through the 

circuit, fanlt detectability information can be accumulated. Only one fault simulation 

l'Un is necessary to obtain the fault det.ectability information necessary for observation 

point placement. Since fault simulatioll is usually performed once or more t.o evaluate the 

coveragc of the test. set, the cost of one extra fault simulation should be reasonable. The 

main advantage of this mcthod is that the oetectability information is exact. 

4.3.1 The Simulation Algorithm 

The simulation algorithm is bascd upon the parallel pattern single fault propagation 

(PPSFP) fault simulation method. The main steps in the simulation algorit.hm are out­

lined below. 

1. Place the input values at the primary inputs. 

2. PerCorm fault free simulation and count number of logical 1s on each line. 

a. PerCorm Cault simulat.ion 

(a) Inject Caull at fault site. 

(b) Propagate fault. effect and update fault detectability counters on each line 

encountered. 

(c) If fault was detected then drop if. from further simulation 
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In addition to the standard fault simulat.ion, a ~eri('s of fault, list.s alld count,('rs art' 

maint,ained Oll each line to keep track of: 

• The number of times a logical 1 was present. 011 il. part.iculilr lillc' . 

• The number of times each fault was det,ect.cd on a part.icular lillc. 

The fauit list on each line is composcd of a linked list. of fau\t, IDs and dc·I.f'd.ÎolI cOllnt.s. 

The detection count indicates hùw rnany times the fault, \Vas det.('cl.abl(' ,lI t.hat. part,irlllar 

iine. The amount of space required t.o stoJ'(' t}H' féllllt list.~ i~ 0(,,2) in t.1\(' worst. nlSC', 

where n is the numbe!' of lines ill the cÎ!'cllil. '1'0 1'('<111('(' t.J1(' storilg(' l'pqllin'lIIc'nt, a fault. 

set containing only undetected fau\t.s :an he obt.aiJl(·d froll1 a pl'('vio\ls falllt. si 11111 lél t.ion. 

4.3.2 Observation Point Placement 

Using fauit detectability information, t.he placement. of observation point,s t.ltat. COV('r t.11(' 

undeteded faults can be determined. A greedy algoritlllll is tls('(1 t.o M·I .. d. ('IH'" ohl'lC'rvat.ioll 

point in a iter3.tive fashion. The point t.hal. cov('rs t.Jw larg(·st. nllllll)('1' of 1I11c1('t.c'('l.pd filulb 

is selected first. The faults that are dctected by t.his observat.ion point. ,UT lIIilrkc·(1. 'l'll('s(' 

marked faults are not considered when counting the Illlllll)('r of fault.s c1('I.(·dahl(· hy <1" 
observation point. The process is rcpeatcd unt.il ail t.h(· IIIld('t.('cI.(·d f<lult.s ail (,ov('If'd, 01 

a specified number of observat,ion point.s is rcadH'd. 

Once this process is complct(" a lis\' of obs<'I'viltioll point.s is g(·IIC·I',t!,(·(\. Fol' ('II('h 

observation point, the number of faults dct,ect.ed and tll(' incl'(·IIH'IIt.al lIulIIl)('1' of fault.s 

detected is listed. This Iist cali bc used to rnanually evaluate tlw IWllf'fit of ('(l('h addit.iollal 

observation point. The list. can be parsed by an external procedul'(' tu allt.olllat.ic:ally iuld 

the observation points to the circuit nctlist. 
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4.4 Test Point Insertion Procedure 

This chapter described a set of algorithms which can be used to determine fault detedabil­

ity and sites for test point insertion. This section describes how these methods can be 

comhined to create a test point insertion procedure. The procedure consists of two main 

stages. In the first stage, the Hybrid rnethod is used to deterrnine the placement of control 

points. A second stage is then performed using the Fault Injection method to determine 

the placement of observation points. The procedure takes the following input: 

Test 8.,.t The test set defines the input patterns that are used to test the circuit. In 

this implementation, the sarne pseudo-random generation technique is used at each 

stage thus it is only necessary to define the seed value and the Humber of patterns. 

Netlist The netlist of the circuit to be analyzed. In this irnplementation, a fiat netlist 

format is used. 

Fault set The fault set defines the faults in the original circuit that are to he considered 

in the analysis. Additional faults may he added to the fault set to account for faults 

in the test point hardware. 

4.4.1 Choice of Fault Set 

The cost of this method in terms of CPU time and memory is dependent on the size of 

the fault set. From the standpoint of efficiency, it is desirahle to use the smallest fault set 

possible. A collapsed fault set. would he preferable to a full fault set. A further retluction 

in the size of the fault set can be ohtained by removing ail the faults that are detected 

by the t.est set. This provides a collapsed fault set cOlltaining only undetected faults. 

When test points are inserted, the circuit is modified. Additional faults due to the extra 

hardware are casily added . 
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The effect of control points on any previollsly dctccl.ed faults shollid h(' ('onsidt'red 

when more than one stage of analysis is to be perfofllwd. If in ~tap;t' ont' SOIlW f'1\l1ts 

become undetectable due to the insertion of a con t. roi point hut. th('s(' fauJt,s arc' Ilot 

present in the fault set used in stage two, t.lwse falllts willnot. \)(' incllldc'd in III(' analysis 

and may remain undetected. If, however, t.hey w('rc inchult'd in tilt' fault, HI't, t lU' analysis 

might suggest placing an observation point to ddect. tht'Hp fault,s. Thus, if t.11t' I.c'st. poillt. 

insertion methods are applied more than once, or if the two stage 1>1'0('('d\ll'(' is usc'd, a 

new {auit set will have to be created {or eaeh analysis following t.he' insprl.iol\ of a (,olll.rol 

point. 

In this implementation, a ncw tault set is gcncl'at.t,d for ca('h analysis. 'l'lU' fault, SI't. is 

created by performing fault simulation on a full falllt. sl'l.. This is ilOt. tlU' 1II0St. (·frjciPIlt. 

met.hod because of the cost of the fault simulation. Fol' th(' (·XI)(·l'illH'IIt.S dt'scril)('d in tilt' 

next. chapt.er, however, sorne of the ext.ra fault. simulal.ioll s\.t·ps arc' ah'l'ady nl'I'clef! t.o 

verify the results. 

4.4.2 Stages of Analysis 

There are two major stages to the tcst point. insertion pl'Ocedure, boUt of which ('ollllll'iH(' 

of analyzing the circuit and choosing the lilles at wh ich 1.0 plan· t.est points, Tlwy ill'(' 

similar in t.hat they both attempt to dctcl'rnine the dctect.ahility of falllt.s withill !.lU' 

circuit. They differ, however , in the rnet,hod used for t.1l<' analysis. TIlt' ril'st lI!o\('S UI(' 

Hybrid method which incorporates a combinatioll of faull. ~illl1llat.i()11 alld prohahilistic 

mcthods to compute an estimate of the fault det(·ctahility. TIl(' secollcl IIS('S tlH' Fault 

Injection method which involves a more detailcd fault. simlllation to nl('il~lIJ'(' t.he (·xact. 

{ault detectabiiity. 

The test point insertion proccss takl's place ill il HilmI)!'\, of phar-,('s as showlI in Fig­

ure 4.2. The procedure begins with fault simulation and cont.rol point cUlalysis llSillg t.he 

Hybrid method to generate a list of lincs at which to place contl'OI point.s. Control poiflts 
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Fautt Simulation 
and 

Conrrol Point 
Analysis 

(Hybrid Method) 

l 
1 Control Point Insertion 1 

l 
Fault Simulation 

and 
Observation Pomt 

Analysis 
(Fault Injection Method) 

1 
l Observation Point Insertion 1 

Figure 4.2: Test point insertion process 

are theo added to the netlist and fault simulation and observation point analysis using 

the "àult Injection method is performed. The observation points cao then be added to 

the circuit. 
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Chapter 5 

Experimental Results 

5.1 Simulation Experiment Environment 

To provide a basts for the CPU time meaSUl'f'mcnt:s rC'J)Ort.<'d in titis chapl,('I', il, is 1H'('('SSrlI'Y 

to know the machine on which the cxperiments were pcrfonrJ('d. To lIlaillt.aill ('ollsisl,('IU'Y 

within the results, ail simulation experiments descrihed ill this chapt('r W('I'(' pNforll\('d 

on a SUN SPARCstation II \Vith 32 megabytes of physicaIIIl!'llIory cille! ~()() lIH'gabyl.t's of 

swap space. This machine is rated al. 25 spccma rks [Sys91]. 

5.2 Benchmark Circuits 

The experiments described in this thesis are pcrfol'lllcd 011 8011)(' of t.he ISCAS 8.1 [HF8.11 

and ISCAS 89 [BBK89J benchmark circuits. Tahl(~ G.l and :).1 illllst.mt.e ~()Il}(, of t.1,.. 

properties of these circuits. The number of illpllt.~, outputs, gal,('s alld sl.(·IIIS i~ giv(·11. 

In addition, the number of faults in the nOIl collélp~('d, collapspc! alld nOIl rf'dUIHlalll., 

fault sets are given. The non redundant fault. ~ct, illclicat.(·d as ([d"dn'l/" J(W li.'; , in t.11P 

table, is a collapsed fautt set with the untestable fault.l> I('JI)oV(!(1. Circuil,s which do flOI. 

42 
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contain untestable faults or for which no list of untestable faults was availahle will have 

the ffetectable and collapsed faults columns equal. 

Circuit No. No. No. No. Non Collapsed Collapsed Detectable 

Name Input.s Outputs Gates Stems Faults Faults Faults 

C432 36 7 160 89 864 524 520 

C499 41 32 202 59 998 758 750 

C880 60 26 383 125 1760 942 942 

C1355 41 32 546 259 2710 1574 1566 

cums 3:J 25 880 385 3816 1879 1870 

C2670 233 140 1193 454 5340 2747 2630 

C:l5t10 50 22 1669 579 7080 3428 3291 

C5315 178 123 2307 806 10630 5350 5291 

C6288 32 32 2416 1456 12576 7744 7710 

C7552 207 108 3512 1300 15104 7550 7419 

Table 5.1: Properties of the ISCAS 8.5 benchmark circuits 

l<'ault simulation was performed on these circuits with 10240 random patterns. Ta­

bles 5.3 and 5.4 show the l'esulting coverage obtained. The numher of undetected faults 

remaining, if an y, is also givcn along with the number of patterns applied to reach the 

indicated coverage. For these simulations, a full fault set was used. 

The covcrage values shown in Tables 5.3 and 5.4 may not agree with the coverage 

values in other tahles because of diffel'cnces in the test sets. These diffel'ences may arise 

Iw('ause Titbles 5.:1 and 5.~ use the original circuit descriptions for simulation. Other 

t.ables may use netlists that have been modified with extra inputs reserved for control 

point.s. Th<'sc extra inputs affect the random number generation in the fault simulator 

and thus the test set is changed. 
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Circuit No. No. No. No. Non Collapsed Collaps(\d \)(\(.(\(·t.ahl(\ 
Name Inputs Outputs Gates St.ems Faults Fault.s 1·',\.\11 t.s 

C27 7 4 10 4 52 :J2 :l~ 

C208 19 10 96 :12 ·11() 21Il 21:) 
C298 17 20 l19 :H 596 ;H)t' ;JO~ 

C344 24 26 160 ,10 6iO :H:! :H2 
C349 24 26 161 41 680 :If)!) ;J:)() 
C382 24 27 158 49 764 ;j~m :l!m 
C386 13 13 159 ~6 ~,.,..) '1 ~ :ltH :J~H 

C420 35 18 196 66 840 4:10 ,\ :10 
C444 24 27 181 (li) 888 ·IÎ'l ·17·) 
C510 25 1:1 211 7:l 10:W !)(H :)().I 

C526 24 27 19:J 1),\ 1052 Mi!) !)!):) 

C526n 24 27 ) ~).l 1)4 1O!)2 !)!):I :)!):I 
C641 54 43 379 57 1278 ,\li7 ·\()ï 

C713 54 42 393 80 l,t:W !iH1 !i81 
C820 23 24 289 39 W40 8!)() 8:){) 
C832 23 24 287 :19 1 ()(i" 870 870 
C838 67 34 390 1:J4 l676 8,1)7 8,1)7 
C953 45 52 395 158 1906 107!) I07!) 
C1196 32 32 .529 15.5 2:J!)2 12tJ2 12tJ2 
C1238 32 32 .508 W5 2/176 1 :J,I),I) 1 :J!i,l) 
C1423 91 79 6.57 180 21'H6 151!i 1:) 1:) 
C1488 14 25 653 76 2U76 )'18(j l 'lH(j 
C1494 14 25 647 76 2!)88 150n 15Of; 
C5378 214 228 2779 85,5 1 ()!j!JO tJôO:J tJ !j(i:J 
C9234 247 250 5597 1013 18,168 G927 (;927 
C13207 700 790 7951 1224 :W:JS8 !)SI !) !}()(i4 
C15850 611 684 977:] 1,518 :J169tJ 1 ln!) ) ) :J:!(i 

C35932 1763 20/18 16065 52!)5 7122tJ :J90!1tJ :J:)II() 
C38417 1664 1742 22179 4569 7()()7X :\1180 :JIO!S 
C38584 1464 1730 1925~ 3946 768()4 :W:W:J :H797 

Table 5.2: Properties of the ISCAS R9 benchmal'k circuit!> 
.... 
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Circuit Total Undetected Coverage No. 

Name Faults Faults Patterns 

C432 864 10 0.9884 10240 

C499 998 8 0.9920 10240 

C880 1760 6 0.9966 10240 

C1355 2710 8 0.9970 10240 

C1908 3816 12 0.9969 10240 

C2670 5340 876 0.8360 10240 

C3540 7080 263 0.9629 10240 

C5315 10630 62 0.9942 10240 

C6288 12576 68 0.9946 10240 

C7552 15104 787 0.9479 10240 

Table 5.3: ISCAS 85 benchmark circuits fault coverage 

Somc of these circuits achieve 100% coverage with the applied patterns. Since their 

fault, coverage cannot. be improved they do Ilot provide good examples for test point 

insertion. These circuits will be left out of future tables. 
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Circuit Total Undetected CoV('rage No. 
Narne Faults Faults PaU,<'l'IIH 

C27 52 0 1.0000 (H 
C208 416 0 1.0000 87:J(i 

C298 596 0 1.0000 :JS4 
C344 670 0 1.0000 9(i 

C349 680 4 0.9941 10240 
C'J82 764 0 1.0000 576 
C386 772 0 1.0000 2:t~() 

C420 840 85 O.898S 10'2·1{) 
C444 888 22 0.~)j!)'2 10'2·10 
C510 1020 0 1.0000 IIIH 

C526 1052 2 0.9981 10'2·10 
C526n 1052 1 0.9H90 10'2·10 
C641 1278 19 0.9S!) 1 102·10 
C713 1426 92 0.9:1.1.1 \02'10 
C820 1640 21 O.U~7'2 IU'240 
C832 1664 40 o 97(iO 102'10 
C838 1676 2ù7 0.8228 102,10 

C953 1906 fi O.!)!)(i9 102,10 

C1196 2392 30 0.987!) 10240 
C1238 2476 107 0.9!)G8 102,10 

C1423 2846 a5 0.9877 IO:HO 
C1488 2976 0 1.0000 !)9HI\ 

C1494 2988 16 O.991(i I02,t{) 

C5378 10.590 2H 0.9798 1021\0 
C9234 18468 2900 0.81\:10 10240 

C13207 26358 lt~:n 0.9:m:J 102/10 
C158,s0 :J1694 2:140 0.92(;2 10210 
C35932 71224 7:J1'1 0.8%~J 10210 

C38417 76678 H'l:! O.!H21 102,10 
" ~ 

t C38584 76864 4517 0.91\08 1021\0 

, "", Table ,s.4: ISCAS 89 hC'llchrnark circuit.~ fault. ('ov('raJ!;(' 
." 

~ 
( 
t 

i 
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5.3 Verification of Observation Point Estimates 

The lIybrid met.hod does not produce exact results for fault detectability information. 

ln order to verify thc results, the circuit neUists are modified by placing the observation 

points at, the selected line. The modified circuit is then fault simulated and the number 

of new faults det,ected il' determined. This nurnber is compared with the calculated value, 

as shown in Table 5.5. 

Simulat.ion Line Calculated Oeteeted 

Humber N av9 by simulation 

1 1556 174.57 181 

2 1559 120.00 120 

:J 1554 97.00 97 

4 1558 95.00 95 

5 1.555 94.00 94 

6 1557 31.00 31 

7 2054 23.00 23 

8 2058 23.00 23 

9 20.50 23.00 23 

10 2062 23.00 23 

Table 5.5: Number of fau1t.s detectable at observation lines in C2670 

'l'lU' circuits presented here part of the ISCAS 85 [BF85] and ISCAS 89 [BBK89] set 

of benchlllark circuits. A collapscd fault set with un testable faults removed was used for 

t,hese ('xperimt'nts. III Ordf'f to simplify the comparison, the fault set was based on the 

faults present in the original circuit and did not take into account any new faults due to the 

add('d test. points. The rircuits WCI'C simulated for a maximum of 100 lines starting from 

t.he Hne with t.he highcst calculated average number of faults detedable. Figures 5.1,5.2 

and s.a illustrate the rclationship betwcen the calculated values and the values obtained 

from simulation. The estimates match almost perfectly for C2670 (Figure 5.1), but there 
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Figure 5.3: Estimated vs simulated irnprovement fol' observation points 

are sorne differences for C75.52 and C9234 (Figures 5.2 and 5.3). 

49 

While it appcars that there are many tines which are overestimated for C9234 (Fig­

ure 5.3), these lines are in fact, c\osely related in the circuit. This area of the circuit 

contains groups of inverters in series and thus many lines which are equivalent in terms 

of the collapsed fault set. 

The Tt·sult:. ill Table 5.6 show the coverage obtailled artel' simulating 10240 random 

pat.t.erns with up t.o 3 observation points a.dded to the circuit. The addition of observation 

point.s incl'cased the coverage in all of the tcst circuits. The fault coverage curves for three 

of the bcnchmar~\ circuits are shown in figures 5.4, 5.5 and 5.6. 



1 ClIAPTER 5. EXPERIlvlENTAL RESULTS 50 

Fault covcrage with 

Circuit Total n observation point.s 

Faults 0 L 2 3 
C2670 2630 88.21 95.10 99 ... 7 m).73 

C5378 4563 99.10 9H.21 ~m.ao 9!L~\6 

C7552 7419 96.00 97.64 98.41 H~A9 

C9234 6480 89.27 91.74 92.93 !KJ.81 

C15850 11336 94.27 95.22 !)6.00 96.:n 

C38417 31015 93.03 93.71 94.a7 %.02 

C38584 34797 98.71 98.7(i 98.S0 9S.8:J 

Table 5.6: Fault coverage with varying 11\11111)(,1' of ohhPl'vat.ioli poillt.s 

Fautt Coverage Curves Wlth 0 3 OhservlllOO "OInL. (C2ti70) 
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Figure 5.4: Fault ('overage Clll'ves fol' C2670 with 0 10 :J ohsf'l'vatioIJ poiIJt.s 
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Figure 5.5: Fault coverage curves for C7552 with 0 to 3 observation points 
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5.4 Observation Points 

The Fault Injection rnethod providcs exact r('sult.s for fault, det,('(·t.abilit.y i"format.io". 1t. 

is weil suited for use as a la&t stage in test point inS('ltion he('(tlls(' tht' exact. valllt' fol' 

the coverage of the rnodifieo circuit can be casily dctermiu('d. This l't'll\()V('g t.hl' \\('('« to 

perforrn an extra fau)t simulation aft.er t.lw test point iw;('rt.ioll pl'l)(·C'SS. 

There are applications in which it. is desirable 1.0 improV<' t.1'stability 1 hrollgh ohsc'\'\'­

ability only. The placement of observation point s lIla.\' 1)(' a IISI'flll t.ool fOi dia~lIosis wit.h 

equiprnent such as E-beam tcsters which allow \IIt.(·nlé\1 Ilodf's ln hl' 1II0IIII.OI'('(\' III ortle'r 

to determine how effective observat.ion points a\,(' al illlprovillg t.he h'~t.rlhilit.y or ('il('llib, 

a series of experiments were condllcled. The ISCAS IWllchlllill'k circllits WI'f'(' alla.ly;wd 

by the tool and the final fault covel'age, ill<'ludillg any filtllt~ ill 1.1)(' "dd('c1 hf\\'(lw<H(', was 

deterrnined. Table 5.7 shows the \'csults of th is ('X pet i 1I\('1It.. Ei\cl! CI n'uit was i\llillyjwd 

using both a full fault set. and a collapscd fault SI'l.. '1'1)(' 11111111)(,1' of ohsl'I'vat.ioll point.s 

added, the fault coverage and t.he CPlI tilllf' l'(·qllin·d fol' t III' .'Ilalysi~ af'(' showil Ali 1.\1(' 

fault coverage values arc given in tcnns of a full fault. ~t'I ~o th,.t. 1.1\(')' (',III 1lC' ('olllpil,J'(·d. 

The initial coverage of the original circllit is shown only 011('(' a~ il. is t.11I' saillI' ill hot.h 

cases. This value may not match thal, shown in ot.h('1' tahl(·:; JW<'illlSf' of diff('I'('I)('(':; in I.\u· 

test set. 

The results obtained with botll fault sets al'(' quit.f' ~ilJlilar. Cilcuib t.hat. l'l'a( Iw(IIOO'Xi 

coverage, reached it with both fault s(·t.s and \Ising t.Ilf' ~allJ(' I\ullllw\' of ohsl'l'vat.ioll point.l->, 

Many circuits, howevcr, did Ilot reach 100% fallit (OW!ilgl'. 'l'hl' covelagc' o;'t.ailwc! wit.h 

the collapsed fault set was always less thct,1I or ('qual 1.0 t.hat. ol,t,aillt'cl wlt.h fl fl1l1 fault. 

set. When the collapscd fault set. is uscd, tl\('l'(' is no information ou how IIIfllly fa.ult,s an' 

actually detected by a specifie observation point. Tlw gn~('dy algorit.hlll lJIust Ih·("id(· "<1.';(.<1 

upon the number of collapscd faults del,('ctC'd, thll!. t.h(' s(·I(,( t.ion of ob!.t'I'vtll,ion point.s may 

differ from that obt.ained with a full fault set. For tlH' large·!' cil'C'llit.s il. Î:- d .. ar thd.t. 1II0f(' 

time is required when a full fault set is u!.ed. 

... 
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Full fault set Collapsed fault set 

Circuit Obs. Coverage cpu Obs. Coverage CPU 

pts. beCore aCter (s) pts. aCter (s) 

C432 2 0.9940 1.0000 3 2 1.0000 5 

C499 2 0.9956 1.0000 4 2 1.0000 6 

C880 0 1.0000 1.0000 1 0 1.0000 3 

Cl:l55 2 0.9977 1.0000 7 2 1.0000 12 

C1908 4 0.9974 0.9996 10 4 0.9996 15 

C2670 51 0.8598 0.9898 110 .51 0.9898 63 

C:1540 58 0.9662 0.9933 31 43 0.9894 36 

C53U) 53 0.9946 0.9996 26 53 0.9996 37 

C6288 16 0.9949 0.9937 34 16 0.9937 61 

C7552 75 0.9521 0.9887 119 62 0.9879 98 

C349 0 0.9973 0.9973 3 0 0.9973 4 

C420 9 0.9622 0.9755 5 6 0.9723 6 

C444 6 0.9870 0.996.5 4 6 0.9965 .5 

C526 1 0.9995 1.0000 4 1 1.0000 5 

C526n 0 1.0000 1.0000 0 0 1.0000 2 

C641 2 0.9913 0.9986 5 2 0.9986 7 

C713 21 0.9591 0.9615 10 21 0.9615 10 

C820 2 0.9947 1.0000 5 2 1.0000 7 

C832 10 0.9858 1.0000 6 10 1.0000 8 

(;838 23 0.8732 0.9023 22 2 0.8791 14 

C95~J .5 0.9U15 0.9U82 6 5 0.9982 9 

(;1196 6 0.9837 0.9U78 8 4 0.9972 11 

C1238 24 0.9612 0.9949 12 22 0.9943 1.5 

CI423 16 0.9896 0.9U95 10 16 0.9989 13 

C14U4 10 0.9958 1.0000 8 10 1.0000 11 

C5378 48 0.9781 0.9U38 37 36 0.9898 44 

C9234 100 0.8549 0.9729 603 100 0.9651 254 

C13207 100 0.9502 0.9743 157 100 0.9710 160 

C15850 100 0.9304 0.9806 322 100 0.9770 247 
('38417 100 0.9421 0.9909 1209 100 0.9902 707 

Ca85~H 100 0.9365 0.9.585 486 100 0.9570 441 

Table 5.7: Coverage bl'fore and af~el' observation po;nt insertion (10240 patterns) 
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Many of the cÎrruits required a large Ilumber of obs('rvatioll poillt.s (tlld sI ill dicl 1101 

reach 100% coverage. In some of the larg<'r circuils. III<' arhit.rary limit. of 100obs('f\'at.ioll 

points was reached. Observation poillts alone félllllOI solvc' ail t.ll<' t.c'sl(lhilily problt'Ills ill 

these circuits. Many of these circuits (01It.ain ulltest.ahh· féllllts. Ait hough il is ilOt. list.c'd 

in the table, it was determined du ring the simulat.ion lhat many of IIH' l"t'tlIaining fault.s 

in these circuits were not excited by the test set. Cont.rol point.s arc' II('('clc·<I t.o illlPI'OV(' 

the testability of these circuits. 

One of the nice features of observation points is lhal t IJ('Y do 1101. affc·cl, I.lw dc·lc·d.ilhilit.y 

of faults within the cir<:lIit except al. tl1l' sit.(· of t.1H' ob:,wl'val.ioll poillt.. This 1101 ollly 

allows multiple observat.ion point.s lo he eVrll\\aled al 1 II(' S,II1\(' 1.111\\', h\lt. kads liS 1.0 t.I\I' 

conclusion that the fault coverage cali Ilot he d(·c.T('asC'd hy t 1)(' a<l(lIt 1011 of obM'l"v,üioll 

points. Although this is gellerally truc th('I'(' ilia)' 1)(' ('x("('pt.iolls d('I)('lIdlllp; 011 how t.1U' 

fauUs are modeled. Wllen the fault,s in the add('d hardwal<' arc' t élkm illt.o ,H'rOI\II\' allt! ,UI 

observation point is added 1.0 il tille whirh 11ltlint.rlill:' ri cOII!>tclnl Jogil V(IIl1f', t.11f' 11111111)('1" 

of llndetected falllts can be inneascd. This ran 1('(\(1 t.O él dl'crf·as .. in t.11f' fallit. COV('1"a~l'. 

The results for circuit C6288 in Table 5.i \lIc1i('at.(· that !'IIC' \",,,dt ~·\)ve· .. ap;e· droP!> .. f) fWIlI 

99.49% to 99.37% after 16 observation pOlIItS WC'I"(' .. dd .. d. 

Experiments on circuit C6288 have shown that. the\"(' art' :;Ît.l\atiolls ill wilid. placillg ail 

observation point can decrease the coverage. The top part of Figlll"f' 0. ï show:; a M·<tiOIl 

of the circuit and the undetected fault:; in t,hat. an'rl artf'" fault, si 1lI11lation. Lill{' 1 :17) (:/\T 

is always O. The bottom part of Figure 5.7 shows the' ('in IIi\. rtftpr ,UI O\':'PI v,üioll "(Jillt. IS 

added at line 1371GAT. As this line Îs alwdys 0, t.h .. s-a-O falllt.s 011 il and t1lf' oh:-'(·I"V.ll.ioll 

point are not excited. Thus the modifipd sect.ion ha:. (1)(' mOI(' IlIId('\.(·( I.f·d r.lIIl1. I,h.L11 t.!H' 

original. This phenomenÛ[\ Icad:; 1.0 a d(·("1'(·(\:;(' ill t 1)(' t'ove'l'age wlH'1I oh:-'(·I"val.ioll poillb 

are added. 

A situation su("h as this can be avoided by Ilot pla('illg oh:wl'vatioll point.s 011 lilles with 

constant logic values such that the falllts 011 tlH' ob:,prvatioll poilll. will Ilot 1)(' excitf·fl. 

When faults on the observation point cannot. \)(' ('xcitf'd, il I~ illlpo:.sibl(· 1.0 l('sl. 1.1\1' 
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Figure 5.ï: Section of circuit C6288 before and after observation point insertion 
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ohservation point itself. Control points can also he used to improve the controllability of 

t.hcs(' liucs. 

Table ,J.7 shows the number of observation points added to the circuit, but it does 

not. indicate how many faults are detected by each observation point. This information 

(:an be determined from the raw simulation data for t'ach circuit. It was found that a 

srnall number of the observation points deteet a large number of faults while the rest of 

t.he observation point.s only detcct a few faults each. In ract, sorne observation points 

only detect one or two faults. Thus, if we arc willing to seule for less than the maximum 

('overage, there is a trade off between the overhead of each additional observation point 

and tll(' in('f('mental improvement in fault coverage. Sinee a greedy algorithm is used, 

th<, in('f('l1wntal number of faults detected for each successi ve observation point is ncn-
. , 
III r "(' as III g, 

A thl'eshold valut' ran be introdueed t.o filter out ail observation points that detect less 

fault.s than t.he threshold value. Table 5,8 shows the rcsults \Vith a threshold value of two 
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Observation Coverag(' CPl1 
Circuit points befof(' aft,{'r (s) 

C432 1 0.9940 0.9mH :\ 
C499 2 O.9H5{) 1.0000 

'. C880 0 1.0000 1.0000 1 
C1355 2 O.m)iï 1.0000 ï 
C1908 1 O.!)!)ï" 0.9989 10 
C2670 20 0.8598 0.98:'8 IO!} 
C3540 2fi 0.9ti()2 o.mml :\0 

C5315 5 O.!)!)·l() (U)9:,:) ~:, 

C6288 0 0.9H·19 0.9!H!) :l:l 
C7552 16 0.9!)21 n.9~H8 118 
C349 0 0.9!)ï:! D.!)!)ï:! :l 
C420 () 0.9G22 n.97,1 ï !) 

C444 :3 O.!)~ïO (Ul!I!)9 ,\ 

C526 0 0.9995 O.lI!)!}!) a 
C526n 0 1.0OOn 1 O()OO () 

C641 2 0.991:l 0.9!)~{j ;) 

C713 2 0.9591 0.9fi60 JO 
C820 1 O.mH7 0.mm6 5 
C832 :J 0.98.1~ o.!mn 5 
C838 22 0.8ï:3:~ 0.!)OI8 22 
C953 3 O.!)!) Iri O.!)!)7·! (l 

C1196 ·1 0.9S:n 0.9!)72 8 

C1238 17 O.!)() 12 0.!)!)28 12 
C1423 II 0.9896 0.9981 10 
CI494 3 0.9958 0.9982 H 

C.5378 34 0.H78) 0.9925 :J() 

C9234 100 0.s.54 !) O.!)729 (iO:J 

CI3207 100 0.91)02 O.!)7.t:J 11')7 

C15850 100 0.9:W4 n. !)H()(; :l:l2 

C38417 100 0.!).I21 O.!190() 1198 

C38584 100 D.9:J65 O.!J.1H5 ·180 

., .... 
Table 5.8: Observation point insertion wit h I.hreshold of 2 faults 
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and a full falllt set. Onlyobservation points that detcct two or more additional faults are 

indlldcd. 

Sorne of the circuits, such as C432 and C.S26 no longer reach 100% coverage. The 

coverage for many other circuits is also slightly decreased. The number of observation 

points, howevN, is greatly dccrcased for sorne circuits like C2670 and C7552. Thus it is 

sometimes possible to achi<>vc the bem'fit of improvcd testability with very few observation 

points. 

It. is also interest.ing to note that no observation points are added to C6288. The 

observation points that wcrc addcd in the previous analysis only detected one additional 

fault ('a('h, which was Ilcgated hy the additional faults added by the observation point. 

5.5 Test Point Insertion 

This section describes the results obtained by applying the test point insertion method 

descrillC.'d in section 4.4. To determine the actual coverage achieved, the test points are 

added to the nctlist and fault simulation is pcrformed. The test points are modeled 

lIsing the nctlist transformations described in section 3.3.3. The ISCAS 85 and ISCAS 89 

bcnchmark circuits, d<,scribed carIier in this chapter, were used fol' the experiments. AIl 

the falllt simulation st.eps in a set of result.s used the same number of patterns. 

The lIumber of test points ncedcd is broken down into three values. The number of 

control only and observe only test points are illdicated by the "obs" and "ctl" columns 

rcspectivcly. The "co" column indicates the number of combined control and observation 

test. points. The sum of these thr('e columns indicates the total number of test points. 

Ali the results wcre generated llsing a test length of 10240 patterns unless otherwise 

indicatcd. Some of the circuits, such as e8S0, are fully tested by the random patterns 

without any additiollal t<,st p0ints. These circuits have a coverage of 1.0 in both the 

he(ol'(' and aft,er columns. 
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Test Points Covcrag(' CPl1 
Circuit obs ctl co bcfol'c aftpr (s) 
C432 2 0 0 0.9940 1.0000 9 
C499 2 0 0 0.m)56 1.0000 12 
C880 0 0 0 1.0000 1.0000 2 
C1355 2 1 0 o.m);; J.O{}()O ')~ _1 

C1908 ,1 1 0 O.!l!)7.t 0.\I!196 ~5 

C2670 50 5 J 0.8598 O.99'1!) Ifi9 
C3540 56 Il 0 O.9()()'2 O.99:n 112 
C5~1.5 ,53 0 () O.99,Hi O. H!I!)G ~') , -
C6288 16 0 0 0.9!),19 O.!)!):lï 1 !j() 
C7552 69 9 2 0.9;'21 O.!j!WO :HS 
C349 0 0 0 0.99ï3 0.99;:\ (i 

C420 1 1 1 0.9622 1.0000 !) 

C444 4 2 0 0.9870 O.9!)()!) S 
C526 1 0 0 0.9995 1.0000 ; 

C526n 0 0 0 1.0000 1.0000 1 
C641 0 0 1 0.!)91:1 1 0000 (j 

C713 HI '2 1 0.9.591 O.!)(j7'1 20 
C820 1 0 1 0.9947 1.0000 12 
C832 9 0 l O.!)S58 1.0000 18 
C838 16 16 1 0.8732 0.!j~;S2 42 
C953 1\ 2 0 0.9915 1.0000 1,1 

C1196 3 1 0 0.!)S:J7 O.!l!l!17 I!I 

C1238 22 :l 0 O.!)(i] 2 O.!Hm) :12 

C1423 12 '2 1 0.98% 1.0000 2G 
C1494 10 0 0 0.!l958 I.ooon :H 

C5378 28 4 0 0.!)781 0.!)!)79 10(; 

C9234 100 22 0 0.8549 O.987!1 '28!):1 
C13207 100 20 0 0.9;)02 O.9!lH:l 4S:l8 

Table 5.9: Coverage before and arter test poillt. illsPI-tion (10210 patt<'rlls) 
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Table 5.9 shows the results of the test point insertion procedure using a full fault set. 

Two of the larger circuits were not simulated because of the memory requirements for the 

control point analysis phase. 

In the control p0int analysis phase, the detectability of each fault is calculated from 

the detection probabilities measured during the fault simulation. Because of the proba­

hilistic treatment of the detection probahilities, a non-zero detection probability may be 

calculatcd whcn in (ad the fault effect has died. The estimated detection pl'obahilities 

may even reach t.he primary outputs even though the fault is undetectable. This leads to 

larger fault, lists than Iwcessal'y and thus increased memory lisage. 

Not ail of the circuits benefit from the test point analysis. For some of the circuits, 

no test points can be suggested. Circuit C349 in Table .5.9 is an example of a circuit for 

which the IIIcthod providcs no additional test points, I:'ven though the circuit is not fully 

tested with the applied patterns. 

For those circuits requiring only observation points, the results are the same as in 

Tabl(~ .J.7. C 1432 and C641 achieve 100% coverage aCter test points are added. 

Table 5.10 shows the results of repeating the experiments \Vith a collapsed fault set. 

The coverage values, however, are given in terms of a full fault set for comparison. The 

reduction in the size of the fault set allowed ail the benchmark circuits to be simulated. 

The covcrage values and number of test points were slightly changed from the previous 

resuJt.s, however, the S 1me circuits achieved 100% coverage in both experiments. The 

major dilfcrence is in the CPU time requircd fol' the experimcnt. The smaller fault set 

gr('at.\y J'('du('ed t.he simulation time. 

'l'abl(· 5.11 shows t.he elf(·ct of illcreasing the test length to 102400 patterns. As ex­

IWct.cd, the initial coveragt' is increased, which in turn increases the final coverage. A 

comparison of Tahle 5.9 with Table 5.11 shows that in many cases a slightly higher cover­

age is rcached with f('wer test points needcd. The improvement is not very large and may 

Ilot be worth t.he ('xtra fau\t simulation time. When the number of undetected faults is 
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l'est. Points Coverag(' CPll 
Circuit obs ctl co b('fore aft.('l" (s) 

C432 2 0 0 0.9940 1.0000 1 :\ 
C499 2 0 0 0.m)56 1.0000 \() 

C880 0 0 0 1.0000 1.0000 7 
C1355 2 1 0 0.H9ï7 1.0000 :J(; 

C1908 4 1 0 0.997·1 O.!l9!lfj :1(; 

C2670 50 ·1 1 0.8598 O.!)!112 11-1 
C3.5·1O ·12 :1 0 O.!)(i(i:! O. !)~t)() I:m 
C531.5 5:1 0 0 O.!l!W; O.!)!I9() 10:) 

C6288 16 0 0 O.991!) (UI9:n 'lI:) 

C7552 59 7 1 0.9:'21 O.m)'\2 2~1 

C349 0 0 0 0.997:1 0.9!)7:\ S 

C420 1 1 0 O.9(i:!~ I.ooon I:! 

C444 !) 1 0 0.9SiO o !)%!) I:! 

C526 1 0 () O.!Hl!l:) 1 0000 10 

C,'j26n 0 0 0 1.0000 I.O()(}(l ., 
C641 0 0 1 o 991:~ \.0000 !) 

C713 19 1 1 0.9.191 o.!l(ir); 2:' 
C820 2 1 0 0.9~H7 1.0000 \7 
C832 10 1 0 O.9S!>8 1.0000 2:J 

C838 .') 5 1 0.8;:t~ 0.97:19 :JO 

C95:J :J 2 0 O.!)()I.') 1 0000 :W 

Cl196 2 1 0 0.!)S:17 O. !)fj'l.\ ~:) 

C12:1S 21 :3 () O.!)() I:! (U)!)7fi :,s 
C1423 J ·1 2 0 0.91'\!)(; 1.0000 :n 
C1494 10 0 0 0.99.')8 IJJOOO :J:~ 

C5378 21 2 0 0.9781 0.!)9-I:J J I:J 

C9234 100 21 0 0.8.5·19 O.981S 76:-\ 
C13207 98 16 0 r 9.102 O.!)!}i() 29!)0 

C15850 100 27 1 0.H30" O.9!HO 7%21 
C38417 100 40 1 0.942\ 0.9%7 :J.1.12H 

C38584 100 52 " 0.9:l(j5 09750 IS:JI 

Table 5.10: Test point imwrtioll u:-,illg ('ollap:-,('cI fault. l'id 
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siflall, the ovedU'ad of the extra fault fo>imlliation e'xcceds tllat of the control point analysis. 

An increa'iC in t.he L(!st length can irnprove the simulation time if It significantly reduces 

the numher of undet.eded faults and thus deneases the control point analysis time. If the 

t(·st. Ie'ngth is to short, then there will be an excessive number of undetected faults. This 

will increa'i(' t.I)(' cost of the control point analysis in terms of memory usage and CPU 

t.ime. 

As the' fanlt. coveragc cmve begins Lo lcveloff, the bcnefit of increasing the test pattern 

Imgt.h decrcas('s. Sinc(' t.h(· main objective of the test points are t.o make t.he undetected 

faults in t.he circuit easier to detect, t'xcessively large test lengths are Ilot required. 

SOIll(' of the hcnchmar}.. eircuits contain redundant fauIt.s which arc Ilot made testable 

hy the control point. ins('rtion procedure. To observe the effectiveness of the test point 

insertion pro('(·d1ll'(· 011 the' testabl(' falllts, the ex periment \Vas performed using a new fault 

SP" CI('dt,('c! hy t'('fllovillg the r('dulldant faults from the collapsed falllt set. Table 5.12 shows 

t!J(' 1·(·SIlIt.~ of t.his ('XI)('riment. 'l'II(' C'overagc is given in t('rms of the new fault set. 

MoJ'(' than half of t.h(' circuits attain 100% coverage of ail detectable faults after test 

poillt.s an' add('d. 'l'Il(' CJ>ll t.illlc is also rt'duo'd due to th(' smaller fault. set. 
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Test. Point.s CO\'('l'agp ( 'Pli 
Circuit obs ctl co bdo\'(' ,\ rt ('1' (~) 

C432 2 0 0 o.m}.\() 1.0000 ~') l ~ 

C499 2 0 0 O.mH)() I.OOlm IlH 
C880 0 0 0 1.IlOOO 1 0000 .) 

C1355 2 1 0 O.!)!Jiï 1.0000 2:!O 
C1908 ·1 1 0 O.!)9Î() O.!J!m6 120 
C2670 49 5 1 O.!)()~ 1 O.!J!J;)1 80:1 
C:35·10 56 8 0 O.!I(iï!'i O,!m:l:\ i ()'.!,(Î 

C5:315 !):\ 0 0 O.!)!) \() o m)!I() ï2'.!, 

C6288 ,() 1 0 () n.!)!)!!) o.!I!I:n 1 :\:U) 

C7552 ()!) II 1 O.!l()2/; O.!I!Iï:J 2110 

C349 0 () 0 O.!l!)i:J O.!)!)ï:l 1(; 

C·120 1 1 0 o !)ïll!) 1 0000 i,"') 

C4·14 ,1 2 0 O.!)~ïO O,f)!lh!i i,l 

C526 1 0 0 n.!l9!J,l I,OO()(J !i(i 

C52611 () 0 0 1.0000 l ,O()()() 1 
C6·11 0 0 1 n.!1!12:l I,OUOO H 
Cïl:l 19 '2 1 Il !Hi00 Il,%ÎI 1 !)(J 

('820 0 0 0 1,0000 1 OO()O '2 

C8:J2 S () () o.!)!nl 1,0000 IiI) 

C838 5 (i 1 O,xx 19 1,0000 Ixx 

C953 0 0 0 1,0000 1,0000 '.!, 

Cl19() 1 1 0 O.!)!)87 1 O()()O 1')1': ~,) 

C12:38 14 ,1 0 O.!)ï'H O,')9X2 2:,0 

C142:3 1 1 0 1 0, r)!)2!) 1,0000 :nl 
CI494 10 0 0 o.!)!)!)X 1,0000 22!) 

C.5:J78 24 :J 0 O,!)S!)!'i o !)!)X 1 (;7;-; 

C9234 100 lx 0 O,!lOï:J O. ()I)'.!,(j !i2,~ 1 

C1:3207 .... ) 
1- 9 0 O,!l~~:J O,WHm 'lU)!! 

C15850 100 :J6 0 0,%37 o U!):)'l 1 :l:J.lIHi 

C38417 100 10 0 O,!l7;)() O,!)!JX7 :nx'Hi 
CJ8584 100 51 0 O,95:}6 O,!)H:}x (i7/11 

" Table 5,11: Cow'rag(' hefo)'(' alHl aft ('1' 1 ('!".1 poi 111 1II~('1 tioll (102,100 pattl'ms) 
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Test Points Coverage CPU 

Circuit obs cll co before after (:1 ) 

C432 0 0 0 1.0000 1.0000 1 

C49!) 0 0 0 1.0000 1.0000 1 

C880 0 0 0 1.0000 1.0000 2 

CI355 0 0 0 1.0000 1.0000 4 

C1908 1 0 0 0.9995 1.0000 23 

C2670 :1 0 1 0.8848 1.0000 41 

ClMO 1 1 0 0.9985 1.0000 49 

Cr;:J15 () 0 0 1.0000 1.0000 10 

C6288 0 0 0 1.0000 1.0000 27 

C7552 Il 6 1 0.961:3 0.9969 143 

C349 (j 0 0 0.9943 0.9943 5 

C420 1 1 0 0.9419 1.0000 9 

C444 5 1 0 0.9705 0.9958 8 

C526 1 0 0 0.9982 1.0000 7 

(;.52611 0 0 0 1.0000 1.0000 1 

C641 0 0 1 0.98:!9 1.0000 6 

C713 19 1 1 0.9208 0.9707 18 

C8:W 2 1 0 0.9941 1.0000 12 

C832 10 1 0 0.9747 1.0000 18 

C8:J8 ,5 5 1 0.8611 0.9743 25 

CH5:J :1 2 a 0.9898 1.0000 14 

CI 19(i 2 1 0 0.9815 0.9992 18 

C1238 21 3 0 0.9328 0.9948 29 

CH23 J.t 2 0 0.9861 1.0000 25 

C1494 10 0 0 0.9920 1.0000 2.5 

C5:Jï8 5 1 0 0.9912 1.0000 57 

C9234 100 21 0 0.8359 0.9860 689 

C13207 12 14 0 0.9439 0.9999 1272 

C15850 45 14 2 0.9446 0.997.5 734 

C3841i 87 26 1 0.9296 0.9988 28108 

( 
(';1858·1 (l8 H) 2 0.9847 0.9997 845 

Table 5.12: 'J'est point insert ion wit.h redundant faults removed 
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5.5.1 Comparison with Other Methods 

In general, probabilistic 1llC't.hods for t('st point illS('l't iOIl l('quil't' 11\1\('h I('ss (·Pt' t il\\t' 

than simulation based rnethods. Ali extra st.('P of f,lIIlt ),illlul,Ition, hO\\'('\'('I, is n'(luin'd 10 

determine the exact coverag<>. Th" I·'ault IlIj(\ctioll Md.hod IIS('<\ in t.ltis t1l1'sis ,,:-; 11lf' liI:.t 

stage of the test point. insertion PIO('('SS is has('d 01\ fc\ltlt "im\ll.\t iun and !l\'()\'idt's (':\"cI 

fault detectability results whidl can \)(' wwd to dC'l,('l'llIinl' t\l(' lin,II f,lllit IO\"'l'clg(', 

The results in Table 5,12 Œn \)(' colllpan,d ",it h t ho:,(' oht aill('d hy a prohahilist.ic­

method [STS91] shown ill Tahl(' G,\:L Th(' l't'i'lliit S i Il 'l' .• "k :),1:1 show 1 \11' l'rltlll ('(IVt'1 ,I~(' 

obtained using :l2000 ralldoll1 patt('rll~ ",ilh lt'dllnd,lIl1 f,\1I\Is Il'1110\''''1. 'l'III' 1I11111h"1 of 

test points is similar, howI'vcr ('ircuil ('ï!):)~ did Ilot \('<\ch \00 IX, «I\"'I',I).!." in 'r.,hl(' :"I~, 

The results fol' C26iO in Tahl .. 5,1~ ar(' I)('Itl'r IhilrJ l!to!'!(' ill T;,hl,' ;',1:1 ill t('JIlIS of t.ht' 

number of observation points and cont.l'ol points HM'(1. 

T .. sI Poillt S ('0\'('1 il!!," 

Circuit. obs ctl I)I'fol't' il ft ('J' 

C2670 7 :l (U~~:! 1 1,0000 

C7552 2 l~ 0,% 1 1 1.0000 

Table ,5, J 3: Test point i nSNt 1011 n'sIIi ts fl'olll [STS!H J 

5.5.2 Manual Placement of Test Points 

The analysis tools pl'ovide a liHt of liJWS at whidl to plan· 1"sl poillts. 'l'llI's(' points JJlay 

not ail be necessary or there Illa)' \)(' 0111('1' dloi('ps whidJ will hrlv(' t/J(' i'I,lIIlf' l'trl'( t.. TIIf' IISI'I' 

may take thcsc points as sllgg{'stioJl~ whi( il illdi('al"d t.h(' .tl'('a), in wllldi cOlIl.rollithility 

and observability nced to he enhall('('d, 

It is possible that the placement of tl'8t poinb cali II(' IIllprovl'd by 1.1)(' IJSC'r. III 

Table 5.12 it is shown that the covcrage of testahk falllts ill (::W70 l'an IH' improw'" t.o 
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100% with only :1 observation points at lines 1556, J.555 and 894 and 1 control/observe 

point at lill(! 1559. These test. points arc placed in one specifie area of the circuit illustrated 

in Figure 5.8. 

1564 -oQ-""T""'"-...... 
1588 
15112 -00--4 

15116_~-I 
1600 --0-"&-_-' 

1564 --0--.---_ 
1568 
1572-~-I 
1576_~-I 
1580 -00--'----' 

2042 _oQ--.--_ ...... 
2046 
2050-~-I 

2054_~-I 
2058 -00--'----' 

2062_~-I 

2065_~-I 

1560 

1559 

Figure 5.8: Part of circuit. C2670 

With a small amount of experimentation, it "as detel'lllined that by adding OR type 

cont.rol points at lines 1554, 1555 and 1558 and observation points at Hnes 1556 and 1559 

il was possible to obt.ain 100% fault. coverage unrler ail the sequer.ces of 10240 patterns 

t.hat. w('rc t.ricd. 

ln this case, more control points are used illstead of observation points. The placement 

of control and ohservation points are related. Adding more control points may reduce the 

numbcr of observat.ion points needed. This relationship would complicate any scheme 

t.hat attempt.ed t.o minimize t.he number of test points needed. 

Tl\(' mcthod prcscntcd in t.his thesis does not attempt to minimize the number of test 
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points. It relies on the ml(' of control points alld obst'n.,, iOIl poinl:-; 10 indc'lwll<lc'lIlly 

improve the test.ability of t.ht' circuit. 
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Chapter 6 

Conclusions and Future Work 

As the marketplacc demands more ()uality the n~ed for higher coverage tests becomes 

apparent. With the growing popularity of huilt-in self-test (BIST) comes an incrt.ased 

reliall('e on randolll pattern testing. In order to keep random pattern test lengths low 

and fault covel'agc high, cir('uits must be made more te&table. Test point insertion is a 

t,('chniqu(l t.hat. can accomptish thest' goals and can b(~ aut.omated. 

III this thesis a framework for t('st point insertion ill combinatiol1al circuits was devel-

01>(1<1. 'l'wo methods bas(·d on fault simulation and prohabilistic methods for determining 

hoth estimates and exact values of fault <letectability were presel1tcd. Simulations were 

p('rforJ)wd to vcrify t he ('st. i l11at('8. 

An implell1f'ntat,iorl of dlf'se nwthods was uscd 1.0 analyze a series of benchmark cir­

cuit.s. 'l'II(' plac(,llwnt of test points \Vas automatically determined from the results of 

t.his analysis. Hesults of thesc expcriments show an improvement in testability can be 

obt.ained. 

The test point analysis was done using a hybrid of probabilistic and simulation based 

l1lethods in an effort to achieve a compromise between analysis time and accuracy. The 

final st.age of obs('rvation point analysis was based on fauit ~imulation to proviclc exact 

6ï 

, 
, 
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fault detectability results and thlls allow the fallit fO\'('!"clg(' 10 Ile' d('I('l'Jllillt'd wil h01l1. 

the need for additional fault simulations. This t(·('hniq\lc ('ail 1)(' IIl'pd tn c\\I~1lIt'nt. ot,11t'1' 

probabilistic test point insertion methods hy !"cpl(\fillg Illt' fillal stage' of [,ullt siltllliatioll 

with the observation point analysis, This will pro"id(· hol h ail ('Xile! failli ('(lVI'rag(' valm' 

and may also improve the placement of ohs('I'\'at ion point s. 

This research leads to several areas of pot,t-'nl idl l'lit III'(' work, TIIC' ('Olllhilllllg of diffl'J'('1I1 

methods for test point analysis requireg 11101'(' illvt'stigilt iOIl in t.11(' hopt':' of oht.a.illing il 

better trade off between simulation tim(' and a('('III'(\CY, '1'1\('1'(' will .. Iway:. IH' 100111 fol' 1.11(' 

development of mort' hCllrisl ic), Ihal clt t('lIIpl to qllalify 1 hl' 11'1.11 jOllship 1)('1,\\'('('11 (olltl'OI 

points alld observation points. 
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