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Chapterr  6 

Constraint-Basedd Automatic Test 
Patternn Generation 

6.11 Introductio n 

Ass a demonstration of using membership rules for constraint propagation, we 
considerr the problem of automatic test pattern generation for sequential circuits. 

Thee production process of modern electronic integrated circuits is very com-
plex.. As a consequence, in practice defective circuits are produced. Subsequent 
testingg is used to filter them out. Since it is impossible to test circuits completely, 
onlyy some types of faults are targeted. The most common fault model for digital 
circuitss is called stuck-at fault. A circuit given in its decomposition into primitive 
logicall  gates has a single stuck-at fault if it behaves as if one input or output line 
off  gate was cut and replaced by a permanent value 0 or 1. This fault model covers 
manyy other faults occurring in digital circuits. 

Testingg for stuck-at faults consists in setting the circuit input to defined values 
andd checking if the observed output coincides with the output expected from 
thee circuit specification. Automatic test pattern generation (ATPG) is the 
problemm of constructing an exhaustive set of test input patterns for the possible 
stuck-att faults in a circuit, given its specification. A problem introduction and 
extensivee survey of solution algorithms is provided by [Cheng, 1996]. A general 
introductionn to digital electronic circuits is [Shiva, 1988], for example. 

Forr combinational circuits, which have no internal state, constraint-based ap-
proachess to ATPG [Simonis, 1989, Hentenryck et al., 1992] and related problems 
[Azevedo,, 2003] exist. Sequential (stateful) circuits have a strictly more complex 
structure,, however, and while some ideas carry over, the mentioned combina-
tionall  approaches as such are not applicable. One point of increased difficulty is 
thee description of the constraint propagation. We show how rule-based methods, 
inn particular the automatic generation of membership rules, can be used. 

Wee introduce ATPG first in detail for combinational circuits, and move then 
too sequential circuits, before discussing constraint-based methods. 

83 3 
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Figuree 6.1: Combinational circuit C in gate-level detail 

6.1.11 Combinational Circuits 

AA combinational circuit can be viewed as a function that maps tuples of Booleans 
representingg the input signals of the circuit to tuples of Booleans representing the 
outputt signals: 

OO = circuit(i) where I = ( i i , . . . , J„in) and 0 = {0\,. .On .On 

andd Ii, Oj G {0,1}  for all indices i, j . The function circuit is composed of the basic 
Booleann connectives and, or, not, nand, nor, with auxiliary variables to represent 
internall  circuit signal lines. This decomposition corresponds to the gate-level 
specificationn of the circuit. For simplicity, we assume gates with two inputs from 
noww on. 

6.1.1.. EXAMPLE. Consider the circuit C in Fig. 6.1, adapted from [Muth, 1976]. 
Itt corresponds to the function 

(X,Y)(X,Y) = circuited, B, C,K). 

Ass its decomposition we have the set of atomic operations 

E=E= not(B), 
F=F=  nor(D,£), 
DD = not(A), 

GG = nor(D,B), 

HH = nor(K,G), 

II  = nor(D,C). 

XX = nor(H,I), 

YY = nand(K,F), 

D D 

Faultss and Tests 

AA  stuck-at-X fault in a circuit is a signal line that does not pass through its 
incomingg value but instead the constant value X, which is either 0 or 1. The 
short-cutss saO and sal are often used. In terms of the decomposition, the fault 
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k>^> k>^> 
Figuree 6.2: Stuck-at-1 fault at line D in circuit C 

saXX occurring at the input or output line of gate can be explained by the following 
modification. . 

ReplaceReplace O = gate(/i,... ,/&) 

byy O = gate(/i,...,/ j_i,X,!»+!,..., i t ) if input Ik faulty, (6.1) 

orr by O — X, if output faulty. 

Givenn a circuit and its version with a specific stuck-at fault, represented re-
spectivelyy by the functions 

OQOQ = circuit(Z) and OF = faulty_circuit(J), 

aa test pattern is a Boolean vector tp = {tpl,..., tpn. ) such that 

arcu\t(tp)arcu\t(tp) ^ faulty_circuit(ip). 

Soo the test pattern makes the fault observable at the output. Locating the fault 
iss not required. 

Twoo stuck-at faults can correspond to each other; for example, an saO fault 
att an input line of an and gate cannot be distinguished by any test input from 
saOO at the gate output. These correspondences can be pre-computed, and testing 
needss only take place for the collapsed fault set. A stuck-at fault can also be such 
thatt no test input at all exists that makes it observable. Such faults are often 
calledd redundant in the literature; this is to distinguish them from undetectable 
faults,, for which the concrete test generation method at hand finds no test (i.e., 
itt is incomplete). 

Whilee a single test cannot uncover all stuck-at faults in a circuit, it often can 
testt for more than one fault. Hence, the objective of test pattern generation is to 
generatee a small set of test patterns covering as many faults as possible. 
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6.1.2.. EXAMPLE. Fig. 6.2 shows circuit C with a stuck-at-1 fault introduced at 
linee D. The circuit decomposition corresponds here to 

EE = not(B), G=nor{D,B), X = nor{H,I), 

FF = nor(D,E), H = nor(K,G), Y = nandfi^F), 

Aauityy = not(,4), I = nor(D, C), 

DD = 1. 

Thee tuple (1,1,1,1) is a test pattern for this fault. We find 

circuitc(l ,, 1,1,1) = (1,0), but 

faulty_circuitc(l,, 1,1,1) = (1,1). 

D D 

Complexity.. Test pattern generation for combinational circuits is computa-
tionallyy costly; it is an NP-complete problem. It is not difficult to see that the 
SATT problem can be reduced to it [Papadimitriou, 1994], A SAT instance, i.e. a 
sett of propositional variables and a formula in CNF with clauses (disjunctions) 
overr them, can be viewed as a circuit whose inputs correspond to the variables, 
andd whose single output reflects the truth of the formula. Satisfiability corre-
spondss to the existence of a test pattern for a stuck-at-0 fault at the circuit 
output.. To see membership in NP, assume that a test pattern for a specific fault 
iss given. The output of the correct circuit with the test pattern as its input can 
bee computed in time polynomial in the size of the circuit decomposition. The 
samee holds for the faulty circuit, which differs only in one place from the correct 
circuit.. A comparison of both output vectors takes time linear in their size. 

6.1.22 Sequential Circuits 

Sequentiall  circuits are based on combinational ones but additionally have inacces-
siblesible internal memory elements and feedback loops. The output of such a circuit 
iss a function of its input and its current state, and the next state is a function of 
thee input and the current state. We consider here synchronous sequential circuits, 
whosee behaviour depends on the signal values at discrete time points, controlled 
byy a clock tick. Roughly, the output signals are valid at the clock ticks, and the 
computationn and the memory update take place between clock ticks. 

Soo a sequential circuit computes a time-dependent function O = seq_circuit(I) 
thatt is recursively defined. We can describe it by a combinational circuit 

{0,M'){0,M') = circuit ,̂ M) 

wheree M — (Mi,..., A/„ mem) is the state, that is, the contents of the memory 
elements,, at the current clock tick. M' is the state at the following clock tick. 
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Figuree 6.3: Sequential circuit S 

M,M, M' are referred to as the pseudo-inputs and pseudo-outputs, resp., 
indicatingg that they cannot be controlled or observed directly. 

6.1.3.. EXAMPLE. Consider circuit S in Fig. 6.3, taken from [Muth, 1976]. Its 
underlyingg combinational circuit is C from the previous examples. The sequential 
circuitt S corresponds to the functions 

(Y)(Y) = seq_circuits(,4, B, C), and (Y, K') = circuits(A B, C, K), 

respectively.. The decomposition of S is 

EE = not(B), G = nor(D,B), K' = nor{H,I), 

FF = nor(D,E), 

DD = not(yl), 

HH = nor(K,G), 

II  = nor{D,C). 

YY = nand(X',F) , 

D D 

Faultss and Tests 

AA stuck-at fault in a sequential circuit corresponds to a stuck-fault in its un-
derlyingg combinational circuit. Sequential circuit testing, however, differs from 
combinationall  testing in that only the proper output signals can be observed, not 
thee internal state. Moreover, one is interested also in faults that need several 
clockk cycles to manifest themselves at an output line. Consequently, a test for 
aa sequential circuit consists of a sequence of input vectors, which propagate the 
faultt effect to an output line step by step independently of the initial state. 

Lett us make this formal. We make the internal state M explicit in seq_circuit, 
andd we extend it to a function on input sequences: 

seq_circuit((/),M)) =0 where circuit ,̂ M) = (0,M'), 

seq_circuit((/!,, I2, ...,Ik),M)= seq_circuit(/2, , h, M') 

wheree circuit^, M) = (Ox, M'). 
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input t 

A A 

1 1 

1 1 

B B 

0 0 

1 1 

C C 

1 1 

1 1 

K K 
? ? 

1/? ? 

output t 

11 Y 

11 1 
jo / i i 

K' K' 

1/? ? 

1/? ? 

time e 

1 1 
2 2 

Tablee 6.1: Testing for sal at D in circuit S 

circuitt denotes the combinational portion of seq_circuit. 
AA test pattern (for a specific fault) is now a finite sequence T of input vectors 

thatt makes the fault observable independently of the initial internal state: 

Vraa € {0, l } n m e m. seq.circuit(T,ra)  ̂ faulty_seq_circuit(T,m). 

(Recalll  that nmem is the number of internal memory elements.) faulty_seq_circuit 
iss a variant of seq_circuit with a stuck-at fault in its combinational portion. Note 
thatt we are faced with repeated fault effects since the fault is present at every 
clockk tick. 

6.1.4.. EXAMPLE. Take circuit S in Fig. 6.3 of Example 6.1.3, and assume astuck-
at-11 fault at line D (so the underlying combinational circuit is as in Fig. 6.2). 
Thee test pattern ((1,0,1), (1,0,1)}  consisting of two input vectors makes sal 
observablee at D. 

Thee behaviour of the circuit is indicated in Table 6.1. We denote uncertain 
values,, such as the initial state, by '?'. When the signal values in correct (G) and 
faultyy (F) circuit deviate, we use the notation G/F. 

Afterr the input (1,1,1) in the second step, the output Y is 0 for the correct 
circuitt but 1 for the faulty one, making the fault observable. It is remarkable that 
initialisingg the memory element K to a known value is not needed in each case; 
itt suffices to do so in the correct circuit. D 

6.22 Modelling ATPG with Constraints 

Testt pattern generation can be formulated in terms of constraint satisfaction prob-
lems.. For combinational circuits this work has been done; we begin by reviewing 
thesee approaches. After that we present several models for sequential circuits. 

Wee assume that the input to a test generation procedure is a circuit defined 
byy its decomposition, and the location and type of a single stuck-at fault. The 
desiredd output is a test pattern for this fault. 
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or4 4 

0 0 
1 1 
d d 
d d 

00 1 d d 

00 1 d d 
1 1 1 1 1 
dd 1 d 1 
dd 1 1 d 

Tablee 6.2: Disjunction in the 4-valued logic 

6.2.11 Combinational ATPG 

Thee 4-valued Model 

Correctt and faulty circuit are structurally almost identical. This important ob-
servationn is used in the model underlying the D-Algorithm of [Roth, 1966], where 
bothh circuit models are overlapped. Every gate common to both circuits and 
definedd on the Booleans is lifted to the Cartesian product of the Booleans. In the 
notationn G/F where G is the value of the correct ('good') circuit and F the value 
off  the faulty circuit, a gate in this 4-valued model is thus defined by 

gate4(X G/X F,, YG/YF, ZG/ZF) = gate(XG, YG,ZG) and gate(XF,YF,ZF). 

Thee notation of the combined values is conventionally simplified by 

0/00 = 0, 1/0 - d, 

1/11 = 1, 0/1 = d. 

Soo we deal with operations over the domain D4 = {0, l ,d,d}. The definition 
off  the or-gate in this 4-valued logic, for example, is given in Table 6.2. We 
usee combined-circuit to describe the function of the correct and faulty circuit 
consideredd together in the 4-valued logic. A test pattern tp is now such that 

combined_circuit(£p)) = (e>i,... ,onout) with o» G D4 

and d 

ookk = d or Ok = d 

forr some k. 

Modellin gg as a CSP. Test pattern generation can be expressed as a constraint 
satisfactionn problem with the 4-valued logic. The first approach is reported in 
[Simonis,, 1989], but it is too restrictive; see the critique in [Azevedo, 2003, p. 32]. 

Heree is an alternative modelling of ATPG as a CSP. 

Variables.. Every input, output and internal signal of the circuit corresponds to 
aa single variable. 
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^ » » 

Figuree 6.4: Testing for stuck-at-1 with the 4-valued logic 

Domains.. Input variables have the domain {0,1} , all other variables range over 
£>44 = {0, l ,d,d} . 

Constraints. . 

•• Every circuit gate is represented by the corresponding constraint in 
thee 4-valued logic. 

•• The gate with the fault at its input or output is modified as explained 
inn (6.1) of Section 6.1.1, but with X is replaced by d if the fault is 
stuck-at-0,, and by d if the fault is stuck-at-1. 

•• The output variables are constrained to show the fault: at least one 
variablee must take the value d or d. 

6.2.1.. EXAMPLE. Fig. 6.4 shows circuit C with a stuck-at-1 fault at line D. The 
valuess at the signal lines show the situation that is obtained by the test pattern 
(1,1,1,1),, using the 4-valued logic. D 

6-valuedd Model 

Consideringg the distribution of the values in the circuit for a test pattern, one 
cann observe that the fault effect traces a path from the fault site to some circuit 
output.. In the circuit C of Figures 6.1 and 6.4, the fault effect travels from D — d 
viaa F — d to Y = d, for instance. There can be several such paths as the fault 
effectt can multiply via a signal line entering several gates. However, one path 
mustt exist. Conversely, a fault effect can also 'disappear' at a gate; take for 
instancee or(d, 1) = 1 that prevents d from being observable at the output. 

Thesee observations, the necessary existence of a fault effect path and the 
possibilityy of disappearing fault effects, led to a refined model. The idea of 
[Hentenryckk et al., 1992] is to distinguish two pairs of fault effect values, 

•• d,d for the single necessary fault effect path, and 

•• e, e for 'expendable' fault effects, which may disappear. 
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or6 6 

0 0 
1 1 
e e 
ë ë 
d d 
d d 

00 1 e 

00 1 e 
11 1 1 
ee 1 e 
ëë 1 1 
dd d 
d d 

ëë d d 

êê d d 
1 1 
11 d 

ëë d 

d d 

fanout t 

0 0 
1 1 
e e 
ë ë 
d d 

d d 
d d 
d d 

00 0 
11 1 
ee e 
ëë ë 
dd e 
ee d 

dd ë 
ëë d 

Tablee 6.3: Disjunction and fan-out in the 6-valued logic 

4>* * 
Figuree 6.5: Testing for stuck-at-1 with the 6-valued logic 

Thee resulting logic is 6-valued. Table 6.3 shows the or constraint, viewed as 
aa function. It is not a total function anymore: not all input combinations with 
d-valuess (d or d) are permitted. A d-value is forced to the output, and at most 
onee d-value is expected at the input. The result is a single fault effect path from 
inputt to output. 

AA new concern is the distribution of the fault effect through fan-out points. 
Forr example, in the example circuit, the line D enters three nor gates. A special 
fan-outt constraint is introduced for this purpose. Consider a line used as an input 
too two gates. This situation is modelled by the line variable O and the two input 
variabless I\, I2, constrained by 

fanout(0,/i,J2). . 

Thee definition is given in Table 6.3. It forces the non-expendable fault effect d,d 
too take exactly one path, passing it on as an expendable fault effect on the other. 
Alll other values are simply distributed. The fan-out constraint and the 6-valued 
logicc constraints force existence of a single fault effect path from input to output. 

6.2.2.. EXAMPLE. Fig. 6.5 shows test generation with the 6-valued logic (the 
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Figuree 6.6: Unfolding a sequential circuit into time-frames 

twoo fan-out points are left implicit). Note the single path of d-values, and the 
disappearingg e-values. D 

6.2.22 Sequential ATPG 

Sequentiall circuits add two new issues to test pattern generation. Recall that a 
testt pattern is a sequence T = (ti,..., tn ) of input vectors ti such that 

Vmë{0,l}"m™.. seq_circuit(T,m) / faulty_seq_circuit(T,m) (6.2) ) 

wheree nmem is the number of internal memory elements. 
Soo a sequence of a priori unknown length must be found, and the problem 

statementt contains universal quantifications. We deal with these issues separately. 

Sequencess of Inpu t Vectors 

AA test sequence of shortest length can be found by iteratively searching over 
sequencess of specific length, starting with length one and increasing it in successive 
rounds. . 

Thee subproblem of finding a test sequence of specific length can be dealt 
withh by unfolding the sequential circuit into the sequence of its combinational 
portions,, usually called time-frames; see Fig. 6.6. The memory elements are 
replacedd by new lines linking adjacent time-frames. These new lines connect 
thee pseudo-inputs and pseudo-outputs left after removing the memory elements. 
Unfoldingg is a general technique of the algorithms surveyed in [Cheng, 1996]. 

AA test pattern assigns the inputs of each time-frame. Some output of the last 
time-framee shows the fault effect. The fault effect traces a path to the output in 
thiss setting as well. Since the fault occurs in each time-frame, there is a specific 
time-framee at whose fault site the fault effect path starts. This time-frame is not 
necessarilyy the first one; some initial test input vectors may be needed to activate 
thee fault, e.g., to propagate a signal 1 to a stuck-at-0 fault site. The observation 
thatt such a fault-activating time frame exists, can be used to guide the iterative 
searchh over test patterns of fixed length. For example, the fault can be activated 
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or3 3 

0 0 
1 1 
u u 

00 1 u 
00 1 u 
11 1 1 
uu 1 u 

Tablee 6.4: Disjunction in the 3-valued logic 

inn the initial time-frame and new time-frames can be added forward or backward 
inn time, up to the current maximum number of time-frames. 

Ann obvious desirable property of a sequence of test input vectors is that state 
repetitionrepetition is avoided, that is, the induced individual states should be pair-wise 
different.. A state repetition in a test implies that an equivalent but shorter test 
exists;; the intermediate input sequence is redundant and can be extracted. 

Byy unfolding a sequential circuit into time-frames we can thus transform Prob
lemm (6.2) into sequences of problems of the form 

Vmm e {0, l }n m e m . unfolded_circuit(T,m) ^ unfolded_faulty_circuit(T, m) (6.3) 

wheree the sequence of test input vectors T is of fixed length, and the unfolded 
circuitss are combinational. 

Universall  Quantification 

Sincee the decompositions of the unfolded circuits in Problem (6.3) are Boolean 
formulas,, Problem (6.3) can be viewed as a quantified Boolean formula (QBF). 
Thee satisfiability problem of QB formulas (QSAT) is strictly more complex than 
SAT;; it is PSPACE-complete [Papadimitriou, 1994]. Due to the sizes of modern 
VLSII circuits, already the complexity of the propositional sub-problem is enor
mous.. Therefore, all sequential ATPG approaches I am aware of do not deal 
withh (6.3) as a QB formula, but restrict and simplify the problem. The common 
principlee is to eliminate the quantifier from a variable and instead mark it with 
aa specific non-Boolean value u: 

removee Vmj G {0,1} and add m* = u. 

Thee meaning of u is as in [Kleene, 1952, p. 334]. i.e., that of an unknown. As 
ann example, Table 6.4 gives the definition of or in the resulting 3-valued logic. In 
thiss way, we reduce Problem 6.3 to 

Wmem m 

m—m— ( u , . . . , u), unfolded_circuit(T, m) ^ unfolded_faulty_circuit(T, m), (6.4) 

whichh consists of a fixed number of unquantified variables. 
Clearly,, information is lost when eliminating quantifiers in this way: some 

validd tests cannot be found in the modified model. Here is an illustration. 
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6.2.3.. EXAMPLE. Consider the fragment 

VMM G {0,1}. (not(M) = AT, xor(M,7V) = O). 

Justt considering the gates, we find that the value of O is necessarily 1, independent 
off the value of M. In contrast, using the 3-valued logic and M — u one only gets 
OO — u. So we cannot find a test for a stuck-at-0 fault at 0 , using the 3-valued 
approach.. D 

Wee proceed now by giving in detail several models of Problem 6.4 as a con
straintt satisfaction problem. We assume that the sequential circuit is given by 
thee gate decomposition of its underlying combinational circuit. The goal is to 
findd a test pattern T — (<i,. . . , tntp) of fixed length n tp. 

6.2.33 3-valued Model 

Wee can use the 3-valued logic for a direct translation of the decompositions of 
bothh the correct and the defect circuit into separate constraints. 

Eachh of the n tp time-frames contributes the following: 

Variables.. For every proper input signal, there is one variable. For every output 
andd internal signal, and for every pseudo-input and pseudo-output, there 
aree two variables, one for the correct and one for the faulty circuit. 

Domains.. Proper input variables range over {0,1}. All other variables (includ
ingg the pseudo-inputs) have the domain L>3 = {0,1, u}. 

Constraints. . 

•• Every circuit gate is represented two times by the corresponding con
straintt in the 3-valued logic; once for the correct and once for the faulty 
circuit. . 

•• In the faulty circuit, the gate with the fault at its input or output is 
modifiedd by the procedure (6.1) in Section 6.1.1. 

Thee output variables of the final time-frame are constrained to show the fault. 
Thatt means, two variables from correct and faulty circuit corresponding to the 
samee output must exist that have different Boolean values. 

Thee ntp resulting sub-CSPs for the separate combinational circuit copies, i. e. 
time-frames,, must also be linked, by equating the corresponding pseudo-outputs 
andd pseudo-inputs of adjacent time-frames. 

Additionally,, to help find short test patterns fast, state repetitions can be 
prevented.. The corresponding constraint can be seen as an alldifferent constraint 
onn the states. A state is given by the pair of the pseudo-output vectors (correct 
andd faulty circuit), which represents the next circuit state. 
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0/00 = 0, 1/0 = d, u/0 - uO 

0/11 = d 1/1 = 1, u/l = ul 

0/uu = Ou 1/u — lu u/u = u 

Figuree 6.7: The elements of the 9-valued logic 

faultsite_sal9 9 

-^faulty y 

ÖMÊfaulty y 

0 0 

d d 

1 1 

1 1 

d d 

1 1 

d d 

d d 

u u 

ul l 

Ou u 

d d 

lu u 

1 1 

uO O 

ul l 

ul l 

u l l 

Tablee 6.5: Fault site constraint for the 9-valued logic 

Thee advantage of this model is that the involved gate constraints are simple 
(consultt Table 6.2 for or3), and hence constraint propagation is fast. Disadvan
tagess exist, however. Two almost equal circuit copies are dealt with in paral
lel.. Since the input values are shared, much of the information computed and 
storedd in the two circuit variants is the same. Furthermore, information split over 
twoo variable domains is less precise: necessary equality {(0,0), (1,1)}, or nec
essaryy disequality {{0,1), (1,0)}, cannot be represented as a Cartesian product 
DomDomcoirectcoirect x Dorafaujty with Domcoirect, Domiauity C {0,1}. 

6.2.44 9-valued Model 

Thee 4-valued logic useful for combinational test pattern generation, Section 6.2.1, 
cann be lifted to the sequential case. The underlying principle remains the com
binedd treatment of the signal values in correct and faulty circuit, but instead of 
|{0,1}} x {0,1}| = 4 values we deal now with |{0, l,u} x {0,1, u}| = 9 values; 
listedd in Fig. 6.7. The first report on the use of this 9-valued model for ATPG 
(butt not constrained-based) is [Muth, 1976]. 

Thee definition of the gate constraints is straightforwardly based on the two 
combinedd gates. For instance, we have 

or99 = { <d, Ou, lu), (uO, Ou, u), (d, u, lu), . . . } (81 tuples). 

Heree is the CSP model based on the 9-valued logic. Each of the n tp time
framess contributes the following: 

Variables.. For every input, output and internal signal, and for every pseudo-
inputt and pseudo-output, there is one variable. 

Domains.. Proper input variables range over {0,1}. All other variables (includ
ingg the pseudo-inputs) have the domain D9 = (0,1, d, d, u, uO, ul, Ou, lu}. 

Constraints. . 
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0/00 = 0, 1/0 = d = e, u/0 = uO 

0/ll = d = ë 1/1 = 1, u/l = ul 

0/uu = Ou 1/u = lu u/u = u 

Figuree 6.8: The elements of the 11-valued logic 

•• Every circuit gate is represented by the corresponding constraint in 
thee 9-valued logic. 

•• The variable If representing the faulty line is replaced by a fresh vari
ablee Of wherever it is used as an input variable (we include here the 
casecase that If is a circuit output). The variables If, Of are constrained 
byy the appropriate fault site constraint. For the stuck-at-1 fault, Ta
blee 6.5 shows this constraint. 

Thee output variables of the final time-frame are constrained to show the fault: 
onee variable must exist that takes the value d or d. 

Thee reason for a specific fault site constraint is that we cannot inject a fault 
valuee d,d at each fault site. Only one time-frame is needed in which the fault is 
activatedd and starts the fault effect path to the final output. The fault sites at 
otherr time frames, while existent, may or may not have an effect. 

Thee 9-valued logic clearly provides much more precise information per variable 
domain.. Necessary equality is represented by the {0,1}, a necessary fault effect 
iss given by {d, d}. The price is much more complex constraints: or9 is defined by 
811 tuples, in contrast to or3 with only nine. 

6.2.55 11-valued Model 

Alsoo the 6-valued logic of Section 6.2.1, used in combinational test pattern gen
eration,, can be lifted to the sequential case. So we integrate the u-value, the 
combinedd treatment of correct and faulty circuit, and fault effect distinction into 
requiredd and expendable. The idea is to carry over the heuristic concerning the 
faultt effect path (d-values versus e-values) to sequential ATPG. The resulting 11 
valuess are listed in Fig. 6.8. 

Thee definition of the gate constraints is straightforwardly based on the two 
combinedd gates. For instance, we have 

ornn = { (e, Ou, lu), (d, e, d), (d, u, lu), . . . } (93 tuples), 

butt for example (d,0u, lu) is not in orn, since d-values must not disappear. 
Thee CSP model follows. Each of the n tp time-frames contributes the following. 

Variables.. For every input, output and internal signal, and for every pseudo-
inputt and pseudo-output, there is one variable. 
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Tablee 6.6: Fault site constraint for the 11-valued logic 

Domains.. Proper input variables range over {0,1}. All other variables have the 
domainn Dn — {0, l,d,d,e,ë, u, uO, ul,0u, lu} . 

Constraints. . 

•• Every circuit gate is represented by the corresponding constraint in 
thee 9-valued logic. 

•• The variable / / representing the faulty line is replaced by a fresh vari
ablee Of wherever it is used as an input variable (we include here the 
casee that If is a circuit output). The variables If, O f are constrained 
byy the appropriate fault site constraint. Table 6.6 shows this constraint 
forr the stuck-at-1 fault. 

•• Fan-out points are modelled by constraints, not by multiple variable 
occurrences.. The constraint is the straightforward extension of the 
fan-outt constraint from the 6-valued logic, Table 6.3, by the 5 new 
valuess using u, which are simply copied to both outputs. 

Ass usual, the output variables of the final time-frame are constrained to show the 
fault,, this time we can require that exactly one variable must exist that takes the 
valuee d or d. 

6.33 Implementation 

Wee have implemented sequential ATPG as described in the preceding sections. 
Figg 6.9 gives the model-independent algorithm schema. The CSP V is constructed 
accordingg to the respective model of 3, 9, or 11 values. V is solved by first acti
vatingg the fault in a chosen time-frame, and then searching through the variable 
assignmentss of first the 'future' and then the 'past' time-frames. In the 'fu
ture'' time-frames, variables along a potential fault effect path (where correct line 
andd faulty line can still differ) are preferred by the search heuristic. In case of 
failure,, a different fault-activating time-frame is tried. Search otherwise takes 
placee per time-frame. Within a time-frame, the first-fail heuristic is applied, 
thatt is, from all variables one with a smallest domain is chosen and instantiated 
[Haralickk and Elliott, 1980]. 

Thee implementation of this control algorithm is realised in ECL'PS6 

[Wallacee et al., 1997] and consists of about 5000 lines of source code. 
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ATPG G circuitt i—• test pattern set 
TPTP : = 0 
forr  each circuit line L and fault type saX do 

TPTP := TP u ATPG_fault(circuit, L/saX, 1) 
end d 
returnn TP 

ATPG-faultt |: circuit, fault, ntp '—• test pattern 

VV :— sequence of n tp time-frames with inputs tp as a CSP 
iff solving "P is successful then return {tp} 
elsee return ATPG_fault(circuit, fault, n tp + 1) 

Figuree 6.9: Algorithm schema for sequential ATPG 

6.3.11 Constraint Propagation 

Almostt all constraints in the presented ATPG constraint models represent gates, 
whichh are operators in the chosen logic (of 3, 9, or 11 values). All these constraints 
aree defined by an explicit set of solutions. The constraint propagation of these 
constraintss can therefore be conducted by membership rules. 

Wee are interested in membership rule sets sufficient to establish the local 
consistencyy notion of generalised arc-consistency (GAC). Additionally we look at 
setss of equality rules [Apt and Monfroy, 2001]. Recall that an equality rule is a 
specificc membership rule whose condition constraints x G S are such that S is 
eitherr a singleton set S = {a} or the complete variable base domain S — D. 
Inn other words, either x is instantiated or its current domain is irrelevant. This 
featuree leads to faster testing of the rule condition. On the other hand, equality 
ruless enforce a local consistency weaker than GAC. 

InIn the remainder of this section we always mean GAC-enforcing membership 
ruless when we write 'membership rules'. 

Automaticc Generation of Propagation Rules 

Forr the generation of membership rules, we proceed as explained in Section 5.4.4. 
Forr equality rules, we use the program of [Apt and Monfroy, 2001] (kindly pro
videdd to us by the authors). In both cases, we then remove redundant rules as 
describedd in Section 4.3.1. Finally, for each constraint, the rule scheduler R of 
Sectionn 3.4.2 is instantiated with the corresponding rule set. The final result is 
thuss an ECL*PSe source code file that provides handling and propagation of the 
associatedd constraint. 

Wee report in the following some details of the specific rule generation pro
cesses. . 
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3-valuedd logic. We require rules for the constraints and3, or3, and3, or3, and 
not33 (see 6.4 for the definition of or3). Their definitions are small: the binary 
operatorss have 9 solutions and not3 has just 3 rules. This leads to few rules: 13 
membershipp rules and 16 equality rules are generated for the binary operators, 
andd 6 membership rules and as many equality rules for not3. Generation took 
placee in not more than one second per rule set. 

9-valuedd logic. The number of solutions for the constraints representing binary 
operatorss is here 81; the corresponding membership rule sets are of size 385, while 
onlyy 134 equality rules are obtained. Rule generation took about one minute for 
thee membership rules, and less than a second for equality rules. Additionally to 
thee logical operator constraints, we also have the fault-site constraints; see, e.g., 
Tablee 6.5. The 9 solutions lead to 7 membership and 13 equality rules (in both 
thee cases saO, sal). 

11-valuedd logic. The constraints for the binary operators have 93 solutions, 
3933 membership rules, and 153 equality rules. Membership rule generation took 
aboutt 4 minutes, and redundancy removal another 10 minutes. Beside the logical 
constraints,, there are the fault-site constraints and the fan-out constraint. The 
latterr has 13 solutions, 33 membership rules, and 39 equality rules. 

6.3.22 Empirica l Evaluation 

Wee verify the applicability of our approach to sequential ATPG by way of bench
marking.. Table 6.7 shows the test generation times for some circuits. Test pat
ternss for every possible fault are generated, i.e., every line and every stuck-at 
faultt (0,1) is considered separately. We set a maximum test pattern length of 5, 
andd a time limit of 20 seconds per fault. 

Circuitt S is our example circuit, Fig. 6.3, taken from [Muth, 1976]. The re
mainingg circuits are ISCAS'89 circuits. The ISCAS'89 benchmark is a publicly 
availableavailable set of specifications of 31 sequential circuits [Brglez et al., 1989]. 

Wee give in Table 6.7 the results for the three models, and for equality rules 
andd GAC-enforcing membership rules. The circuit features are the number of 
inputs,, outputs, logic gates + not-gates, and memory elements. (The number of 
logicc gates counts the original gates that sometimes have more than 2 inputs.) 

Wee can observe that generally equality rules are the better choice for the 
smallerr circuits. An explanation for this may be that search and propagation in 
thee induced small CSPs leads often directly to variable instantiations as opposed 
too mere domain reductions, and equality rules cannot cause constraint propaga
tionn from non-singleton domains. 

Next,, we notice that the 3-valued logic performs best most of the time. This 
cann be explained by the simpler constraints (and smaller rule sets), compared with 
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s s 
s27 7 
s298 8 
s344 4 
s641 1 

3-valuedd 9-valued 11-valued 
MEMM EQU MEM EQU MEM EQU 

0.033 0.02 0.47 0.05 0.79 0.08 
0.077 0.12 1.34 0.24 1.75 0.98 
12888 3589 2591 4584 2825 4924 
6811 6964 2458 7036 3090 7007 

35500 10831 2186 12171 2814 13028 

Circui tt  features 
II  0 G + N M 
33 1 6 + 2 1 
44 1 8 + 2 3 
33 6 75 + 44 14 
99 11 101 + 59 15 

355 24 107 + 272 19 

Tablee 6.7: Results for benchmark circuits (times in seconds) 

thee other models. The advantage of the 3-valued model decreases as the circuits 
becomee more complex, however. So the more precise signal representation that 
iss possible in the higher-valued logics may become more relevant then. 

Finally,, the extra domain knowledge that is built into the 11-valued model by 
thee additional e-values essentially does not pay off in our examples. 

6.44 Final Remarks 

Wee showed the viability of a constraint-based approach to ATPG for sequential 
circuits.. We started with a systematic treatment of constraint-based models for 
combinationall ATPG, and extended them subsequently to the sequential case by 
ourr method of quantifier elimination and the unfolding technique. 

Off particular interest in our approach is how we implement the constraint 
propagation.. Once the logics and correspondingly the constraints are defined, 
whichh is part of modelling, the generation of constraint propagation rules (GAC-
enforcingg membership and equality rules) is completely automatic. 

Inn [Simonis, 1989] as well as in [Hentenryck et al., 1992], the constraint propa
gationn is described in rule form. All rules are manually constructed from the con
straintt definitions. While this is feasible for small constraints and few rules (the 
logicss have 4 and 6 values), that is clearly not the case when one deals with larger 
logicss leading to hundreds of rules. Furthermore, we consider redundancy in rule 
sets,, an issue not mentioned in [Simonis, 1989] nor in [Hentenryck et al., 1992], 

AA constraint-based approach to combinational ATPG with the 6-valued model 
iss discussed in [Abdennadher and Rigotti, 2004] in the context of automatic gen
erationn of constraint propagation rules. We show such rules in Section 4.4.1. 

Thee automatic generation of constraint propagation rules is also applicable 
too several of the specific multi-valued logics presented in [Azevedo, 2003], where 
topicss related to combinational ATPG, including differential diagnosis and test 
patternn optimisation, are extensively studied from a constraint-based perspective. 


