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ABSTRACT

The Boolean difference is a mathematical concept which has proved its usefulness in
the study of single and multiple stuck-at faults in combinational circuits. This tos: of
analysis was extended to cover multiple stuck-at faults in synchronous sequential circuits
as well. In this dissertation, modifications to previous work are prescnted, together with
the development of a new method for deriving the required shortest test sequence to
deteet a speeificd multiple fzult. First, the vector Boolean difference technique is utilized
to determine the input vector that will produce a difference in output between the fault-
free and faulty circuits with both starting in the same initial state. If that detection cannot
be achieved immediately, then the state transition matrices of both circuits arc combined
and used to form a matrix of detecting state pairs. Each of these pairs comprises of the
present states of both circuits for which an output difference will be detected by an input
vector. The detecting tree is then built leading the two circuits from the same initial state
to the first detecting state found to complete the search for the shortest test sequence.
Besides being able to identify, at an carly stage, faults that are undetectable, this algor-
ithm guarantees the generation of a shortest test sequence, if one exists, for every multi-
ple stuck-at fault in a synchronous sequential circuit having a synchronizing sequence or
a known initial state. A computer program was also written as a tool to automatically
generate test sequences for detecting single or multiple faults in both combinational and

synchronous sequential circuits.

- vii -



Chapter X
INTRODUCTION

The development of computers has been stimulated so greatly by integrated-circuit
technology that, in order to keep pace with this rapid advance, the reliability and fault
detection in digital circuits have emerged as an important principal rescarch arca in fault-
tolerant computing. As the complexity and popularity of today's VLSI realization of
digital circuits increase, the testing problems involving fault detection, fault analysis, and
test generation become more difficuit, and so the testing cost contributes 10 an increasing-
ly larger proportion of the total product cost. This difficulty can be reduced greatly by
the development of faster and more efficicnt algorithms for test-patiern generation
besides the use of design techniques to enhance testability. In this dissertation, we will

present methods for test generation to detect multiple stuck-at faults in synchronous

sequential circuits,

This thesis is organized as follows:

Chapter 1 is devoted to providing an introduction to the testing problem, and an
overview of related test generation techniques from which the new method presented in
this dissertation finds its adaptation to the current fault tolerant rescarch area. First, the
testing method and the fault model used for this new algorithm are discussed. Since test

gencration techniques for combinational circuits form the basis for the development of
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most of those for scquential circuits, they are necessarily reviewed, especially the
D-Algorithm and the Boolean difference method. An overview of test generation meth-
ods for sequential circuits then follows with some concentration in the Extended
D-algorithm and the Nine-Value Algorithm, in which the element of time is taken into

account. Finally, the new method presented here is briefly described.

Chapter 2 describes all the notations used for the multiple fault and the sequential
circuit under test. The types of input vectors and the definitions of tests considered in
this dissertation are then given. The fault equivalence concept for reducing the number

of faults under consideration is also discussed,

Chapter 3 shows how the Boolean difference is applied to the case of multiple faults
in synchronous scquential circuits as a first attempt to find the single test vectors. Exam-

ples for difterent cases are also given.

Chapters 4 and 5 describe the technique using detection matrix and detecting tree,
respectively. These are used to find the shortest test sequence of length greater than one,
when the application of Boolean difference in Chapter 3 indicates that no single test vec-

tor exists.

Applications and experimental results from using a computer program for both

Moore and Mealy synchronous sequential circuits can be found in Chapter 6.
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Chapter 7 discusses and compares the present method with other methods. Then the

conclusions are stated.

Appendix A describes the method for finding Boolean dificrence using the Kamaugh
map or any such representation. This forms the basis for writing the C program which is
shown in Appendix B for implementing the algorithm proposed in this dissertation,
Appendix C shows the program output listings for examples of testing a Moore circuit

(type '164 IC) and a Mealy circuit (type '97 IC).

1.1 Method of Testing

i.ogic circuits are tested by applying a sequence of patterns or vectors at the primary
inputs. A test for a fault is an input vector or sequence of vectors that will produce differ-
ent primary outputs when compared with the correct (expected) ones of the fault-free cir-
cvit. This is equivalent to saying that, a test is the same input vector or sequence of vee-
tors which are applied, at the same time, to both fault-frec and faulty circuits which start
in the same initial state, until there is a difference in the primary outputs between the two
circuits. In a combinational circuit, a specific stuck fault can be tested by a single input

vector. Testing 2 fault in sequential circuit, in general, requires a sequence of vectors.



1.2 Fault Modeling

During chip fabrication, many types of defects can occur; for example, break in sin-
gle lines, lines shorted to ground, excessive delays, etc. In general, the effect of a fault is
represented by means of a model. The most commonly modeled faults are line stuck type
faults which are considered in this work. In this model, we assume that any one line in
the circuit may have a fault such that the signal on this line is fixed to either a logic 1
(stuck-at-1), or a logic O (stuck-at-0) irrespective of the input vector. Main advantages of
stuck fault model are:

. They have proven to be very effective in representing the fault behavior of actual
devices and in measure of test quality.
. They are modeled at the logic level and arc independent of technology.

. They can be analyzed by known methods.

For a circuit with a total of m lines, if there exists only one fault at a time in a circuit,
there arc at most 2m possible single faults, If there exist m faults at the same time, the
total number of possible multiple faults increase dramatically to 3™ - 1, since any line
may be fault-free, stuck at 0 (s-a-0), or stuck at I (s-a-1). For this reason, the single fault
assumption is frequently used, and also since studies have shown that single fault detec-
tion test set can detect almost all multiple faults [8]. However, faults which occur during
circuit manufacture frequently affect several parts of the circuit and consequently can be
more closcly modeled as multiple stuck faults rather than as single stuck faults {7]. In
this dissertation, multiple fault in synchronous sequential circuit is considered in order to

show the complcteness in test generation of the new algorithm presented herein.
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1.3 Test Generation for Combinational Circuits - Overview

Since early 1960s, numerous algorithms have been proposed for gencrating test vec-
tors for combinational and sequential circuits. Some of these are cffective and widely
used in practice; others are of limited practical interest. Most approaches are structural or

topological, i.e. they construct the test-input vectors by analyzing the circuit topology.

1.3.1 Path Sensitization Method

Most well-known test generation algorithms for combinational circuits make usc of

the path sensitization idca in one form or another. Of these, the oldest and undoubtedly

the best known is the D-algorithm.

1.3.2.1 D-Algorithm

In the D-algorithm [34], a five-vaiue {0, 1, X (unknown), D, T)} calculus is utilized
to carry out the sensitization and justification in a formal manner. The symbols D and its
complement D represent fault effects. If a signal has a value 1 in the fault-free circuit
and O in the faulty circuit, its value is denoted by D. The complementary situation is

denoted by D.

The D-algorithm consists of three parts, namely, forward implication, D-drive, and

backward justification or consistency check. In forward implication, that is similar to
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logic simulation, output values of logic gates are determined for given input values. In
D-drive, the fault effect (D and D ) is propagated toward primary outputs. An exhaustive
deciston tree is traversed while assigning binary (0 and 1) values to internal nodes of the
circuit in specific order. Backward justifications are performed iteratively traversing
another decision tree to justify node values from primary inputs. If any signal value
implics a conflict, an alternative value is assigned to the node by performing a backup in
the tree traversal. This process is repeated until the effect of the fault reaches a primary
output at which point the values on primary inputs correspond to a test.

The D-algorithm propagates fault effects along multiple paths which is essential to
guarantec a test, if such a test exists, However, it has been pointed out that this algorithm
is incfficient in generating tests for circuits with many Exclusive-OR gates. The degrada-

tion in performance arises duc to excessive amount of backtracking.

1.3.1.2 PODEM, FAN and CONT

The backtracking problem in the D-algorithm is improved by a test generation algor-
ithm called Path Oriented Decision Making (PODEM) [19]. In this method a branch and
bound technique is used to make PODEM implementations running an order of magni-
tude faster than the D-algorithm in most circuits. This is achieved by assigning values
only to the primary inputs which are then propagated towards internal lines by the impli-

cation, and thus backtracking can occur only at the primary inputs.

In [17] a technique is described to further accelerate a path-sensitization algorithm

like PODEM called the fanout-oriented test-generation (FAN) which does extensive anal-
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ysis of the circuit connectivity in a preprocessing step to minimizing backtracking. It
performs special processing of fanout points and has been shown to be more efficient and

faster than PODEM,

Another recent algorithm called the concurrent test generation (CONT) [37] mini-
mizes backtracking by a different approach. If the target fault is found to be undetectable
by the current input vector, CONT tries to switch the target to another undetected fault,
FAN and CONT can produce a reduction factor of 2-5 in computing time over PODEM
[43.

Test generation can be automatic. A prerequisitc for automatic test generation is an
algorithm that can be programmed. Such algorithms mostly work on the principle of path
sensitization, Efficient programs for combinational circuits are available bascd on algor-

ithms just mentioned such as D-algorithm, PODEM, and FAN.

1.3.2 Boolean Difference Method

Besides those commonly known structural mecthods of path sensitization listed
above, there have been some algebraic methods [35] reported which generate test patterns
by manipulating algebraic formulas. One of these, the Boolean difference method is a
mathematical approach which captures the basic concepts of path sensitization in algebra-
ic terms. Let F(X) be the output function of the fault-free circuit and F, (X) the output
function of the circuit with the presence of a given fault £ . The set {t| F(X) ® F, (X) =

1 }, as defined later, is the set of all input vectors that distinguish between the two func-

tions.



The algebraic methods are quite elegant and complete , i.e. claiming to produce a test
whenever one exists. Hoswever, in general, it has been a difficult task to manipulate alge-
braic equations to derive tesi for a given fault. They have the disadvantage of requiring a

large quantity of time and memory, which may make them impractical for large circuits.

1.4 Test Generation for Sequential Circuits - Overview

Test gencration for sequential circuits remains to be a challenge in spite of a history
of attempts dating back to the late 1960s. In particular, it has been recognized as the
most difficult problem in the area of fault detection. The difficulty comes from the exis-
tence of memory elements. With memory elements, such as latches or flip-flops in a cir-
cuit, the outputs depend not only on the current inputs but also on the operation history
(stored internal states). Of course, it is possibie to facilitate sequential circuit testing by
adding some extra hardware, which then enhances the controllability and observability of
the circuit {39]. However, the test hardware increases hardware overhead and can
degrade circuit performance. Thus, before using valuable chip space, test generation

without adding extra hardware should be considered.

In the sequential circuit, since the stored interal states can retain their values over
time, combinationa! test generation methods can thus be applied to sequential circuit if
the clement of time is introduced. There are few sequential test generation methods that

arc of practical significance. In general, there are three different approaches considered

as discussed below [8).
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1.4.1 Iterative Array Approach

In this approach a combinational model for a sequential circuit is constructed by
regencrating the feedback signal from previous-time copies of the circuit. Thus the tim-
ing behavior of the circuit is approximated by combinational levels. Topological analysis
algorithms that activate faults and sensitize paths through these multiple copies of the

itcrative combinational circuit are then used 1o generate tests.

A synchronous sequential circuit M can be generally modeled as in Figure 1.1. By
cutting the feedback loops where the clocked flip-flops are, the iterative combinational
circuit MP can be formed as in Figure 1.2 [16]. The combinational circuits C; . where
i=0,..,p, are all identical to the combinational portion C of the original scquential circuit
M, and each of them corresponds to the time frame i. The inputs of C; include the prima-
ry input I() and the pseudo-input SI(i) obtained from the feedback signals produced by
Ci.,. Similarly, O(i) and SO(i-1) are the primary output and pscudo-output, respectively
of the time frame i. In this transformation, the clocked flip-flops of M arc modeled as
combinational elements F;, where i=0,..,p. These are referred to as pscudo- flip-flops.

Figure 1.3 represents the pscudo- flip-flops corresponding to a D, a T, and an SR flip-
flops.
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14.1.1 Extended D-algorithm

In the extended D-algorithm [25, 33], in order to find a test sequence to detect a sin-
gle stuck-at fault, the number of time frames needed in the iterative combinational model
must be determined. The five-valued D-algorithm is then applied to the current time
frame, say jth copy. If the D-algorithm assigns a value to any pscudo-input, this assign-
ment is then justified in the (j-1)th copy. Similarly, if the fault effect is propagated to a
pseudo-output, this propagation must continue into the (j+1)th and subscquent copics
until the fault effect reaches a primary output. Although the D-algorithm guarantees 1o
generate a test for a fault in combinational circuit, if one exists, for scquential circuits,

the extended D-algorithm does not guarantee a test sequence for a fault even if onc exists,

1.4.1.2 Nine-Value Algorithm

In the Nine-Value algorithm [31], the five-value algebra used in the D-algorithm is
extended to a nine-value one which consists of (1/1, 1/0, 1/X, 0/1, 0/0, X, X/1, X/0, and
X/X) representing ordered pairs of states of the fault-free and faulty circuits. The five
values used in the D-algorithm are actually a subset of these ninc valucs; a 1 used in
D-algorithm is equivalent to 1/, a 0 is 0/0, and X is X/X, a D is 1/0, and the D is O/1.
The additional partially specified values, O/X, 1/X, X/1 and X/0, provide a greater degree
of freedom in test generation. The Nine-Value algorithm takes into account the possible
repeated effects of the fault in a sequential circuit and so a test can be guaranteed, if one
exists, for every stuck-at fault in a synchronous sequential circuit having a synchronizing
sequence (an input sequence which when applied to a sequential circuit results in a
unique final state independent of the initial state). However, the implementation of this

algorithm is very complex and may be inefficient for large circuit.
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14.1.3 SOFTG, EBT, and BACK

Another method called the Simulator-Oriented Fault Test Generator (SOFTG) [36] is
primarily a scquential version of PODEM. Here, tests are constructed by tracing back-
ward through the circuit in much the same way as a combinational test generator, but all

forward signal propagations are carried out by an event-driven simulator.

All sequential test gencration algorithms mentioned above have a process flow that is
bidirectional in time since the starting event is the fault activation at the site of the fault,
and in genceral, the detection will take place at a future time while the primary inputs must
assumc their values in the past, where time refers to the time of events in the circuit. A
unidirectional path sensitization algorithm called the Extended Backtrace (EBT) [28, 29,
30] works backward both spatially and in time from a selected output toward the fault,

where a path and an output pin with best observability must be selected for a given fault.

While the EBT algorithm scnsitizes a preselected path, the BACK algorithm [10)

only preselects a primary output to which it sensitizes all paths starting at the fault site.
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1.42 Verification-Based Approach

The verification-based approach relies on determining whether or not the circuit
under test is operating in accordance with its state table. Scquential Circuit Test Search
System (SCIRTSS) [22] applies the D-algorithm to the combinational portion of the cir-
cuit to obtain a test vector which is then split between primary inputs and the present
state. At this point, through the state graph, suitable paths are searched to find an input
sequence to bring the circuit to this present state and another sequence to propagatc the
stored fault effect to a primary output. In order to limit the cffort, the scarches for these
paths are only conducted over a restricted state diagram and a small portion of the much

larger set of data states.

In another method, a test generation for finite state machines 127} applics PODEM
with iterative-array type of processing for forward propagation. The backward justifica-
tion phase is replaced by a procedure that attempts to search for a path in the state tran-
sition graph (STG) from a given reset state to the present state required by PODEM.,
Again, in order to minimize the complexity of the STG, a partial state diagram is con-

structed containing all valid states of the finite machine but only a few transition edges,

1.43 Functional Approach

A functional approach [6] uses a high-level description of the circuit to gencrate test
sequences that will verify whether the designed functions are being performed corrcctly,

This approach often uses restricted fault models like the line stuck faults on inputs and



14
outputs of functional blocks or higher-level fault models such as errors in the truth table
of a combinational block, or a change in the state table of a sequential functional block.
The functional testing is often the method for testing very large circuits like microproces-
sors, However, it is difficult to evaluate the quality of functional test vectors. In many

cases, these tests may not be capable of detecting every possible failure that can oceur.

1.5 New Algorithm Proposed in The Dissertation

Test generation algorithms for combinational and sequential circuits are briefly
reviewed above to show some basic ideas from which a new algorithm presented in this
dissertation has evolved. This new algorithm can be considered as a combination of the
iterative-array and the verification-based approaches mentioned in Sections 1.4.1 and
1.4.2: It applics Boolean difference algorithm to an iterative combinational model, but
only one copy is needed; and if necessary, it then makes use of the state table to build

special matrices for searching for the shortest test sequence, if one exists.

The Boolean difference method is a well-known mathematical concept which has
found significant application in the single fault analysis of combinational logic circuits.
Several authors have also extended this technique to the multiple fault case in combina-
tional circuits [15, 24], and in synchronous sequential circuits [20, 21]. In this disserta-
tion, the analysis discussed in [20, 21] is reviewed and modified, together with a new

method developed to find the shortest test-input sequence.
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Assume that both the fault-free and faulty circuits start in the same known initial
state. First, treating the present and next state of the iterative combinational circuit as
pscudo-input and pseudo-output vector respectively, and with the present state set to the
known initial state, a vector Boolean difference technique is applied to the primary output
vector to determine the single input vector that will produce a difference in at lcast onc of
the primary outputs between the fault-free and faulty circuits. This difference may not be
achieved immediately, i.c. the fault cannot be detected yet by the single input vectors,
because of one of the following two reasons:
. Case 1: All the primary outputs do not depend on the fault at all, no matter what
the present state the circuit under test (CUT) is in.
. Case 2: All the primary outputs do not depend on the fault only when the CUT is

in the known initial state. This is a subsect of case 1.

For case 1, the Boolean difference is then applied to the pscudo-output or next-state
functions, without setting the present state to the known initial state, to check if there is
any difference in at least one of the next-state functions between the two circuits. If there
is none, we can then conclude that the specified fault is undetectable or redundant. It

should be noted here that, this is the carliest checkpoint where undetectable fault is iden-

tified.

For case 2, or for the situation in which the next-state difference is found for case 1,
it is promising that a test sequence of length greater than one may be found. The state
transition matrices of the fault-free and faulty circuits are then combined and used 10

form the matrix of detecting statc pairs, or shortly detection matrix, Each pair of states in
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the detection matrix corresponds to the present states of the fault-free and faulty circuits
in which an output difference will be obtained by a single input vector. It is obvious that
if the detection matrix is empty, i.e. no detecting pair exists, then the fault is said to be
undetectable at this sccond carly checkpoint, If there is at least one detecting pair in the
detection matrix, the detecting tree is then built, and based on the matrices, the path lead-
ing the two circuits from the initial state pair to the first detecting pair is searched for, If
the detecting tree terminates or has reached its predefined maximum level before reach-

ing the first detecting pair, then the fault is said to be undetectable.

une of the primary attributes of this new algorithm is its completeness: It guarantees
the generation of the shortest test sequence, if one exists, for every multiple stuck-at fault
in a synchronous sequential circuit having a synchronizing sequence or a known initial
state. Since the Boolean difference can be found by using the Karnaugh map and since
the matrix representation is so straightforward in computing technique, a computer pro-
gram was also developed as a basic tool for an automatic test generator (ATG) to gener-
ate test sequence for detecting single or multiple stuck-at fauits in both combinational and
synchronous sequential circuits. Experimental applications to both Moore and Mealy

scquential circuits are also presented.



Chapter I1
CIRCUIT AND FAULT DESCRIPTIONS

2,1 Description of Circuit Under Test (CUT)

Consider a synchronous sequential circuit with m inputs, n outputs, and b bits of
memory as shown in Figure 1.1, In vector notation, the circuit can be described as :
Input vector = T(t) = [1,(t), (), ..., I_(O)]
Output vector = O(t) = [Oy(t), Ox(1), ..., O,(1)]
State vector = S(t) = [Sy(t}, Sa(t), ... , Sp(D)]

where t is the time parameter, and I,(1), 1 i< m, O, 1<j<n,and §,(t), I Sk<bare
Boolean variables.
The behavior of the circuit can be described by two vector-based Boolcan functions -

o®m =G[TM.3®) t20 (1)
Se+l) =F[TW.3(M®], t20 (2)

where G(t) and §(t+l) are the output and next-state vectors, respectively, and G and F are

the output and next-state functions, respectively.

-17-
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Since line stuck type faults are being considered here, the set of interested lines
should now be described. In a given sequential circuit, each line which can be faulty is
labeled with a unique number. The numbered line of interest is any connection between :
. a primary input and an input of a gate, or
. a primary input and a fanout point, or
. a fanout point and an input of a gate, or
. a primary output and an output of a gate, or
. a primary output and a fanout point, or

. an output of a gate and an input of another gate.

Note that these line numbers must be consistent with the corresponding lines when
being transformed from the original synchronous sequential circuit to the iterative combi-

national circuit in which no other new lines are numbered.

A linc numbered x has a logical value L, which is dependent on the input and
present-state vectors. Let p faulty lines, x1, x2,..., xp, be a subset of the total numbered
lines. If thesc p lines involve either function G or F, then the faulty-line vector L(t) has

the form:
LM = (L, Lo o Ligl®) ]
where Lyy, Lyo,..., Ly, are the logical values of lines x1, x2,.., Xp, respectively.
Since the internal lines are also dependent on the input and present-state vectors, the

output and next-state Equations (1) and (2) can then be modified to explicitly indicate

their dependence upon logical values of the faulty lines as follows :
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onm =GITw,.Sm,.Cel, t20 (3)
Sa+1) = F[ T, M, L@ ], t20 @)

Assume that the initial state vector of the circuit is a known S (0) = SI. It is obvious
that when the circuit is in the initial state at time t=0, the output vector in Equation (3)

can be replaced by S(0) or SI, and Equation (5) is obtained as :

00) =GI[T(0),S,LO) (5)

Let G[T(t), S(v), L(9)] be the output function corresponding to the jth output vari-
able, Ot). Similarly, let Fk[—I'(t), §(t). I_..'(t)] be thu next-state function corresponding to

the kth variable of the next state, Si(t+1). They can be denoted as:

0; =0, =G;[T),3M,Cwm), 1<j<n (6)
St = St+) =F [T®,3®),C1)], 1<ks<b 7

2.2 Multiple Fault Description

A multiple fault is representable as the logical values of a group of lincs being per-
manently stuck at thc logical value one (s-a-1) or zero (s-a-0). So, a multiple fault
involving p faulty lines is the case in which a specific subset of lines x1, x2, ..., xp arc
being stuck-at a,, a,5, ..., &, Tespectively, and are represented by Ly, (s-a-a,,), Lyo (5-4-
ax2)yeenr Lyp(5-2-2,,), respectively, where a;; € {0,1}, i=1,2,...,p. The next-state and output
functions (3) and (4), resulting from setting L (t)= a,,, Lo(t)=a,5, ..., L,p(t)= a,,, arc

F [T(t), S(0), 21, axgpers 2gp) and GIT (1), S(1), 341, 343,00 3], reSpectively.



20

2.2.1 Input Vector Types

In an iterative combinational circuit derived from a synchronous sequential circuit

with some multiple fault, say, L,; (s-a-25,), «vv- L, (s-a-a;), an input vector applied at the
primary and pscudo-inputs is classified as one of the following three types : Type I vector
atiempts to drive the logical value of each of the faulty lines, L,j, ..., Ly, to the values,
gy venr 5,1,. respectively. Type II vector attempts to drive only a subset, while type III
altempts to drive none, of the faulty lines to logical values which are the complements of
the faulty values. For example, for double fanlt L; (s-a-1), L; (s-a-0), type I vectors
attempt to drive (L;, Ly with (0,1), while type I with (0,0) or (1,1), and type III with
(1,0).

It should be noted here that type I or type II vector is essential in an attempt to excite
the fault, and all three types of vectors may be needed to propagate the fault effect to the
primary outputs. Since, in general, a test for a multiple fault in a sequential circuit may
require a sequence of input vectors, this sequence may consist of atl of the three types of
vectors, with at least one type I or type II vector being present in it. Note that in a combi-
national circuit, type III vector has no meaning, and so not mentioned in [15, 20, 21, 24},
since test vectors are single type I or type II vectors which must excite the fault and, at

the same time, causc the fault effect to appear at the primary outputs.



S |

AT TETIIRT e v e i e e

E e —

g T

S —

B AR T TR T TR T s e 1

o
b
.
X
?.
:
2
3
i
&
b
E{ .

2.2.2 Test Definitions for Multiple Faults

We assume that both the fault-free and faulty circuits start in the same known initial

state §(0) = SI. This assumption may not always hold.

Definition 1: A test, tg, for a multiple fault in a sequential circuit starting in initial state
S1is defined as a finite sequence of input vectors, which consists of all three types of vee-
tors with at least one type I or type II vector being present in it, and of which the applica-
tion will cause.thc output vector of the faulty circuit to differ from that of the fault-free

circuit,

In the following discussion, if not specificd, a test means the one defined in Defini-

tion 1.

Definition 2 : A minimal test is the shortest sequence of input vectors which will deter-
mine the presence of the fault by the very first difference in at least one of the primary

outputs between the faulty and fault-free circuits,

Only minimal test sequence is of interest in the present approach, since it is ncces-
sary and sufficient to conclude that the specificd multiple fault is detected, or the circuit

under test (CUT) is faulty.

Definition 3 : A minimal test sequence is defined as a Type I or Type II Test if it con-

sists of a single type I or type II vector, respectively.
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Since a fault in a combinational circuit can only be tested by single input vectors, it

is obvious that the complete test set for a fault in a combinational circuit consists of two

disjoint subsets of type I and type II tests [24]. A test for a fault in a sequential circuit

may be a single input vector or a sequence of vectors. Single vector test or type I or II

test for sequential circuit is described in Chapter 3 when Boolean difference technique is
applied to the primary output vector.

In considering multiple faults, we must determine reduced faults and discuss about

cquivalent faults,

2.23 Equivalent Faults and Reduced Faults

Strong cquivalence of faults in synchronous sequential circuit is identical to the con-
cept of cquivalence of faults in the iterative combinational circuits derived from the
synchronous sequential circuits by breaking all feedback loops, and considering the cur-
rent or present state vector as a pseudo-input vector and the next-stace vector as a pseudo-

output vector.

Definition 4 : Two faults o and P in a sequential circuit are said to be strongly equiva-
lent if their effect is indistinguishable, i.e. the output and next-state functions of the cir-

cuit with fault o are identical to those of the circuit with fauit B,

If a set of faults are equivalent, any test which detects one of them will detect all of

them and no test will distinguish them. Hence, in test generation it is only necessary to
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explicitly consider one fault from each set of equivalent faults. Therefore, from a set of
equivalent multiple faults, the one that consists of the lcast number of single faults should

be selected for test generation purposes 1o minimize the testing time and resources.

Definition $ : For any two equivalent multiple faults « and B, o is said to be a reduced
multiple fault if its set of single faults is a subset of the set of singlc faults of .

Only reduced multiple faults are considered in this research,

Let us consider the sequential circuit given in Figure 2.1. After breaking the feed-
back loops and using the T pseudo-tlip-flop model shown in Figure 1.3(b), the itcrative
combinational circuit is obtained in Figure 2.2. Note that the line numbers in Figure 2.2
arc consistent with those in Figure 2.1, and that a fault can still only be detected by the
difference in the primary outputs (O,, O,) between the fault-free and faulty circuits, The
next state lines (S,*, §,*) are just conventional and are nceded in the process of propagat-
ing the fault effect to an output difference later if that cannot be achicved immediately by

the single input vectors.

In Figure 2.2, {or example, the triple fault Ls (s-a-0), Ly (s-a-1), L, (s-a-1) is equiva-
lent to the single fault L, (s-a-1) which was also a subset of the triple one. Therefore, it

is necessary to test only for the presence of the reduced fault L, (s-a-1).
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Chapter III
BOOLEAN DIFFERENCE EXPRESSIONS FOR
MULTIPLE FAULTS IN SYNCHRONOUS SEQUENTIAL
CIRCUITS

First, the basic concepts of Boolean difference for faults in combinational circuits arc

briefly reviewed.

Let T be the input vector and Ly be the logical value of the faulty linc k. The Boole-
an difference of a Boolean function Y ('I’,Lk )= Y (Ly ), with respect to the single vari-

able L, is defined as [24]:

dY(L) —
T =YL)®Y(L)=Y(1) ® YO (8)
k
and is denoted by Q, Y.

Similarly, the double Boolean differcnce of Y (T.L; L;) = Y (L; .L;), with respect to
L; and L; is defined as [24]:

2
dYLL) ¢ (dY (Li.Lj)] 4 ( dy (Li,Lj)J

dL dL.  dL. dL. _dL.k dL,
1 ] 1 1 i i

-25.-
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=Y(LL)®Y(LL)®Y(LL)®Y(LL)
=Y(00®Y0)NOY (106 Y ()

then the Boolean difference of Y with respect to any subset of 2 variables, L; and L; , is

defined as;

2
_dvay oaval dval

Q.Y = 9
b dLdL, d, dL, ®

The necessary and sufficient conditions on the primary input vector T such that the
functions Q,Y and €;;Y are dependent on the line variables L, and, L; and L, , respec-

tively, is that Equations (8) and (9) equal to 1, respectively.

The complete test set for a specific single fault L, (s-a-a, ), a, € {0,1}, of Equation

(8) is defined as [24):

B [Lk(s~a-ak)] ={tl L .QkY =1} (10)
where, Lk = I..k if a = 1, and

L =L 1if a=0

For the case of a combinational circuit with a multiple fault involving p internal
lines, x1, x2, ..., xp, simultaneously, Das {15] developed much simpler expressions for

Boolcan difference which require much less computation. The general form for the Boo-
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lean difference of Y with respect to any subset of p variables, L1, Lya, <o Lyy, c2in be now

defined as follows:

[
N 2P. -- v 2". “
an.xz....pr= 2 Cm + "my(y @ My (a1
§0

where ' m = p-tuple of decimal equivalentr for T = [ Liis Lyas s Ly, 1, and

2Y =Y [ T, p-tuple of decimal equivalent z for T

The complete set of type I tests to detect 2¢ possible simultancous multiple faults on

these p lines is then obtained by making Equation (11) cqual to onc.
Let us consider an example in [24];
Y (“1"’2'“3'“4) = Tu, + u,uu, +ulu, +uu,

A double fault involving lines 2 and 3 is considered :

Y can then be expressed in terms of L, and L; as follows :

Y@,L) =Ly, +Luy, + LT, + L,
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Then,

=l .
QZJY:Z(Jm + myy @ My
=0

=(L,L,+L,L)[(Y(LL)yeYw,L,)]
+(L,L+L L) Y(LL)yeYL,L)]

= (u,u, +ﬁ|ﬁs) [ (ﬁz+ﬁd) @ u, ]

+ (uIII3 +ﬁlu3) ( (u2u4 +1,) @u2 ]
The complete type-I test setis {0, 1, 2, 5, 8, 10, 11, 15 )3

For the casc of a multiple fault involving p internal variables simultaneously of a
sequential circuit being in initial state $(0) = SI, in an attempt to find the single test vec-
tors, or type 1 or I tests, the Boolean difference is first applied to the output vector of the

iterative combinational circuit, or Equation (3)

QXI.!I,...:])(—j = z Gi [ T' §‘ f‘ ] @ Gi [ T! §’ E] (12)
jml
where n is the number of primary outputs,
E" [Ly vaZi e vap]’
= - - -
L=[L,,Las,.., L, ], and

the time t=0 being understood, is dropped from the equation,



Note that the vector Boolean differcnces in Equation (12) arc cqual to zero only if

every term in the sum is equal to zero,

The residual function of G; [T,3,L} can be defined as follows :

°G; = °G;[T,8]=G;[T.5,0,0...0],
1G; = 1G;[T.8]1=G;[T.8.0,0,....1],

G = TG [T.3, p-tuple of decimal equivalent 1],

PG = PG (T35,1L,..10

Using the residual functions of G; [T,§I.'] in the simpler expression by [15], the fol-

lowing simplificd form of Equation (12) can then be obtained as -

F2h . noo o
Qxl.xz....xp 6 = z (Jm + i -I-Jm) [ 2 (JGi ® ’ -]-JGj ) ] (13)
0 i=1

where ' G;=G; [T.S, p-tuple of decimal equivalent of r], and

* m = p-tuple of decimal equivalent of s
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Theorem 1 : Consider the iterative combinational circuit which results from a given
synchronous sequential circuit. The complete test set of Type I to detect 2° possible

simultancous p-order multiple faults on the p lines, x1, x2,..., xpis :

BO [ Lyl 1= {1 me‘__‘xp6= 1)
Zp-|_l . - D .

=1 3 (meTmy 3 e, @ 76 )1 = 1) (14
j=0 j=1

Corollary 1: A complete test sct of Type I to detect the specified multiple fault L, (s-a-

1 )s vees Liga (8-8-843 ), oo Ly, (5-2-3,, ) ON the p lines, x1, x2, ..., xp, is :

BO[ L (s-a-a )L (s-a-a), .., pr(s-a-axp)]

={tIL (3L (F,).L(3 ) Q, O=1}

x1.x2,.xp

=(t!m[YGe TG =1} (15)
f=1

where, if &= 0, L” (a,j ) = L” and ij (;xj) = i Xj»

if =1, Ly (ay) = L,j and Ly (a,;) =L,;, and

' m is the p-tuple L,, (E,‘, YLy (5,‘2 )our Lyp (Exp ) of decimal equivalent r.

To find the complete sct of Type I and Type II tests for all possible faults, single
through p-order on the p lines, x1, x2,..., xp, we must compute the vector Boolean dif-

ference for all of the n outputs with respect to all 2¢ different combinations of the p vari-

ablesL,,,L,, ..., L

L] xp'
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Theorem 2 : Consider the iterative combinational circuit which results from a given
synchronous sequential circuit. The complete set of Type 1 and Type I1 tests for all possi-

ble fault situations from single through p®-order on the p lines, x1, X2, ..., Xp, i$ :

O IL, Lyl J=(t 1) Q.5,40.0+.+0 0,

i=1

+Q O0+..+0

x1x2 73 ap-lxp i

+Q O.=1) (16)

x1x2,..xp i

Corollary 2 : A complete sct of Type I and Type 11 tests for all fault situations up to and
including a maximum of p simultaneous specified faults, L. (s-a-a,; ), Lya (S-it-ilyg Yyerns

L,, (s-a-a,, ) on the p lines, x1, x2, ..., Xp is:

a0 [ L“(s-a-a“), sz(s-a-axz),..., pr(s—a-axp) ]

={t1 ) L(5) Q0+L (7)) Q.0,+.+L (1) 2 0,

i1

* Lxl( Exl) Lx2( Eﬂ) Qxl.xzdi Fot pr-l( Exp-i) pr( aup) pr-l.xpéi e

+L(TIL ()L (F)Q , G =1} (17)

x1x2.ap
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Since the problem of interest when applying Boolean difference on output or next-
state vector is to detect the effect of the specified multiple fault by the output or next-state
vector difference, respectively, berween the fault-free and faulty circuits, so any fault
excitement by cither Type I or Type II input vectors is essential and should be consid-
cred. Therefore, in this work, wherever Boolean difference finds its application in deter-

mining the complete set of input vectors, it is the set of both Type I and Type II vectors.

If Equation (17) is cqual to zero (only if every term in the sum is equal to zero), i.e.
if no type I and II test could be found, it means that the specified fault has no effect on
any of the n primary outputs whenever both fault-free and faulty circuits are in the same
prescnt state. Therefore the fault cannot be detected yet by the single input vectors since

both circuits arc assumed to start in the same initial state, This situation results in Case L

For casc ], the fault may then only be detected when the two circuits are in two dif-
ferent present states at time t > 0. This pair of different present states is called detecting
state pair which will be discussed in Chapter 4. The problem then is to find a shortest
input scquence to bring the two circuits from the same initial state to the first detecting
state pair, if one cxists. This process is carried out by a detecting tree discussed in Chap-
ter 5. But in order for thesc to happen, the two circuits must first be able to migrate to
two different next states from same present state. This is determined by applying the
Boolean differcnce to the next state vector of the iterative combinational circuit, or Equa-

tion (17) with O replaced by 3 for S (t+1) of Equation (4) as follows:
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=+
aS [ Lxl(s-a-aﬂ), Lﬂ(s-a-axz)..... L‘p(s-a-axp) ]
b
- ot - at - -+
={01 Y L(5) Q8 +L(8) Q8 +.4L 1) Q8
Fl
— - ot - - HEY
+ Lxl( ax!) Lxl( axz) Qxl.ngj it pr-l( d:ap-l) pr( axp) pr-l.xpgj Fe
= = = ot _
+ Lxl( axl) sz( axz)"'pr( dxp) Q'xl.x:'.....xpsj =1} (18)
If Equation (18) is equal to zero, it means that the specified fault has no effect on any

of the b next-state functions; therefore it is undetectable. Note that this is the first carly

checkpoint for identifying undetectable faults that this new method characterizes.

For each output term in a set of q, where g < n and n is the number of primary out-
puts, whose Boolean difference resulted from Equation (17) is not equal to zero, we then
have to substitute the present statc vector S in that result with the known initial state S
(0) = SI'to see if the specified fault can be detected by a single test vector when the CUT
is first started. If these substitutions make all of the q results equal to zero, it is obvious
that, because of the initial state setting to SI, the fault cffects on all of the q primary out-
puts are cancelled out. Therefore the fault cannot be detected yet by the single input vee-

tors. This situation results in Case II.

For both case I with Equation (18) not being equal 10 zero and case 11, a test
sequence of length greater than one may be found by using transition matrix technique
and detecting tree as explained in Chapters 4 and 5. Otherwisc, if the Boolean difference

of any output term in the sct of q from Equation (17) is not cqual to zero after having SI
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substituted for 3, single test vectors can be found by resolving the input vector to make

the result cqual to one,

Example 1 : Consider the double fault L, (s-a-1), L;; (s-a-0) in Figure 2.1 with the ini-
tial state SI = §,8, = 00. From Figure 2.2, the following equations are derived :

0, = 5,5,

0, = I,

S;" =1,8,+1,§,

S = LizS:+Lyp 8, Sy+ LypLyp S+ L125:S;

L'IO = I2
le = I'.’SI

Since the two output functions O, and O, do not depend on the two faulty lines L,q

and L, their Boolean differences with respect to Ly, and L, are equal to zero. So, this

is case I

(JLOl [I..w(s-a-l), ng(s-a-O)] =0

aOz[Lm(s~a-1), Ll,_,(s-a-O)] =0

The Boolean differences for next-state vector are then checked to see if the fault is

undetectable :



as] [L,,(s-a-1),L (s-2-0)] = 0

@S] [L(s-2-1), L (s-2-0)] =

= LioQ4pFa+ Ly @ Fy+ Lig Ly Q012 Fa
= Lio (°F, ® 'Fy )+ Ly (F, @ 'Fp )+ Lip Lya ( 'F, ® °F, )

= iIt)[(I—qzé:z'*'i-qzslSz)(§|§2€Biqzs:z)]'|'

L[ Ly Sy g2)((11052'*‘81 $;)®8,) ]+
LoLal S, @G, S;+8,8,)]

=1

Since the Boolean difference for S is not equal to zero, there may be a test sequence

of length greater than one for this fault. This will be studied in the next two chapters.

Example 2 : Consider another double fault L, (s-a-1), L3 (5-a-0), with initial statc SI =

S8, =00. The functions for outputs, next states and faulty lines arc as follows :

O =LS,
0, = I

w2
[

L®S,

172 ]
3% ]
]

S2@(L;;+1§))
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The Boolean difference is first applied to the output vector ;

a0, [ L (s-a-1),L, (s-2-0)] = 0
aO] [L,(s-a-1), L,(sa-0)] =
=L QG+ L3936, + LyLys Q415 Gy
= Li(°Gy @G, ) +Ly3(°G, @G, )+ L, Lis (1G, G, )
=L,(S;®0)+L;;(000)+L,L13(S,®0)
=1,S,
=58,

The Boolean difference for output O, is not equal to zero, and thus we next substitute
its present-state vector with the initial state SI = 8,8, = 00, This substitution certainly
cancels out the fault effect on O, by causing the Boolean difference to be equal to zero,
resulting in case II. We will continue in Chapters 4 and 5 t0 look for the shortest test

sequence for this fault,



Chapter IV
TRANSITION AND DETECTION MATRICES

4,1 Transition Matrix

For the case in which the application of the Boolean difference method described in
the previous chapter indicates that there is no single test vector for the specificd multiplc
fault, another technique should be used to search for the shortest test vector of length
greater than one. In order to do that, we propose a method that needs 10 know about the
behavior of the fault-free and faulty circuits in different present states and under different
input vectors. This information is very well provided in the state tables. Instcad of using
the state tables, the present method makes use of the transition matrix [13], which was
developed to study the measurement and control problems of synchronous sequential
machines, and used here with a small change to include both the fault-frec and faulty cir-
cuits. The reason for this representation is that this matrix visually cases the process of
forming the detection matrix defined below, and if this process is carricd out using a
computer, the matrix form is very svstematic and straightforward, and hence readily

implementable.

-37.
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For a given sequential circuit under test with a multiple fault 7, the transition matrix

[T] is formed with column and row corresponding to present states and inputs, respective-
ly, and cach entry is represcated in the form (fault-free next state, fault-free output O;
fault-rn next state, fault-m output O,), where states are denoted by letters and inputs and
outputs by their decimal cquivalents. If there are b flip-flops and m primary inputs, [T] is

of size 2bx 2m,

The transition matrices for Examples 1 and 2 in previous chapters are shown in Fig-

urcs 4.1(a) and 4.2(a), respectively.

From Figure 4.2(a), it is obvious that this is case I since there is no output difference
between the fault-free and faulty circuits for every entry. Case II can be justified in Fig-
ure 4.2(a), since there is no output difference for every entry only of row A which is the

initial state.

4.2 Detection Matrix

Assume the fault-free and fauli-r sequential circuits start in the same initial state SI.

Definition 6 : Supposc that at time t 2 0 the fault-free and fault-rt circuits are in State
S () = S, and §n (t) = S, , respectively. The state S, is said to be a detecting state for
fault , if there is at least one input vector which when applied can produce a difference
in output vector between the two circuits at time (t+1). The pair (S, , S, ) is then called a

detecting pair of states, or shortly detecting pair, where S, and S, may be the same,
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The set of detecting pairs for fault m is represented in a matrix [D] called state detec-
tion matrix, or just detection matrix, in which the column and row correspond to the
present states of fault-free and fault-r circuits, respectively. The entry [ §;, §; ], common
to row S; and column S;, is in the form (I; O, O, ) if and only if, there exists an input
which when applied to both fault-free and fault-r circuits which are in present states §;
and S;, respectively, will produce outputs O and O,, respectively. Of course, O and O,
must be different. Note that there might be no entry for some [ S;, §; 1] and some may
have more than one such testing inputs, but only one is needed and entered in [D). Itis
obvious ihat if [D] is empty, the fault is certainly undetectable, Therefore, this is another
checkpoint for identifying undetectable faults that this new method characterizes before
proceeding any further. But it is also very important to note that, even if [D] is not cmp-
ty, a test sequence of length greater than one is still not guaranteed to be found for the

fault r until we build the detecting tree which is explained in the next chapter.

The procedure to form the detection matrix [D] from the transition matrix [T) is as

follows:

Let O; and O be the fault-free and fault-n outputs respectively at row i in [T). For
each column j of the 2° columns, go through each row i of the 2™ rows. If O, differs
from:

. Or; » a detecting pair (S;, S; ) is obtained, then entry [ S;, S; ] of [D] is entered with
(i3 0;, O
. Ory at cach row k of the other 2" - 1 rows, a detecting pair ( §;, Sy ) is obtained,

then entry [ S;, S ] is entered with (j; O; , Opy).
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The detection matrices for Examples 1 and 2 are shown in Figures 4.1(b) and 4.2(b),

respectively.
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A2;B.2




B,1 ;A
Al;B3
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0;3,1
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(a)

1;0,2
1,3
1;0,2

®

D,1;C,I
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Al5AlL
B,3:B,3

3;2,0

Co0;C0O
D,0;D,2
B,0 ;B0
A2 A2

0:13 |
3:0,2
2; 1 13

Figure 4.2 (a) [T] and (b) [D] for Ly(s-a-1), L,x(s-a-0)
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Chapter V
DETECTING TREE

The detecting tree developed here borrows the concept of the distinguishing tree of
scquential machine [14], but brings both the fault-free and faulty circuits, side by side
from time to time under the same sequence of input vectors to show their behaviors until
there is an evidence of a difference in output vector between the two circuits, if one
exists. Goldstein [20] used a similar successor tree for keeping track of the states reached

and the outputs generated by both circuits,

In the detecting trec, cach node is a pair of fault-free and faulty states being reached
by the same input sequence applied to both circuits. The tree is started at level 0 with
only onc node which is ( SI, SI) since both circuits are assumed to start in the same
known initial statc SI. The tree is then branched out from each node at level by exhaus-
tively generating more nodes at level i+1 under 2m input vectors, according to the behav-
iors of both circuits shown in the transition matrix [T). Each new node in the tree is
checked to sec if it is terminal , i.e, cannot generate any node, according to the termina-
tion rule [13), that is, it has already appeared in the tree. The terminal is marked with a
double underline. For each new non-terminal node, the detection matrix [D] is checked

to sce if this node is a detecting pair. If it is, and the first in the tree, mark it with a '*',
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then a test is found by the shortest sequence of length i+1, consisting of the input vector
of length i leading to this node followed by the single vector shown at the corresponding
enuy for that detecting pair in [D]. The final, and of course different, fault-free and
faulty outputs are also shown at that entry. This process is repeated at level i+1 when

there are no more generating nodes to work with at level i,

This whole process is terminated when either the first test has been found, or the tree
cannot branch out anymore because all nodes at the current level are terminals, or the tree

has reached its predefined maximum level. For the last two cases, the fault is said to be

undetectable.
Again, being back to Examples 1 and 2, their detecting trees arc shown in Figures
3.1 and 5.2, respectively.

AA Initial State Pair

of 1] 2\ 3 Input

B.B AB DD CD* First Detecting Pair
2 Input
1,3 Output Difference

Solution : test sequence of length 2 : 3,2

with final fault-free and faulty outputs : 1,3, respectively.

Figure 5.1 Detecting tree for L (s-a-1), L, (s-2-0)



AA
0/ 1\ 2
BA AA DC'
3
2,0

Solution : test sequence of length 2: 2,3

with final fault-free and faulty outputs : 2,0, respectively.

Figure 5.2 Detecting tree for L, (s-a-1), L;5 (s-a-0)



Chanter VI
APPLICATION AND EXPERIMENTAL RESULTS

One of the most important aspects in the development of a tost generation method is
the ability to make its implemeniation automatic, by effective and efficient programming,
Since Boolean differcnce for single fault can be found by rotating the Kamaugh map
[12), (as shown in Appendix A) - method for finding Boolean difference for multiple
faulis by using Kamaugh map, or any other similar representation, is shown, When
implemented on a computer, this saves us from all the works with formulas and computa-
tions described in the preceding chapters. Based on the systematic representations of
map and matrix, and on the algorithmic implementations of Boolean difference, matrix
computation and tree configuration, an cffective compuier program, written in C lan-
guag. , is developed for the new method presented in this disscrtation to verify its capabil-
ity as a basic tool for an automatic test gencrator, This program, which is included in
Appendix B, can generate test sequences for detecting single or multiple faults in both

combinational and synchronous sequential circuits.

In what follows, experimental applications to both Moore and Meal y sequentiai cir-

cuits are presented.
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6.1 Example of Testing a Moore Sequential Circuit

Example 3 : Testing type '164 IC - 8-bit parallel-out shift registers

The functional block diagram is shown in Figure 6.1 [38]. Since this is a Moore cir-
cuit, i.c. all the outputs arc functions of the present states only, output vector can be
checked in a current time frame without setting input vector. In other words, if there are i
time frames nceded to detect a fault, the test sequence of only (i-1) input vectors is

required.

From the iterative combinational circuit in Figure 6.2, with a triple fault on lines 11,

18, and 20, the following cquations can be obtained :

. Functions of faulty lines ;

Ly=Qu, Lig=Qc, Lap=Qp

. Functions of outputs :

Fo=Qa, Fg=Qu, Fc=Qc, Fp=Ly
Fr=Qg, Fp=Qp, Fa=Qg. Fyu=Qy

. Functions of next states :

Qa=AB, Qy=Q4. Q¢ = Ly Qc+Qp, Qp=L;g+LypQc,
Qi=Lyp+Q:Qp. Qr=Q:. Qo=Qr. Qi =Qq



. Binary representations of :

Input Vector = AB

Olltput Vector = FA Fg Fc FD FE F[: Fg FH
State Vector = Q, Qp Qc Qp Qe Qr Qc Qi

Faulty—Line Vector L“ LIB Lgo

. Assume control lines CLEAR and CLOCK are fault-free

47

. The circuit is reset with CLEAR=0 and then back to 1, to have it starting in initial

state 0.

Results from the program running with IBM CPU 3090 as shown in Appendix C:

LyyLigLayg Test Length : Fault-Free, CPU Time Used
s-a- Testing Sequence Faulty Outputs
001 0:RESET 0,16 224 msce
000 4:3000 16,32 816 msec
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6.2 Example of Testing a Mealy Sequential Circuit

Example 4 : Testing type '97 IC - Synchronous 6-bit binary rate multiplier.

The functional block diagram is shown in Figure 6.3 [38). Since this is a Mealy cir-
cuit, i.c. at least one of the primary outputs is a function of both input and present-state

veetors, there are i time frames necded to detect a fault by a test sequence of length 1.
In Figure 6.4, consider a triple fault on lines 6, 16 and 19 -
. Functions of faulty lines :

Le=C, Lig=Qp, Lig= Q¢

. Functions of outputs :

W= 0Q,+ Qs+ Qc+ Qo+ Qe+ Qr
Y = K(FQs +EQx Qp+DQx Qg Lyg+LQsQp Qe Op+
BQA Qs Qc Qb Q + AQ4 Qs Qc Qb Qe Qr)

Z=K+[(FQa).(EQx Qs ). (DQxQpLyy). (L Qa Qs Qc Qp).

(BQ4 Qs Qe Qv Q) - (AQx Qs Qc Qp Qg Or) ]

. Functions of next states :

Qi= Qu, Qe=Qa®Qy, Q= (LisQn)® Qe
Qp=QaQ Q% ®Qy. Qf = Qs Qs Qe Qp © Qs
Qr=QaQpQcQp Q= @ Qr



. Binary representations of :

Input Vector =« KFEDCBA

Output Vector = WY Z

State Vector = Q, Qp Qc Qp Q: Q-
Faulty-Line Vector = LgL,4sL,g

51

. Assume control lines CLEAR, CLOCK, STROBE, UNITY/CASCADE, and

ENABLE INPUT are fault-free.

. Set STROBE = 1, UNITY/CASCADE = 1, ENABLE INPUT = 0

. Reset the circuit with CLEAR = 1 and back to 0, to have it starting in initial state 0.

Resulis from the program as shown in Appendix C:

Ls L Lig Test Length : Fault-Free, CPU Time Used
5-a- Testing Sequence Faulty Outputs
001 8:00000004 6,5 2836 msec
100 4:0008 35 2830 msce
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Chapter VII
DISCUSSION AND CONCLUSION

In this dissenation, the vector Boolean difference and transition matrix techniques
have been utilized in test sequence generation for detecting faults in synchronous sequen-
tial circuit. The strong and weak points of the proposed method can be summarized as

follows,

. It is complete : It guarantees the generation of a test sequence, if one exists, for
every multiple stuck-at fault in a synchronous sequential circuit having a known

initial statc.

. It is also minimal by guaranteeing shortest test sequence generated. Goldstein's
method [20, 21], on which the new method is partially based , cannot guarantec the
gencration of minimal test sequence. Only the Nine-Value algorithm [31] has

ciaimed this outcome.

* It provides very carly rccognition of undetectable or redundant faults at two stages :
if the Boolean difference indicates that the fault has no effect on both output and
next-state vectors; or if later there is no detecting pair found, i.e. the detection
matrix is empty. Redundant fault identification is very difficult [1], sometimes,

there is no way to do it unless all possible test-input vectors are applied.
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. It is very systematic and completely algorithmic, and hence very readily implemen-
table on a computer by the elegant representations of map and matrix. So it has
been shown that, even if at first, this new method theoretically appears to involve
complex manipulation of algcbraic equations, it can be carried out cffectively
through computer since Boolean difference for multiplc fault can be found by using

Kamaugh map, or any such similar representation, as shown in Appendix A,

. It requires least involvement of circuit topology : it only needs the equations of the
faulty lines besides those of outputs and next-states. In other words, this can save a

lot in complexity and memory usage compared to other methods which require lineg

Justification and tracking on trial and error basis.

However, since this new method needs a lot of storage for the map, matrices, and
tree, the memory allocation saved compared to other methods is trade off for this disad-
vantage. This is what limits our experimental application to MSI circuits only as shown
in Chapter 6. However, if provided with a computer with larger storage besides a better
programming technique to minimize the memory storage required, we can make some
increase in any of the numbers of inputs, outputs, flip-flops or faulty lines. Overall, it has
been shown that the new method proposed herein can be considered as a new tool for an
automatic test generator, even though it may not be practical for testing VLSI circuits at

this moment due to the memory storage limitation.
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Appendix A
FiNEING BOOLEAN DIFFERENCE BY USING
KARNAUGH MAP
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In this Appendix, method for finding Boolean difference by using the Kamaugh

map, or any such similar representation, is shown.

Let us take an example in [12], for a function

F(X) =X X2+ X,

The Booleean difference of F with respect to x, is

o f=L&

x) dx
1

=F (x=0) ®F (x,=1) = x X,

This is equivalent to rotating the Kamaugh map of F(x) about the axis of x,, while at the
sanic time doing the Exclusive-OR operation on every pair of cells, i.e. a cell in which
x,=0 is cxclusive-ored with that in which x;=1 while keeping x, and x, the same, or col-

umns 00 @ 10, and 01 @ 11:

Xl XQ \') X; X2
x:‘ [H) 4]} 11 10 Xa a0 [+3] 11 10 where
1 : original
0 1 0 1 1 y @ added
—_— > s deleted
l 1 1 1 H 1|1 & & |+
X X Xy %3

Similarly, if we want to find the Boolean difference of F with respect to X, and xs,
with the re-arrangement of the columns resulting in a map with similar representation, the

axcs of X, and x; are shown in the following map :
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X, Xz
X [+]4] 10 11 0]

Axis of X
a

For the case of multiple Boolean difference, for cxample, if we arc interested in x,

and x,, the axis of x,,x, is shown as:

X Xa
X, 0C o1 10 ¢

Axis of X b

Let us consider another example in [24]):
F (xl,xz,xyx‘) = XX F XXX, X KX+ XX,

A double fault in which L, (s-a-1) and L, (s-a-1) is considered :
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F can then be expressed in terms of L, and L; as follows :
F(Lz,La) = sz2 + L3x2x . FLLX, + L2§4

Since the above equation now does not depend on x, and x, any more, the Karnaugh

map for F(L,, L3) can be reduced by leaving x; and x, out for simplicity:

XX
Ty
ool 1| 1 I

0o al B 10

10 1 1

‘The complete test set (Type I) for F(L, , L; ) can be found by rotating about L, and
L, i.c. rows 00 @ 11, and 01 & 10, to obtain Q, ; F. The result is;

sz s

i "‘l [44] 01 1t 10

2

[$1H] 1 1 |

or| !

)

w|

Q3 F

which is {0, 1, 2, 5, 8, 10, 11, 15} after resolving L, and L, . This is the same as was
obtained in [24].
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The complete test set (Type I) for double fault L, (s-a-1) and L, (s-a-1) is Jjust the

row 00 of (a), where L,L, = 00, or {10, 11, 15}, since we want 1o drive L,L; = 00. This
isjust L, L, ©,,F.

The complete test set (Type I and II) for F(L,,L,) is

{tl Qz‘sF + QZF+93F =1}

£, F and Q; F can be found by rotating about L, and L,, respectively

xzxg szoo 1
L.21.3 0 01 3] 10 1_2L3 0l 1 to
[ily] 1 1 1 [+11] 1 1
o] ! 01 1 1
} ie)

11 1 1
to| 1 1 10

QF QF

The combination. of (a), (b), and (c) is :

Zd o 1 10
Ly £ 01 1
ool 1 1 1
o1l 1 ] !
1l 1 )
ol 1 1

which is {0, 1, 2,3,5,7,8,9,10, 11, 13, 15}
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The complets test set (Type I and IT) for double fault L, (s-a-1), L, (s-a-1) is
{tIL," QF+L,-QF+L1L, -Q, F=1)

This is the combination of row 00 of (a) where L,L; = 00, rows 00, 01 of (b) where
L, =0, and rows 00, 10 of (c) where L; = 0:

. O 0

Ly

R

11

10

which is {8, 10, 11, 15).



Appendix B
C-PROGRAM LISTING
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FILE: BOOLEAN C * VM/SP CONVERSATIONAL MONITOR S3YSTEM

/* Test Generation for Synchronous Sequentizl Circuits Using */
/* Boclean Difference and Transition Matrix */

f#include <stdio.h>
#include <time.h>
#include <string.h>

char seq,mealy, found, bdflag,trflag,sflag;
unsigned short i,Jj,k,q,w,y,2,m2,n2,x2,b2,nc,pc,detpair, stuckdec;
unsigned m,n,b, x,p,sum, Si;
char pow(B8] = {'\1',"\2',"'\4','\10"',"'\20","\40','\100", '\200"'};
char stuck(4]): /* stuck values vector */
char 0[262144]; /* outputs map */
char S5[262144]; /* next states map */
char L[16384); /* stuck lines map */
struct { char binary [4]:
char status;
char value;
} Aflé]; /* reference matrix */
struct
char So;
char 0Oo;
char S£;
char 0Of;
} T[256]1[128); /* transition matrix */
struct {
char status;
char I;
char Oo;
char Of;
) D[256][256]; /* detection matrix */
struct {
char level;
char status;
char So;
char 5f£;
char Iseqf{10];
} Tr(10])[128); /* detecting tree */

main{)

{
char c¢h,c;
clock_t time;

memzero (0,262144);
memzero (S,262144);
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FILE: BOOLEAN C = VM/SP CONVERSATIONAL MONITOR SYSTEM

memzero (L.,16384);
memzero (A, 16);
memzero (D, 65536) ;

printf ("Test Generation for Stuck Faults Using\n");
printf ("Boolean Difference and Transition Matrix Techniques.\n");

printf("This program stops whenever first detecting test is found\n");
printf{"\n");

printf("Enter '1' ('0') for sequential (combinational) cirecuit\n");
i=0:;
while(i != 1)
if((seq = getchar(}) == '0' || seq == '1')
{ if(seg=="1")
{ 3 =0;
printf("Enter 'l' ('0') for Mealy (Moore) machine\n");
while(j != 1)
if ((mealy = getchar()) == '0' || mealy == '1')
j=1;
}
i=1;

}
printf ("Enter # of inputs (<= 6), outputs (<= 8) and single faults (<=4):\n");
scanf ("%u %u %u",&m, &n, &x);
if (seg=="'1")
{ printf("Entexr # of flip-flops (<= 8), and initial state (in decimal) :\n");
scanf ("%u %u", &b, &5i);
H
else
b =20;
printf("Enter stuck values ('0' or 'l')} for %u faulty lines:\n",x):
for (i=0, stuckdec=0, ch=getchar(); i<x; i++, ch=getchar (})
if(ch=='0'" || ch=='1")
{ stuckfi]l = (ch - '0') 2 '\1' : '"\0';
printf ("X%d: s-a-%d, ",i+1,stuck([i]);
if (stuck([i])
stuckdec = stuckdec + pow([x-i-1];
}
else
i==;

print£("\n");

/* Building reference matrix A */
for(i=0,c="'\1",x2=powix]; i<x2; c='\1", i++)
{ for(j=0,sum=0; j<x; j++)

{ 1£(i>0)
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{ A{i).binary[j] = c ¢ A[i~1).binary(]j] ;
c = (¢ && A[i-1).binary(3j]) 2 '\1' : '"\Q0';
J
if(A(i] .-binary[jl])
sum = sum + pow[x-j-1];
}
Ali] .value = sum;
}

/* Building O and L maps */

p = power (2,m+b);
b2 = power{2,b};
printf("Enter all functions in sum-of-product form, using '0','1','X'");
printf("; ' s' to finish.\n™);
for(i=0; i<x; i++)
( printf("Enter faulty line L%d function ",i+1);
dec{L, i, m+b);
}

/* Boolean difference for output vector */
for (q=0,bdflag=sflag=found='\0'; (qg<n && !found); bdflag='\0"', q++;

{ printf("Enter output O%d function ", qg+l);
dec (0, g, x+m+b);

if (mealy=='1' || seg=='0")
printf("Single test(s) from BD of 0%d = ", q+l) ;
else

printf ("By RESET or CLEAR, difference at 0%d = ",q+l);
boolean (0, q);
if( !found)
{ printf("not found ");
if(seq=='1"' && bdflag=='\1"')
printf ("because of the initial state s~tting.\n");
alse
printf ("\n");
}
}
if( !found)
{ printf("BD for outputs not found at ali"):;
if (seqgq=='0")
printf(", fault is undetectable\n");
}

/* Working on next-state vector */
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if (! found && seg=='1"')
{ for (q=0,printf("\n") ; q<b; g++)
{ printf ("Enter state S%d function ", g+l);
dec(S, q, x+m+b);
}
if(trflag)
{ printf("This is Case II. Lat's try using detecting tree.\n");
tree();
}

else

{ printf("This is Case I. Let's try to find BD for next states.\n");
for(q=0,sflag="\1'; (q<b && !bdflag): q++)

{ printf("BD for S%d = ",q+l);
boolean (s, q);
if({ !bdflag)
printf ("not found\n"};
else
{ printf("found\nlet's try using detecting tree\n");
tree();
}
}
if( !bdflag)

printf ("BD for next states not found at all, fault is undetectable\n");
}
)

printf ("\nProcessor time used = %d milliseconds.\n", (time = clock{}});

} /* end of main() */
/* Converting binary to decimal */

dec (addr, k, bit)

char *addr;

unsigned short k,bit; “
{
char ch,k2;
unsigned short i, j,c,count;
unsigned add[18];
unsigned suml;
struct { unsigned sum;

char c;
} slot([154];

k2 = powlk];
printf("\n (each term of %d bits in order: ",bit);
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if (bit == (x+m+b))

printf ("%d faulty lines, ",x}:
printf("%d inputs",m):
if(seg=='1")

printf(", and %d states):\n",b);

else
printf("):\n");

while( {(ch=getchar()) != 's'})
if(ch=='0"' || ch=="1" || ch=='X")

{ for(i=bit,c=0,sum=0,add[0])=0; i>0; i--,ch=getchar())
switch (ch)
{ case '0' : break;
case '1l'
sum = sum + power(2,i-1);
break;
case 'X?
CH+;
add{c] = power(2,i-1) :
break;
default :
i++;
break;
}
count = 1;
slot[count].sum = sum;
slot(count].c = '\O';
while (count > ()
{ suml = slot[count].sum;
for(i=slot[count].c,count-=-; i<=c; i++)
{ suml += add[i];
if({*(addr + suml) < k2)
*{addr + suml) += k2;
for(j=c; j>i+l; j--)
{ count++;
slot[count].sum = suml;
slotfcount].c = j;

}
/* To find the Boolean difference */

boolean (addr, r)
char *addr;
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unsigned short r;

unsigned short i,3j,k,w;
Char bd’ C,d,r2,B[4] H

r2 = pow(r];
for (i=1, found='\0"'; (i<x2 && !found); i++)
for (j=0,A[0].status=0; (j<x2 && !found); j++)
if(A[j).status != i)
for(k=0; (k<p && !found); k++)
{ c =3 ¢ A[i].value;
Alc].status = i;
bd = ((*({addr+(p*j)+k} & r2) ¢ (*(addr+(p*c)+k) & r2));
if (bd)
for{w=0; (w<x && bd); w++)
{ if(Aa[i].binarvw])
B{w] = A[i].binary[w] ¢ stuck([w];
else
Blw] = A[j].binary[x-1-w];
d = (L[k] & pow(w]) 2 '\1' : '\OQ';
if(Blw] != d)
bd = '\0';
}
if (bd)
{ trflag=bdflag='\1l"';
if(!sflaqg)
{ if(seg=="'1")
{ if(((k-Si) % b2) == 0 && !sflag)
{ if (mealy=="1")
printf("%d with faulty output is ", (k-Si)/b2);
else
printf ("found with faulty output is ");
found='\1"';
}
}
else
{ printf("%d with faulty output is ",k);
found='\1"';
}

if (found)
if (* (addr+ (p*stuckdec) +k) & r2)
printf("1\n ") ;
else .
printf ("0\n . ");
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}
} /* end of boolean */

/* Building Detecting Tree */

tree()

{

unsigned level;

printf ("Enter number of maximum level of detecting tree (<=10):\n");
scanf ("%u", &level);
for(i=0,sum=0;1i<x;i++)
if(stuckl[i])
sum=sum+pow[x-i-1];
for (w=0, j=0, m2=power (2, m) ,g=p*sum; 3j<m2; Jj++)
for(i=0; i<b2; i++,w++)
{ for(k=0,sum=0; k<n; k++)
if(O[q+w] & powlk]))
sum = sum + pow(n-k-1];
T[1i][3).0f = sum;
for (k=0, sum=0; k<b; k++)
if(S[g+w] & powl(k])
sum = sum + pow[b-k-1];
T(i){j].8f = sum;/*end of faulty*/
for (k=0, sum=0; k<x; k++)
if(L[{w] & powl[k])
sum=sum+pow [x-k-1];
for (k=0,y=0; k<n; k++)
if(O[ (p*sum)+w] & powik])
y=y+pow[n-k-1];
T(i][]3).00=y;
for (k=0,z=0; k<b; k++)
1£(S[(p*sum) +w] & pow([k])
z=z+powlb-k-1];
T(i)[j].So=z;
)
printf("The initial state is %d\n",si);

/* To build the D matrix */

n2=pow([n):
for (j=0,detpair=0; j<m2; j++)
for{i=0; i<b2; i++)
i ‘
1If(!'(D[i])[4i].status))
if(T{i)[3].00 != T[i][j].0f)
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{ D{i]{i).status = '=*1,;
DIi)(i1.I = 3;
D[i)[i]1.00 = T[i][j].0Q0;
D{i)[i].0f = T[i1[3).0f;
detpair++;
}
for(k=i+l; k<b2; k++)
{
if (! (D[i) (k).status))
AE(T[i](5].00 != TIk][3).0f)
{ D[i) [k].status = '*';
D({i] (k].I = j;
D{i]l[k]l.00 = T[i][j].00;
D[i] [k].Of = T[k][3).0f;
detpair++;,
}
if (! (D[k][i]).status))
i£(T[1](j].0f != T(k][35].00)
{ DIk][i].status = '*!;
D{ki[il.I = j;
D[k][i].00 = T[k][j].00;
D[k][i]).Of = T[i)[]).Of;

detpair++;
}
}
}
1f(D[Si]) [Si].status == '\Q')
D[Si]) [Si].status = '="';

1f (! (detpair))
printf("The fault is undetectable since there is no detecting pair.\n");
else
{ /* to build detecting tree */
Tr{0)[0].level=0;
Tr[0][0).status= (D(Si)[Si].status == TRI) 2tk o e,
Tr(0][0].So= Tr{0]1[0).SFf= Si;
for (i=0,nc=0,pc=1 ; (i<(level-1)) &s& (!found) && pc; i++,ne=0)
{ for(3j=0; (j<pc) && (!found); j++)
switch(Tr(i) [j].status) /* check current node status */
{ case '*': /% initial pair is a detecting pair.. */
found = '\1'; /*solution found ==> test length = 1 */
printf ("Detecting pair found, testing sequence(s) of length 1 :\n");
printf("$d with fault-free & faulty output: %d, %d\n",
D[Si][Si].I,D[Si][Si].Oo,D[SiT[Si].Of);
braak;
casz '§$': /* generating more nodes */
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for(k=0; (k<m2) && (!found); k++)
{ Tr{i+1]1([j).level= i+1;
y=T[Tr[i][j]1.S0][k].S0; /* next generated */
z=T([Tr(i}[j1.S£1[k].Sf; /* node */
switch(D[y](z).status) /* check next generated node status */
{ case '=': [/* it is a terminal node.. */
break:; /* so, do not put in tree */
case '\0': /* it is a generating node */
Tr[i+l]) [nc].status= '$§'; /* update its status..*/
D(yl[z].status= '=';
Tr{i+l])[nc].So=y; /*..and put it in tree..*/
Tr[{i+l] [nc].5Ff= z;
for (g=0 ; qg<i ; g++) /*..and store input..*/
Tr{i+l]) (nc].Iseglqgl = Tr[il(j].Iseqlq]); /*..sequence..*/
Tr[i+1]) (nc].Iseqlqg] = k; /*..leading to this node*/
nc++; /* update # of nodes at next level */

|

break;
case '*': /* it is a detecting node==>solution found */
found= '\1°';

W = (mealy=='l'}) 2?2 i+2 : i+l;

printf ("Detecting pair found, testing sequence(s) of ");
printf("length %d:\n",w);
for(gq=0 ; g < i ; g++) /*..shortest..*/
printf("sd ",Tr[i]l(j).Iseqlqgl): /*..test sequence*/
printf("%d ",k):;
if (mealy=='1")
printf ("%d ",D([y]l[z].I);
printf("with final fault-free & faulty outputs: %d, %d\n",
D{yl[z].00,D[y]l{z].0f);
break;
}
}
break;
case '=': break; /* current node is a terminal==>skip */
}
pc=nc; /* load # of nodes at next level */
}
/% if a solution is not found */
if (! found)
{ printf("The fault is undetectable since ");
if (pc==0)
printf("the detecting tree terminates.\n");
else
printf("the detecting tree reaches maximum %d levels.\n", level);
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} /* end of tree */
/* to calculate x to the yth power */

power (x,y)
unsigned short x,y;
{

unsigned i, p;

for(i=1,p=1; i<=y; i++)
P=p*x;
return (p):

}
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FILE: EXAMFLE3 OUT1 *

Test Generation for Stuck Faults Using
Boolean Difference and Transition Matrix Techniques.
This program stops whenever first detecting test is found

VM/SP CONVERSATIONAL MONITOR SYSTEM

Enter 'l' ('0') for sequential (combinational)} circuit

Enter '1°!

('0') for Mealy (Moore) machine

Enter # of inputs (<= 6), outputs (<= 8) and single faults (<=4):
Enter # of flip-flops (<= 8), and initial state {(in decimal):
Enter stuck values ('0' or 'l1') for 3 faulty lines:

Xl: s-a-0, X2: s-a-0, X3: s-a-1,

Enter all functions in sum-of-produvct form, using '0','1','X"';

Enter faulty line L1 function

(each term of 10 bits in order:
Enter faulty line L2 function

(each term of 10 bits in order:
Enter faulty line L3 function

(each term of 10 bits in order:
Enter output 0l function

(each term of 13 bits in order:
By RESET or CLEAR, difference at
Enter output 02 function

(each term of 13 bits in order:
By RESET or CLEAR, difference at
Enter output 03 function

(each term of 13 bits in order:
By RESET or CLEAR, difference at
Enter output 04 function

(each term of 13 bits in order:
By RESET or CLEAR, difference at

2 inputs, and 8 states):

2 inputs,

2 inputs, and 8

3 faulty .lines,

01 = not

3 faulty lines,

02 = not

3 faulty
03 = not

3 faulty
04 =

Processor time used = 224 milliseconds.
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FILE: EXAMPLE3 OQUT2 *

Test Generation for Stuck Faults

Using

Boolean Difference and Transition Matrix Techniques.
This program stops whenever first detecting test is found

Enter 'l' ('0') for sequential (combinational) circuit
Enter 'l' ('0') for Mealy {Moore)} machine
Enter # of inputs (<= 6), outputs (<= 8) and single faults

Enter # of flip-flops (<= 8},
Enter stuck values ('0!' or 'l")

Enter all functions in sum-of-product form,

L1 function
bits in order:
L2 function
bits in order:

Enter faulty iine

{each term of 10
Enter faulty line

(each term of 10
Enter faulty line L3 function

(each term of 10 bits in order:
Enter output Ol function

{each term of 13 bits in order:
By RESET or CLEAR, difference at
Enter output 02 function

(each term of 13 bits in order:
By RESET or CLEAR, difference at
Enter output 03 function

{(each term of 13 bits in order:
By RESET or CLEAR, difference at
Enter output 04 function

(each term of 13 bits in order:
By RESET or CLEAR, difference at
Enter output 05 function

(each term of 13 bits in order:
By RESET or CLEAR, difference at
Enter output 06 function

{(each term of 13 bits in order:
By RESET or CLEAR, difference at
Enter output 07 function

(each term of 13 bits in order:
By RESET or CLEAR, difference at
Enter output 08 function

(each term of 13 bits in order:
By RESET or CLEAR, difference at
BD for outputs not found at all
Enter state S1 function

(each term of 13 bits in order:
Enter state S2 function

(each term of 13 bits in order:

2 inputs,
2 inputs,
2 inputs,

3 faulty
Ol = not

3 faulty
02 = not

3 faulty
03 = not

3 faulty
04 = not

3 faulty
05 = not

3 faulty
06 = not

3 faulty
07 = not

3 faulty
08 = not

3 faulty

3 faulty
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and 8 states):
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lines, 2 inputs,
found
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found
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lines, 2
found
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lines, 2
found

inputs,
lines, 2 inputs,

lines, 2 inputs,

Vi/SP COWVERSATIONAL MONITOR SYSTEM

(<=4):

and initial state (in decimal):
for 3 faulty lines:

using '0','1','X"';

and

and

and

and

the

and

and

and

and

and

and

' st to finish.
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B states):
initial state
setting

8 states):

8 states):

8 states):

8 states):

B states):

B states):



FILE: EXAMPLE3 0UT2 * VM/S5P CONVERSATIONAL MONITOR SYSTEQM

Enter state S3 function

(each term of 13 bits in order: 3 faulty lines, 2 inputs, and 8 states):
Enter state S4 function

(each term of 13 bits in order: 3 faulty lines, 2 inputs, and 8 states):
Enter state S5 function

(each term of 13 bits in order: 3 faulty lines, 2 inputs, and 8 states):
Enter state $% function

(each term of 13 bits in order: 3 faulty lines, 2 inputs, and 8 states):
Enter state S$7 function

(each term of 13 bits in order: 3 faulty lines, 2 inputs, and 8 states):
Enter state $8 function

(each term of 13 bits in order: 3 faulty lines, 2 inputs, and 8 states):
This is Case II. Let's try using detecting tree.
Enter number of maximum level of detecting tree (<=10):
The initial state is 0
Detecting pair found, testing sequence(s) of length 4:
300 0 with final fault-free & faulty outputs: 16, 32

Processor time used = 816 milliseconds.
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Test Generation for Stuck Faults Using

Boolean Difference and Transition Matrix Techniques.

This program stops whenever first destecting test is found
Enter 'l' ('0') for sequential (combinational) circuit

Enter '1' ('0') for Mealy (Moore) machine

Enter # of inputs (<= 6), outputs (<= 8) and single faults (<=4):

Enter # of flip-flops (<= 8), and initial state (in decimal):

Enter stuck values ('0' or 'l') for 3 faulty lines:

Xi: s-a-0, X2: s-a~0, X3: s-a-1,

Enter all functions in sum-of-product form, using '0','1','X'; ' s' to Ffinish.
Enter faulty line L1 function

(each term »f 13 bits in order: 7 inputs, and 6 states):
Enter faulty line L2 function
(each term of 13 bits in order: 7 inputs, and 6 states):
Enter faulty line L3 function
(each term of 13 bits in order: 7 inputs, and 6 stetes):
Enter output 0l function
(each term of 16 bits in order: 3 faulty lines, 7 inputs, and 6 states):
Single test(s) from BD of 0l = not found
Enter output 02 functiocon
{each term of 16 bits in order: 3 faulty lines, 7 inputs, and 6 states):

Single test(s) from BD of 02 = not found because of the initial state setting.

Enter output 03 function

(each term of 16 bits in order: 3 faulty lines, 7 inputs, and 6 states):

Single test(s) from BD of 03 = not found because of the initial state setting.
BD for outputs not found at all
Enter state S1 function

(each term of 16 bits in order: 3 faulty lines, 7 inputs, and 6 states):
Enter state S2 function

(each term of 16 bits in order: 3 faulty lines, 7 inputs, and 6 states) :
Enter state S3 function

(each term of 16 bits in order: 3 faulty lines, 7 inputs, and 6 states):
Enter state S4 function

(each term of 16 bits in order: 3 faulty lines, 7 inputs, and 6 states) :
Enter state $5 function

(each term of 16 bits in order: 3 faulty lines, 7 inputs, and 6 states) :
Enter state S6 function

(each term of 16 bits in order: 3 faulty lines, 7 inputs, and 6 states) :
This is Case II. Let's try using detecting tree.
Enter number of maximum level of detecting tree (<=10):
The initial state is 0
Detecting pair found, testing sequence(s) of lenath 8:
0000000 4 with final fault-free & faulty outputs: 6, 5

Processor time used = 2836 milliseconds.
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Test Generation for Stuck Faults Using
Boolean Difference and Transition Matrix Techniques.
This program stops whenever first detecting test is found

Enter 'l' ('0') for sequential (combinational) circuit
Enter 'l' ('0') for Mealy (Moore) machine
Enter # of inputs (<= 6), outputs (<= 8) and single faults (<=4):
Enter # of flip-flops (<= 8), and initial state (in decimal}:
Enter stuck values ('0' or 'l') for 3 faulty lines:
Xl: s-a-1, X2: s-a-0, X3: s-a-0, '
Enter all functions in sum-of-product form, using '0','1','X'; ' s' to finish.
Enter faulty line L1 function

(each term of 13 bits in order: 7 inputs, and 6 states) :
Enter faulty line L2 function

(each term of 13 bits in order: 7 inputs, and 6 states):
Enter faulty line L3 function

(each term of 13 bits in order: 7 inputs, and 6 staces):
Enter output 0l function

(each term of 16 bits in order: 3 faulty lines, 7 inputs, and 6 states):
Single test(s) from BD of 0l = not found
Enter output 02 function

(each term of 16 bits in order: 3 faulty lines, 7 inputs, and 6 states):
Single test (s) from BD of 02 = not found because of the initial state setting.
Enter output 03 function

(each term of 16 bits in order: 3 faulty lines, 7 inputs, and 6 states):
Single test(s) from BD of 03 = not found because of the initial state setting.
BD for outputs not found at all
Enter state 51 function

(each term of 16 bits in order: 3 faulty lines, 7 inputs, and 6 states):
Enter state S2 function

(each term of 16 bits in order: 3 faulty lines, 7 inputs, and 6 states):
Enter state $3 function

(each term of 16 bits in order: 3 faulty lines, 7 inputs, and 6 states) :
Enter state S4 function

(each term of 16 bits in order: 3 faulty lines, 7 inputs, and 6 states):
Enter state S5 function

(each term of 16 bits in order: 3 faulty lines, 7 inputs, and 6 states):
Enter state S6 function

(each term of 16 bits in order: 3 faulty lines, 7 inputs, and 6 states)
This is Case II. Let's try using detecting tree.
Enter number of maximum level of detecting tree (<=10):
The initial state is 0.
Detecting pair found, testing sequence(s) of length 4:
0 0 0 8 with final fault-free & faulty outputs: 6, 5

Processor time used = 2830 milliseconds.

-85.





