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ABSTRACT

Testing has become very important in the context of
modern VLSI and is a severe challenge for testing engineers.
A number of basic analyvtic and heuristic methods exists for
the solution of the fault detection and location problem in
combinational circuits. Classical testing of combinational
circuits reguires a list of fault-free responses of the
circuit to the test set. Fe¢r most practical circuits
implemented today, the large storage requirement makes the
test procedure very expensive. : -

In this thesis, a syndrome signature is proposed that is
particularly well suited for exhaustive testing of VLSI
circuits and is based on the idea originally developed by
Savir for syndrome testing. A syndrome is defined as the
number of minterms realized by a function under exhaustive
application of all possible input patterns. Given an n-input
combinational circuit, a syndrome signature is defined by an
(n+1)-element wvector consisting of the primary syndrome of
the circuit function F and n other subsyndromes corresponding
to the subfunctions obtained by setting the ith variable in F
equal te 0 or 1. A multiple-output syndrome signature
generation is also discussed, which preserves the desirable
properties of the conventional single-output c¢ircuits
response analyzers. The propeosed technique was simulated on
various combinational circuits and the results look very
promising. The signature generators can be easily implemented
using the current VLSI technology.
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Chapter 1

INTRODUCTION

1.1. Introduction

Digital systems, even when designed with high
reliabillity can develop some faults. Faliures are caused by
design errors, material defects, process defects, extremes in
operational environment, deterioration due to 1length of
operation, aging etc. Phenomena causing faliures can be
physical or chemical in nature. However, when a system
ultimately does develop a fault, it has to be detected and
located so that its effect can be removed. Fault detection
means the discovery of something wrong in a digital system ox
circuit. Fault location means the identification of the
faults with components, functional modules, subsystems,
depending on the requirements. Fault diagnosis includes both
fault detection and fault location.

The rapid growth of integrated circuit technology has
allowed LSI/VLSI devices to provide more powerful functions
and to become more popular in commercial, educational,
industrial, and military applications. These complex devices
must be tested for correct functional operation to obtain
certain assured reliability before being adopted in an
individual application. Due to the increasing design
complexity, however, testing problems have become more
difficult than ever. The high complexity of VLSI systems
renders gate-level testing in particular very difficult and
expensive. The need for both manufacturers and users to find
reliable, low cost, comprehensive testing techniques has
already become a major problem in modern LSI/VLSI technoclogy.



all 22 input combinations to it; however, 27 increases very
rapidly as = increases. To analvze the faulty behavior and

lop technicues to detect and locate faliures, abstract
t models are used. The most commonly modeled faults are
line stuck type faults. In this model, each line of the
circuit can have two possible faults: stuck-at-0 or stuck-at-
1. Faults can occur singiy or in multiples. A large portion
of literature in this field deals with singly occurring
faults. While this assumption simplifies the analysis, the
fact is multiple faults do occur. An n-line circuit will have
2n single stuck faults. The assumption that only single
stuck-at faults are present at any time has been used

throughout this thesis.

In a combinational circuit, a specific stuck-at fault
can be tested by a single input wvector. Test generation for
sequential circuits is much more complex than combinational
circuits. In general, a sequence of vectors is required to
test a fault in sequential circuits. Test generation in
combinational circuits can be automatic, though the biggest
problem is that the cost grows with the circuit size as
stated in Chapter 2. A preredquisite for automatic test
generation is an algorithm that can be programmed. Several
methods of test generation have been discussed in Chapter 3.

Though there is no universally accepted criterion of
fault coverage by verification tests, manufacturing tests are
often required to cover 90-100% of all single stuck-at
faults. The reject ratio is the real measure of the
effectiveness of manufacturing tests and is defined as the
ratio of faulty chips among the chips passed by the tests.
Thus, the fault coverage should be high to keep the reject



ratio as low as possible. The coverage o0f a set of test
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simulation algorithms have been developed for efificier
programmabllivty. Paralliel, deductive and concurrent are wel
known algorithms for fault simulation. Fault simulation has

been discussed in some detalls in Chaprter 3.

While the increasing package density has caused dramatic
reduction in per circuit cost, the percentage of those costs
consumed by testing has stubbornly increased. This effect was
forced primarily by the 1loss of ability to control and
observe 1internal circuit nodes as the gate-to-pin ratio
worsened. The need for designing circuits with testability in
mind become more acute. Design Jfor testability(DFT) commonly
refers to those design styvles that result in designs for
which tests can be generated by known methods. The two most
commonly used design for testability techniques are scan and
built-in self-test(BIST)}. Scan and BIST can nicely complement
each other. While scan solves tesﬁ problems arising from the
sequential nature, the built-in self-test(BIST) aveoids the
proklem of test generation £for complex combinational
circuits. BIST is widely used as an aternative testing method
to conventional testing of digital circuits, where a circuit
has the added capabilities to generate its own test vectors
and check its output to produce a good or bad result. Built-
in self-testing is steadily gaining popularity and has been
very sucessfully used in industry. A more detailed discussion

on BIST in the context of VLSI circuit testing.can be found
in Chapter 2.

As it is obviously undesirable to build into the circuit
a bit by bit comparison of its test responses to the expected
responses because of the large storage regquirement, it is
usual to perform some form of data compression on
responses(both the test response as well as reference

response) before the comparison is being made. The compressed



response 1ls referred to as the sigrature of the circuitn
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fauvlt-£free circuit. This loss is usually referred to as the
masking and is measured by the probability that a faulty
circuit will produce the same signature as the fault-free
circuit. The relative masXing probabillities can be used as
one measure of eifficiency of wvarious data compression
techniques. Chapter 4 describes many data compression
technicques suggested in the literature. 0f these, signature
analysis technique is widely accepted in the industry.

A new data compression technicque referred to as syndrome
signature is developed by in this thesis. Chapters 5, 6, 7,
and 8 are devoted to its development, and implementation, and
conclusions drawn based on the implementation results.

1.2. Historic Development

When digital systems consisted of discrete components,
testing used to be done basically in three different stages.
First, each individual component used to be tested to a
specification. Second, these components were- assembled into
digital elements and these elements were tested for their
intended function. Third and final testing called functional
testing was done at application level where all the

interactions of timing, loading, noise et¢c. came into
consideration.

The advancement in the technological development of the
process of component miniaturization, in turn, fueled the
trend to build smaller machines with higher component
densities. In about 1970 the breakthroughs offered by LSI



permitted the placement of several thousands oI logic gates

wicth low circuit density, testing of an assembly was
basically a task of probing circuit points, measuring
voltages, and observing waveforms. The introduction of LSI
increased the difficulty of the testing problem by some oxder
of magnitude. There is no practical way of probing individual
logic gates or memory circuits on an LSI chip, and chips of
early design with about 300 logic gates had only about 45
access points to the logic circuitry. As the small geometry
of integrated circuits permits only a few connections to
probe pads or package terminals, the problem of that era was
to test hundreds of circuits through tens of terminals. With
further advancement in digital technology into 1980's, a
ratio of 1000 circuits behind each pin became the nature of
the test problem. In addition, the increasing logic gate
count required more efficient means of testing to be devised.
Today the number of c¢ircuits that are designed andéd fabricated
on one silicon chip has grown to hundreds of thousands and
the benifits of application of increased circuit density will

force the levels of integration to continue to grow.

As early as 1959 the groundwork for automatic test
pattern generation (TPG) was laid. There followed, over the
next several years, some fundamental papers describing
methods and algorithms £for test pattern generation of
combinaticonal and sequential logic networks. A renewed
&ependence on automated methods of providing test patterns
caused TPG to develop rapidly into a separate science. While
technology moved at a very rapid pace, testing and design
automation (DA} support underwent rapid growth.

Concurrent with the development of TPG methods went the
Jdevelopment of fault simulation, which is needed as a tool

for determining how well the tests perform. Fault simulation
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The test egquipment has developed from simple testers to
today's complex machines, which permit programming of the
test data. The speed of test application has also increased
dramatically. Current status of testing is designing logic
for testability and built-in self-testing which can
significantly improve testability of VLSI chips and save
testing time.

Technicues for design for testability and built-in self-
test (BIST) consider the testing problem during the design
stage of digital device. As the digital circuit technology is
moving to high densities of integration, built-in self-
testing has become important in VLSI circuit design. The main
idea behind this technique is to have the chip test itself.
This technique generates test patterns and evaluates output
responses inside the chip. The test patterns used in this
technique can either be exhaustive or random.

1.3. Research Objective

In built-in self-testing, the test output responses are
compressed by the output response analyzer into signatures.
The various available output compaction technigques include
parity bit checkingl[l.3,5,7,17,26,30], transition count
[1,11,14,30,311, one's count [1,30,311, Walsh coefficients
{15,36] and linear feedback shift register [(12]. Based on
these approaches, the compressed response data can be used to
evaluate the correctness of the circuit under test (CUT).



[22,33] suggested a novel approach of designing
combinational circuits so that the storage requirement for
the implementation of the test procedure 1s restricted to
only one specific number, called the svndrome of the circuit,
which is basically related to the number of minterms realized
by the corresponding switching function. Since it is not
necessarily true that a fauvlt-free and a faulty clircuit

should have different syndromes, special design technicues

are reguired in order to make circuits svndrome testable, 1if
it is not so originally. This requires an increase in the
number of pins on the chip. It is well known that one of the
most severe restrictions on IC manufacturers is the number of

pins per chip.

To overcome the disadvantage of syndrome-testable design
we have proposed a new output compaction technicgue called
syndrome signature particularly well suited for exhaustive
testing of VLSI circuits. This technique is based on the idea
originally developed by Savir. A possible extension of the
syndrome signature concept from single-ocutput to multiple-
output circuits and some thoughts on its VLSI implementation
has also been considered.

1.4. An Overview of the Thesis

The importance of testing in the context of modern VLSI
is discussed in Chapter 2. Built-in self-test has been
discussed as an efficient technigque for testing of VLSI
circuits. Circuit partitioning., while using exhaustive
testing, is suggested as one way to solve the problems of
testing for complex combinational circuits.

In Chapter 3 various deterministic and probabilistic
methods for test generation in combinational circuits are
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others are discussed only in brief

The wvarious available ocutput compaction technigues are
éiscussed in Chapter 4. Simple examples have been used to
show how the technigues exactly work. For most practical

circuits implemented today, these technigques solve the

storage problem associated with the test procedure.

A computationally efficient output compaction technique
is given in Chapter 5. This technigue uses the primary
syndrome of the circuit under test anéd n other subsyndromes
corresponding to the subfunctions to generate a signature
which is more likelwv to detect a £fault in the circuit.
Extension of the concept to the testing of multiple-cutput
circuits is also provided. Also, it has been shown that the

method does not work in some cases of combinational logic
circuits.

In Chapters 6 and 7, the implementation results on some
simple combinational logic circuits having number of inputs
not more than 6, and on some benchmark circuits([6] that are
partitioned in such a way that each subcircuit does not have
more than 18 inputs, are presented. Most of the circuits are
tested for input line stuck £faults, but results have been
presented for internal line stuck faults also for some of the
above circuits.

Chapter 8 concludes with the summary of the work and
suggestions for future reseaxch.



Chapter 2

IMPORTANCE OF TESTING IN THE
CONTEXT OF MODERN VLSI

Testing 1is a major portion of the effort in the design,
production, and use of digital circuits. As the digital
system Gtechnology moved from discrete components to
increasigly high 1levels of integration, the demands on
testing methods and their effectiveness have caused the test
technology to move to a high degree of sophiticatien.

Very large scale integration(VLSI) is the fabrication of
thousands of c¢ircuits at once by a common set of
manufacturing steps. Its advantages are reduced system cost,
better performance, and greater reliability. These advantages
would be lost if VLSI devices are not tested economically.
The object of integrated circuit testing is to determine if
the circuit 1s functioning. In their case no repair is
possible; so a failed test leads to a decision to discard a
unit. The small geometry of integrated circuits permits only
a few connections to probe pads or package terminals. The
exact relationship varies, but in general testing thousands
of circuits behind each pin is becoming the nature of test
problem. As many applications for low cost integrated
circuits find their way in day to day life, the demand that
they be properly tested for correct functional operation
becomes intense. The inconvenience or danger that can result
from a faulty integrated circuit in an application is not
something which can be ignored by manufacturers of such
circuits. This pressure for quality demands for better test
techniques which can be applied without appreciable increase



The role of testing in the VLSI device realization
1

Device Specification

¢ Architectural Design
Test Plan Generation

Logic Synthesis
And Verification
{Pesign For Testability)
Testability Analysis

\

Test Vector Generation
And Test Evaluation

\

Physical Design

Test Programming

Fabrication

P Tasting

VLSI Devices

Fig. 2.1. Test functions in VLSI realization.

Testing appears into the life cycle of a VLSI device in
several places. First, in the factory, manufacturing tests
are done on device wafers and packages. Second, acceptance
test is conducted by users of VLSI devices. Third, the

devices undergo systems test performed on the systems where
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inally the devices undergo

Built-in self-test(BIST) as the solution to
testing VLSI designs

The benifits o¢f the applicatlion of increased circuit
density will force the levels of integration to continue to
grow. As the number of circuits that can be integrated into
one silicon chip grows from hundreds te thousands, and on to
hundreds of thousands, conventional externally applied tests
will become less and less satisfactory, and the testing
problems will become more intense. It is in easing the test
portion of the task where built-in self-test has its benifits
and is a clear alternative to the externally applied tests.
With the increasing levels of integration some small portion
of the circuits on silicon chip could be devoted to testing.
This concept is called built-in self-test. Thus, it appears
that the only economical method to reduce functional testing
cost and to improve the quality of test is to include
circuitry on chip to facilitate testing. When built-in self-
test 1is incorporated in a digital network to meet a
testability specification, at that point, test is a part of
design. The design styles that result in testable design are
collectively grouped under the name design for
testability(DFT}. The problems of delivering test patterns to
an unpackaged VLSI chip through impedence discontinuities at
high speed are considerably eased by built-in self-test. Very
little power and a clocking signal need be supplied to a VLSI
structure with suitable built-in self-test in order for an
accept or reject decision to be made. Systems designed with
components having BIST have much better reliability,
dignosability, and repairability.

Built-in self-testing can be either structural or
functional in nature [39]. Pseudorandom testing is a type of

- 11 -
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approaches perform either functional or structural testing
work with either stored deterministic patterns or execute
functional programs that are designed to test specific parts
©of the network. Zxhaustive testing is another tvpe of
structural built-in self-test, which requires logical
partitioning to make the tests practical. The method chosen

for test generation may vary based on considerations of
desired quality and cost of tests.

Testing Complex Combinational Circuits

For combinational c¢ircuits, the biggest problem in
automation of test generation, evaluation, and application is
that their costs grow faster than the linear rate with the
increase in circuit size. The computation time of available
methods for test generation and evaluation grows at least as
the scuare of the number of gates in the circuit. The test
volume, reflecting the cost of test application, also grow
proportional to the square of the number of gates (38, 39].
At high circuit densities, a circuit overhead of 1-3% for
built-in self-test 1is enough to implement some quite
scphisticated built-in self-test schemes. The requirements on
automatic test equipment is drastically eased by built-in
self-test procedures. The pressure on test application time
is much less if lower cost equipment can be used without
compromising the quality.

In some special situations, high quality can be obtained
at a very low cost. For example, for a circuit with small
number of primary inputs, application of all possible input
patterns will ensure complete fault coverage. Such patterns
can be easily generated by software or hardware and may be

applied quickly at electronic speed. Exhaustive testing can



ne extended to more complex circulits. A concept of divide and

conguer is a common element in most such cases. A complex

0

ircuit is designed as an interconnection of circuits which

in turn, can be furthur particioned into smaller circuits or
subcircuits, and so on. Logic partiti s no

sufficient to reduce the complexity of the test problems. The
divide and conguer is useful only if the subproblems
resulting from the division are independently solvable and

there is a simple way of relationg their solutions.

Unfortunately, the problem of logic partitiouing is-
intractable, and hence cannot be fully automated. In other
words, the total cost of exhaustive test generation does not
reduce but simply moves toward partitioning the 1logic.
Subcircuits can be tested exhaustively in built-in self-test
environment where hardware test generators in the form of
multiple-input linear feedback shift registers are included
on the chip. Since in this environment it would be
impractical to store the response({which may run into millions
of bits) of the fault-~free circuit to a very large number of
test vectors, some form of data compression is usually
performed on the responses before the comparison is done with
the actual response of the circuit under test. The compressed
response is referred to as the signature of the circuit under
.test, and comparison is made to the precomputed and stored
reference signature. A basic test module for exhaustive
testing is shown in Figure 2.2 [38].



Eardware Vector
Generator (LFSR)

v

Circuit Partition

Under Test

v

Hardware Signature
Generator

Signature

Expected -
Compariso

N Go/No-Go
Signature

Fig. 2.2. Basic test module for exhaustive test.

The syndrome signature an output compaction technicque
developed in this thesis and discussed in Chapter 5 combines
built-in self-test technique in which test patterns are

generated exhaustively.

- 14 -



Chapter 3

TESTING COMBINATIONAL
CIRCUITS - AN OVERVIEW OF
VARIOUS METHODS

3.1. Introduction

Despite designing digital systems with highly reliable
components, faults do occur. The object of testing digital
networks is to detect faults in order to ensure error-free
operations. The goal of test generation is to obtain test
vectors of high quality at an affordable cost.

A model of faults which does take into account most of
the major defects that may cause circuit failures is the
stuck-at model. While more complex models have been proposed,
the stuck-at model is the accepted model used throughout the
industry. The stuck-at model assumes that a logic gate input
or output is fixed at either logic 0 or logic 1. The fault
analysis becomes simplified if only single stuck faults are
considered. Historically, a test with a high level of single
stuck-at fault coverage has resulted in components with low
defect levels being passed on to the next level of assembly.
The total number of possible single stuck-at faults in a
logic network is a function of the number of connecting
lines; for p lines there could be Z2p single stuck-at faults.

The term fault coverage, commonly considered as a
measure of test quality, is the fraction of modeled faults
detected by the test vectors. The test c<osts may be
considered to be associated with the processes of test
generation and test application respectively. While the cost

- 15 -



by the computational effort reqguired to generate te
vectors, the cost assoclated with the test application is

recurrent cost in the production and field environments, and
Y

The problem of VLSI testing consists of the following

two subproblems

1) Test pattern generation(TPG).

2) Fault simulation.

Both these problems are discussed in the following
sections.

3.2. Test Pattern Generation(TPG)

The main objective of test pattern generation for logic
networks is to £find tests for the faults modeled in the
network. This should be done economically. Hence, automatic
test pattern generation technicque has gained high importance.
Because of the increasing complexity of modern digital
circuits, the ability to generate tests automatically is
becoming more and more difficult. The number of multiple
stuck faults increases expeonentially with the number of gates
for large LSI chips. Hence, test generation for multiple
faults leads to computations which are impractical.

Test generation for both combinational and sequential
logic circuits can be classified as either deterministic or
probabilistic.



3.2.1. Deterministic approach

A number of basic analvtic and heuristic methods, wviz.
the fault table method[4], Armstrong's path sensitization
method[4,21], and the equivalent normal form(ENFT) method[4],
methods utilizing Xarnaugh maps and tabular technicues, the
ENF-Karnaugh map method, analytical technicues based on the
concept of Boolean difference, conventional, modified, oxr
partialf4.,10,20,21]1, the algorithmic technigques such as the
D-algorithm of Roth et al.[4,21], the PODEMI[4,21] or the
SPOOF method[42] all fall under the category of deterministic
test generation methods of combinational logic circuits. Of
these, the fault table method is the most classic approach to
the problem. It is completely genexal, and always vields a
minimum set of diagnostic tests. However, it suffers from the
disadvantage that it requires a very large fault table to be
constructed. To overcome this problem, the concept of path
sensitization was introduced. The path sensitization method
requires use of no fault table, but it suffers from another
drawback that the method is suitable only for the class of
tree type combinational circuits and some special non-tree
type circuits.

A heuristic, systematic procedure derived from the
concept of path sensitization known as the ecuivalent normal
form (ENF) methed, is then introduced. Although this method
has eliminated the two imperfections that the fault table and
path sensitization methods have, it instead introduces an
unattractive new feature, the regquirement of the cumbersome
computation of a score function for every literal in the ENF
and the complemented ENF of the circuit. Then comes an ENF-
Karnaugh map method which eliminates the above three
shortcomings. This method is a combination of the ENF method,
and the Karnaugh map and tabular method. Both the ENF method
and the ENF- Karnaugh map method do not guarantee minimal
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experiments, and there Is no guarantee that a

th

set o
sensitized paths can be found for everv circuirs.

A simple and direct method

h

Or constructing a minimal
complete fault detection test set for any two-laver
irredundant combinational logic circuit utilizes certain
basic properties of the prime implicants of a minimized
function when displaved on the Karnaugh map. By using these
properties not only stuck-at-0 and stuck-at-1 tests for each
gate can be read out from the map, but also the information
about the effect of the variable change on the output is also
provided. However, it 1s necessaryvy to know what the output
should be for a specific test so that the result of the
applied test can be monitored at the output. This method may
be considered to nave graphical and tabular versions. The
graphical version which uses the Karnaugh map is easy to
apply to small circuits having input variables not more than
six but preferably upto four. The tabular method allows the
circuit to have any finite number of input wvariables and is
therefore particularly attractive from computer
implementation point of view.

The Boolean difference method is a conceptually simple
and a straightforward way of deriving test patterns for
combinational logic circuits. The Boolean difference is an
EXOR sum of the two Boolean functions: one representing the
fault-free(normal) circuit, while the other representing the
faulty circuit. The Boolean difference methods have proved to
be convenient and mathematically elegant for deriving tests
for detection of any single and multiple faults in any part
of the circuit, without using any fault tables or maps. Like
the Boolean difference methods, the SPOOF(structure and
parity observing output function) method is alsc a general
and convenient method. It provides all the necessary
information for the complete analysis of the effects of
possible faults on the functional characteristics of a given

- i8 -



circuits.

The algorithmic technigques such as the D-algorithm is
considered to be the mest widelvy used test generation
technique so far for digital systems. Two computer programs
originally due to Roth, DALG-II(D-algorithm Version II) and
TEST-DETECT, besides others are available. The former
computes a test to detect a fallure, and the latter
ascertains all failures detected by a given test set. Both
are based upon the utilization of a calculus of D-cubes that
provides the means for effectively performing the necessary

computations for large combinational circuits.

Some of these test generation methods are discussed here
in brief. While discussing these methods the main emphasis is
on combinational logic circuits and on the basic assumption
that the circuit under test is--a nonredundant and only single
stuck-at fault is present at any time.

1) Fault Table Method

A test set or experiment derived by this method[4,21] is
obtained by comparing the truth tables of the normal and
faulty circuits. Two types of testing experiment are
possible.

One is fixed scheduled, which means that the choice of
test schedules is completely independent of the outcome of
the individual tests in the sequence.



I

e other is adaptive or secuential scheduled, which
means that the choice of the test schedules depends upon the
outcome of the individual tests in the segquence.

It is proved that the length of a minimal adaptive fault
detection test set is the same as that of a minimal fixed
scheduled fault detection test set. Hence there is no
advantage in using an adaﬁtive fault detection experiment.
But for fault location ané fault location-to-within-modules,
the possible reduction in test schedule lengths could be

quite substantial when adaptive experiments are used.

The fault table method requires construction of the
fault table, which in general appears impracticable. For
example, if a circuit has 20 inputs and if there are 30 lines
within the circuit, there will be over 3% 107 entries in the
associated fault table. To overcoﬁe this problem, the idea of
path sensitization was developed which is discussed next.

2) Path Sensitization Method

The basic principle behind the path sensitization
method[4,21]1 is thet a fault detection test set may be
readily found by simply examining the paths of transmission
from the origiﬁ of failure to one of the primary outputs of
the circuit. A path is said to be sensitized if the inputs to
the gates along this path are assigned logical values so as
to propagate any change in the faulty line along the chosen
path to the output terminal the path leads to. In a logic
circuit, a primary input is a line that is not fed by any
other line in the circuit and a primary output is a line
whose signal output is accessible to the exterior of the
circuit. A transmission path or simply a path in a
combinational circuit, is a connected, directed graph
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20xy:% ) = X% + %5

Fig. 3.1. Circuit teo illustrate the concent
of sensitized path.

The method can ke illustrated using the
Bach 1line of the

Example:
circuit in Figure 3.1 as shown above.

circuit is labeled by a letter, &DC.---,
to detect the fault ag (line a s-a-0).

Suppose that we want
The connected,
directed graph afh is a path containing the faulty line a.

(an
{and

Now if we assign a value 0 to the input g of the C gate
OR gate)
which happens to be an AND gate), we then see that:

and a value 1 to the input d of the A gate

Table 3.1

Value change on

Corresponding

Corresponding

line a change in value on | change in value on
line f line h

00—l 0-=1 01

1—-0 1=0 1=0

The actual change

in wvalues along path afhk upon

occurrence of the fault in line a are indicated in Figurxe
3.1.
line g=0 it is required that ¢ or e or both should be ecual
to 1.

Path afh is thus said to be sensitized. From value of

If we choose to make e=l1 and c=0 or 1 ( don't care ),
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then the values of & ané & are 1 and thus are consistent:

nce a test exists for detecting the fault ag using this

Furthermore, it is apparent from Table 3.2 that a test
which detects fault agp also detects faults fp and kp and that
a test which detects fault ai also detects faults f1 and hi.
Thus the above two tests together would detect all the s-a-0
and s-a-1 faults on this path.

This method, however, does not necessarily vield a test
for detecting a fault. But it always vields a test for a
class of combinational circuits, known as tree like circuits.
A tree like circuit is a circuit in which 1) each input is an
independent input line to the circuit, and 2} the fan-out of
every gate is 1. The fan-out of a logic gate is the number of
gates that can be reliably driven by the gate.



Table 3.2

Value of the

Path values input variable Response
recguired to of the path
sensitize the
path
1, iE the
circuit is
x1 =1 faultliess
o, if the
x2 =1, circuit has
afh x3 =0o0xr I fault ag
(don't care)
o, if the
x3 =0 clrecuit is
faultless
1, if the
circuit has
fault az
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x — 2 0

(b)

Fig. 3.2. Two tree like circuits.

The circuits of Figure 3.2(a) and (b) are examples of
tree like circuits. The reason that the path sensitizing
method always yields a test for detecting any single fault in
a tree like circuit is because that a consistent input
combination always exists for any sensitized path in the
circuit. For example, the faults ai, bg, cg, dp, and e; of
the circuit of Figure 3.2(a) can be detected by the test x3 =

0, x2 =1, x3' =1, x4' = 0, x5 = 0, x6 = 1, x7 = 1, and the
faults ap, bg., and c¢g of the circuit of Figure 3.2{(b) can be
detected by the test x7 = x2' = x5 = x5’ = x7 = xg = 0 and

x3 =xg4 = 1.

For general combinational circuits, a contradiction of
line wvalue may occur at the gates, which are points of
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reconvergence for two or more fan-out paths £from some

preceding gate.

There can be cases where none of the individual paths of
a circuit is sensitizable, but if we sensitize a group of
them simultaneously, they become sensitizable. For example,
none of the individual paths of the circuit of Figure 3.3
from x3 to z for detecting the fault line a s-a-0 is
sensitizable, but if we sensitize all the three paths from xz

to z simultaneocusly, they become sensitizable.

a 13
Xy e q m
b1 + h 0
X
13 >£——Z
a1
¢ k 1
1
' B R
4 . X

Fig. 3.3. Example of sensitizing several
paths simultaneously.

This shows that in searching out the sensitizable path
for a particular fault, all possible combinations of single
paths sensitized simultaneously must be included.

3) Eqguivalent Normal Form Method
(ENF Method)

The equivalent normal form (ENF)[41l]1 of a c¢ircuit 1is
obtained by expressing the output of each gate as a sum-of-
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products expression of its inputs and preservin

of each gate by a2 suitable subscrip

r

. BEach subscripted inpu:t
variable in an ENF is called a Iliteral and an appearance of a

literal in 2 term is also called a literal.

b | h -
e R S A
Xy £ B.

Fig. 3.4. Circuit example.

Example: The ENF of the circuit of Figure 3.4 is

h = (f+g)y = (ad)m + (€C)gn

= (X1)ath (X2)bamh + (x;)bcgh (x;)cgh

The ENF of a combinational circuit possesses the
following characteristics:

1) The ENF is a sum-of-products expression; hence the
name normal form.

2) Bach literal consists of an input variable, possibly
primed, subscripted by a sequence of gate numbers. The
variable and its subscript sequence identifies a path from
the corresponding circuit input to the output.

3) There must be at least one literal appearing in the
ENF for every possible path‘from each input to the outputs,
before any term of the ENF being discarded for the reason
described in the next characteristic.
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4) Any term in the =INF mav be discarded if it contains a

variable and its complement.

-

3) A literal may make several appearances in an ENF,

o,
'—J
’J
o
M
H
v
'-.l
n

6} The ENF may contaln redundant terms an

even though the original circuit is irredundant.

7} If the path associated with a literal in the ENF
contains an odd number of inversions ({(an inversion is
produced by each NAND, NOR, and NOT element in the path), the
priming on the literal will be opposite to that on the
corresponding input in the original circuit. If the number of
inversions on the path is even, the priming on the literal
will be the same as that on the corresponding input in the
original circuit.

8) Every ENF corresponds to a hypothetical two level
AND-OR equivalent circuit. For example, the ENF of the
circuit of Figure 3.4 corresponds to the hypothetical two
level equivalent circuits of Figure 3.5.

o1
) am ——Ll——-

1
*3) pam —D— Of1f Z
o)
Qor1 D_ 0 h

(%3)begh

Oor1

("é’cgh

(a)
Hypothetical egivalent two level AND-OR

circuit of the circuit in Fig. 3.4 derived
from the ENF.
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R 1{0
gy
. 0
o :DM
(x2) begh Qor1 1 ‘
Qor1 ) )—l
#3)egh

(b}

Byvpothetical egivalent two level OR-AND circuit
of the circuit in Fig. 3.4 derived from the
complemented ENF.

Fig. 3.5. Hvpothetical equivalent circuits of
Example of Fig.3.4.

According to the rules of path sensitizing and the
eighth characteristic described above, to test a particular
literal for s-a-1 (Figure 3.5{a)), that literal must be
assigned wvalue 0, while the remaining literals in the term
are assigned value 1. Also, at least one literal in each
remaining term must be 0, in order that all remaining inputs
to the OR gate be 0. By similar reasoning, a test that
assigns value 1 to all literals of a particular term and
assigns at least one 0 to literal in each remaining term
tests all literals in that particular term for s-a-0. These
rules are referred as literal sensitizing rules.

The four literals (x1)afh. (x2)bdfh., (X2 )begh. and
fx3')cgh identifying the four paths in the circuit of Figure
3.4 can be tests for a s-a-0 and s-a-1, which are shown in
Table 3.3. Since the paths associated with these four
literals contain all the connections of the circuit and the
set of tests of the rightmost column of Table 3.3 tests each
of the four literals for s-a-0 and s-a-1, this set of tests
detects every s-a-0 and s-a-1 fault in the circuit. From this
table it is seen that tests 2 and 5 are essential, and these
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two tests plus twoe other tests, test 0 or 4 and test 6 or 7,
constitute a minimal complete test set for cdetecting every
single s-a-0 and s-a-1 fault. The same set of tests can be

obtained by using the fault table method, but the eguivalent
normal form method reguires much less effort compared to the

fault table method.

Table 3.3
Taests for detecting the four 1literals of
the ENF for s-a-0 and s-a-1

ENF h = (xX1)afh(X2)batn+ (X2 )} begh (X3 ) cah Tests

Test (x3)arfh 1 1 0 4 & oxr 7

for s-a-0

Test (x7)afh 0 1 0 4 2 oxr 3
for s-a-1

Test
(x2)parn for 1 1 0 d 6 or 7
s-a-0

Test
{(x2) barn for 1 0 1 0 5
s-a-1

Test
(x2" ) begn for d 0 1 1 0 or 4
s-a-0

Test
(x2') pegn for 0 1 0 1 2
s-a-1

Test
(x3')egn for d 0 1 1 0 or 4
' s-a-0

Test
(x3")cgn for a 0 1 0 1or 5
s-a-1
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4) Boclean Difference Method

The basic principle of the Boolean
difference(4,10,20,21] is to derive two Boolean expressions-
one representing normal fault-free behavior of the circuit,
and the other representing the logical behavior under an
assumed single s-a-l1l or s-a-0 fault condition. These two
expressions are then EXORed; if the result is 1, a fault is
indicated.

If one of the inputs(say x3i) to the logic function
F(X) = F(x;,--- Xn). is faulty, then the output would be
F(X) =F(x;,---, Xj.---. Xn}. The Boolean difference of F(X) with
respect to x3i can then be expressed as

dF(X1, -+ Xi 52 x_nl = d——F(x)
dx; dx;

=F(X|.---. Xisorr Xn)@ F(KL---.-X_i.---, Xn).

The function dF(X}/dxj is called the Boolean difference of
F(X) with respect to xj.

It can be seen that when
F(X{,-~* X{ 4"+ Xp) # F(Xj, -+ Xj ,---, Xn) » dF(X)}/dxi = 1 and that when
F(xy, - X{ 0= Xn) = F(x{,--, Xj, o+, Xp) , dF(X)/dxi = 0. To detect a

fault on x3, it is therefore necessary to find input
patterns(tests}) so that whenever xj changes to X; (due to
fault), F(Xt.- = Xj.--= Xp) will be different from
F(x1,-- Xj,---» Xp) - In other words, the aim is to find input
patterns for each fault occurring on xji such that dF(X)/dxi =
1.
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If F(¥) is logically invariant under the complementation
of x;i, then the Boolean function of F(X) is independent of
F(xl"”' xi"”‘xn)=F(xl"“9x_ia"’1xn)
dr(X)/dx; = 0.

The following example 1illustrates how a Boolean
difference of a switching function can be obtained:

Example: Consider the logic circuit shown in Figure

3.6. The functional equation of this circuit can be given as

F(X) = x1x2 + XxX3x4

dF(X) _ d(xix2 + X3Xa)
dxz dx;

= g Sxax4) ( 3X4) ® g SX1X2) g d(xixa) d(X3x4)

dxs dxs dxs
-
=mcxﬁ"4 ® xag"; ® gz; 3‘;‘;)
= XiXaxy

This shows that a fault on x3 will cause the erroneous output
only if X(Xaxyq=1. i.e. if x7 or x2 (or both) are equal to 0
and x4 equal to 1. This can be verified by inspection of

Fiqure 3.6.
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D
—1 >

Fig. 3.6. Circuit example.

The Boolean difference method cannot be used only to

derive tests for input lines but also for internal line
faults.

If a combinational circuit realizing the function F(X)
has h as an internal wire in the circuit then the tests for h
can be found by expressing F as a function of h,

F(x1, X2,+*+, X h), and h as a function of inputs, h(xX|, X3,--- Xq)-
Tests for h s-a-0 and s-a-1 are given by h %%andﬁ %E
respectively.

The conventional Boolean difference method, in general,
is not capable of deriving tests for all the internal nodes
of a logic network. Therefore to develop a complete test set
which will detect both input line and intexnal node faults,
it is necessary to find tests which will exercise completely
each and every path connecting a primary input to the primary
output. This can be carried out by using the partial Boolean
difference technique. A conventional Boolean difference
expression may be formed by concatenating individual Boolean
differences. For example, if Z = f(y) and y = £(x), then

dz. _dz dy
dx ~ dy dx
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where dZ/dx is termed the parti
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respect Lo Xx.

The Boolean difference method offers a direct analytical
method of obtaining all test patterns. It is a complete
algorithm and does not regquire any trial and error. However,
the method is costly in terms of computation time and memoxy
requirements and is applicable to circuits of reasonable size

oniy.

5) D-Algorithm

The D-algorithm[4,21] is an algorithmic method £for
generating tests for nonredundant combinational circuits. The
problems with most of the methods discussed before were
largely solved by the D-algorithm. This method generates the
conditions required at the inputs to carry out the test. This
is done through a back trace, reflecting the signal
conditions back to input conditions. The D-algorithm
guarantees a test if there exists such a test for detecting a
fault in the circuit.

This algorithm uses the symbols D and D. The symbol D
may assume only one value 0 or 1 and D takes on the wvalue
complementary to D. The behavior of the gates can then be
expressed in terms of D-cubes for propagation and for
testing. The propagation D-cubes of a gate causes the output
of the gate to depend only on one or more of its specified
inputs. This in turn propagates the fault on these inputs to
the output. The primitive D-cube of a fault specifies the
existence of a given fault in the circuit. It is basically an
input pattern which carries the influence of a fault to the
gate output. To build sensitized paths in the circuit a term
called D-intersection is used which transmits the fault from



an input to the primary output. A detailed discussion of the

D-algorithm can be found in [21].

The main advantage o0f the D-algorithm over other
existing test generation techniques is that it does not
require the complete circuit under test to be represented and
stored in terms of tables, formulas, or egquations. This makes
it possible te apply it to large circuits without facing

storage problems and requiring large computation time.

6) PODEM

PODEM{path oriented decision making) 1is another
algorithmic method of test generation for combinational logic
circuits. It is more efficient than the D-algorithm. It uses
five valued logic (0,1,x,D,D) for test generation and is
basically derived from the D~algorithm.

The PODEM does not require much trial and error before a
test is found. This is because the variety of propagation
paths and the attendant consistency operations that are
recquired in the D-algorithm leading to a waste of effort if a
given fault is undetectable are eliminated in PODEM. A
detailed description of the PODEM algorithm can be found in
(21].
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3.2.2. Probabkbilistic approach

The above deterministic methods of test generation are
often unable to cope with complexity of LSI and VLSI chips.
These methods may become prohibitively expensive for large
and complex logic circuits as the computation time reguired
by these methods to generate a test set that detects all
single and some multiple stuck-at faults increases with the
complexity of the logic circuit. The random test generation
method which comes under the category of probabilistic test
generation can overcome some of the inherent disadvantages of
the deterministic methods.

1) Random test generation in digital logic
circuits

There are two types of random testing procedures. In the
first, known as the random test generation method, a set of
input patterns selected from randomly generated patterns is
applied to the primary inputs of the circuit under test such
that this test set will detect all of the single faults in
the c¢ircuit. The random input patterns can easily be
generated by using a computer which can produce 0's or 1's
with any given probability. The second type o©of procedure
consists ©of the requirement of the application of identical
inputs to the circuit under test and a fault-free circuit(or
its digital simulator), and then a comparison of the outputs
of these circuits. In either case, the number of random input
patterns that will detect most of the single faults in the
circuit is needed. The random testing may be seriously
ceonsidered as an alternative only if this number is less than
22, for an n input circuit. The number of random input
patterns required can be readily found through logic
analysis. But the effort involved in such a preset analysis
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may be of the same order as that needed for generating test
patterns Dby other methods i1f the circuit is very large.
However, the method, if used properly, can provide good
results at a reasonable cost.

A comprehensive analysis of random test generation
methods for combinational logic circuits can be found in
[3,2,21,28]. In conventional random test generation methods,
the effect of a failure in a logic network is propagated to
the network output by applying random patterns to the primary
inputs of the network. The outputs of the fault-free and the
faulty networks are than compared by using a simulator as
shown in Figure 2.7. If the output values differ, the applied
random input pattern is retained as a test. For complete
favlt detection, the process is continued until every fault
in the network has been detected by at least one input
pattern. The accuracy of the random testing method largely
depends on the input bit stream length.

- Circuit
under test

Random

pattem N

generator

Fault
Lyt Reference detection
circuit

Fig. 3.7. Principle of random testing.

In order to solve the aforementioned problems concerning
the random test generation in combinational logic circuits
there exist approaches that take help of the parameters such
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as latency and detection surface, or the models of circuit
structure. Each one of these approaches has a distinet
direction of its consideration, but they surelyvy demonstrate
the fact that the detection probability is highly related to

-

the input bit stream length and the input bit stream
probability distribution. In the following we first discuss
the circuit model approach in brief and then the latency and
detection surface approaches to project the basic concepts of
random testing in digital logic circuits. In random testing
it is important to know the number of random input patterns
that will complete the overall circuit testing with a high

measure of confidence.

For the purpose of probabilistic analvsis of random test
generation method in combinational logic circuits, Agrawal
and Agrawal([2] used a simple tree structure comprised of
identical n-input NAND gates as their network model, as shown
in Figure 3.8. The lines from the primary inputs to the
primary outputs are identified according to the levels at
which they occur. All the primary inputs are at level zero,
and every time as the signal path goes through a gate, the
levels are incremented by one. The level of a gate is the
same as the level of its output line. Using two-valued
iogic(0,1), the probabilities of a line at a particular level
k are obtained as a function of k and the number of fanins n
of the gate.



NAND
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| NAND NAND
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Qutput
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:

NAND

*

Level O Level 1 Level 2

Fig. 3.8. NAND tree network used as a
model of analysis.

Assuming that all the inputs of a gate belong to the
same level, the probability of a logical 0 occurring at level

k is given by:

Pr=(PL)" =(1-F".

This is the probability of having n 1's at the (k-1)th

level. Clearly, the probability of a 1 occurring
k is obtained as:

Pl=1-P=1-(P.)".

Level L

at the level



At any level k the number of fanins can be expressed as

n{x}. In general, n({k) may be regarded as a randem varizable.

For the fan-ocut-free NAND tree considered in Figure 3.8,
the problem of finding the probability of sensitizing a path
of length L reduces to one of finding n-1I I's at the inputs
of the each of the L gates along the path, since the effect
of the fault is present in one input of each gate. In the
notation of the D-algorithm of Roth et al., this is similar
to having a D or D at one input of each gate, D(D) being 1(0)
for the fault-free(normal) network and 0(1} for the faulty

one.

Considering only those faults involving the primary
inputs, since every other fault in a fan-out-free network is
indistinguishable from an input £fault, the probability of
propagating a D or D through a path of length L is given by

L-1
PL)=PO) [ PH™.
k=0

where (P"c)""l is the probability of having n-1 1's at level k,
and P(0) is the probability of D or D occurring at the fault
site. L is the level of the primary output. P{0) is assumed
to be 1 for the primary input faults. P(L}, the probability
of sensitizing a path of length L by random input, is called
as the detection probability.

P({L,M), the probability of sensitizing a path of length
L by at least one out of M independent random input patterns
applied to the network for the detection of a fault, is then
expressed as

P(L,M) = 1 - (probability of none of the M patterns
sensitizing the path)
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which, on solving for M, gives:
M=log {l-P(LM)}/log{!-PL)}.
P{L.M) is considered as a measure of cenfidence.

Agrawal and Agrawal[2] has presented experimental

results for circuits with different maximum number of levels
L.

Probabilistic models are used by many to characterize
. the behavior of digital circuits in the presence of faults.
Some of the models detect intermittent faults, while some
others detect permanent or nontransient faults by random
patterns. An Iintermittent fault is a fault which, when exists
in the system, may be active at one instant of time causing
the system to malfunction, but may be inactive at another
instant allowing the system to operate correctly. A permanent
or a nontransient fault is a fault which remains permanently
in the system. To characterize the behavior of digital
systems in the presence of intermittent faults, Su et al.[35]
proposed a continuos parameter Markov model with two "states.

A fault in a digital circuit does not cause an immediate
error in the output of the circuit. There is always a delay
between an occurrence of a fault and an appeafance of the
first error in the circuit output. This delay is termed as
the error latency of the fault. The error latency, an
attribute of the fault, depends on the circuit, the fault,
and the input pattern applied to the circuit. The random
testing of digital circuits is analyzed by Shedletsky and
McCluskey[34] using the error latency model. This model is
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proved to be very useful for the analysis of random testing

procedures in seguential circuits.

The problem of fault detection in combinational logic
circuits by applying randem input seguences to a circuit
under test is discussed by Parker and McCluskev([28,29]. It is
showr. that the probability of detection of a fault depends
upon the probability of inputs. While the best probability of
inputs (being the same for all the inputs) may be found for
some faults, it may be rather difficult to £find the best
probability of inputs for the whole set of possible faults.
The application of error latency model to the random test
generation and randoem testing leads to the conclusion that
random testing may not be a good method for faults which are
detectable only by one among all the possible 27 input
patterns. Most of the common networks do not reach this upper
bound. Hence, if the testing time does not exceed a
reasonable limit, random testing may still be worthwhile.

In a paper by David and Blanchet on random fault
detection of combinational networks, detection surface is
introduced as a characteristic parameter of combinational
logic network. A distinction between testing quality and
detection quality discussed there indicates that rather than
considering the probability of testing for every fault, only
the probability of testing for the most difficult to detect
fault can be considered. The detection surféce of a fault f£f3
denoted by O;, is the number of different input vectors which
can detect the fault fj. The detection surface of a network,

denoted by ¢, is the detection surface of the fault which is
the most difficult to detect, i.e. o= mmc.i_ The length of

-

the input sequence applied to the network can be obtained
from the two characteristic parameters n and ¢ of the
network.
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2) Fault detection in sequential digital

logic circuits using continuos parameter
Markov model

'..

n a recent paper by Das et al.[9], the problem of
detecting permanent faults in seguential logic circuits by
random testing is analvzed. A continues parameter Markov
model with three states designated as: state 0, state 1, and
state 2, as shown in Figure 3.9, describes the behavior of a
sequential logic circuit in the presence of a fault and under
the application of random input vectors. The state transition
probabilities depend linearly on the infinitesimal time step
At; A;js and Mjs are the constants of proportionalities. These
probabilities increase as the time step At increases. Once
the random pattern is applied, the circuit may stay in any
one of the above three states. The circuit is in state 0, if
the fault exists, but causes no error output and error state
transition; the circuit is in state 1, if the fault causes an
erroneous output; and the circuit is in state 2, if the fault
causes only error state transition, but no erroneous output
in the output terminals. Different state transition
probabilities have been defined to represent the interaction
among the three states 0, 1, and 2 for the infinitesimal time
step At in the circuit.
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Fig. 3.9. Continous parameter Markov model.

The parameters of the model depend on the circuit, and
faults under consideration. Once the fault-free state table
and faulty state table{corresponding to the faults specified)
of the circuit are constructed, all the parameters of the
model can be obtained by computer simulatidn under constant
input signal probabilities. When the parameters of the model
are obtained, the system differential equations involving the
state probabilities can be written on the assumption that at
time T = §, the faults cause no error output and error state
transition in the circuit. These equations can then be solved
for the necessary condition for detecting a fault quickly
with a given probability. This approach does not reqguire the
construction of a product state table corresponding to the
fault-free state table and ité%faulty version, which is
particularly difficult while dealing with large circuits.
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3.3. Fault Simulation

The second phase of the VLSI testing problem is the
difficulty of fault simulation. Fault simulation is the
process by which the fault coverage is determined for a
specific set of input test patterns. In particular, at the
conclusion of the fault simulation, every fault that is
detected by a given set of test patterns is listed. For a
given logic network with 1,000 two input logic gates, the
maximum number of single stuck-at faults which can be assumed
is 6,000. Some reduction in the number of single stuck-at
faults can be achieved by fault equivalence. However, the
number of single stuck-at faults needed to be assumed is
about 3,000. Fault simulation is the process of applying
every given test pattern to a fault-free network and to each
of the 3,000 copies of the fault-free network containing one,
and only one, of the single stuck-at faults. Thus fault
simulation, with respect to run time, is similar to doing
3,001 fault-free network simulations.

In all commercial simulators an effort is made to reduce
the computation time by simulating more than one fault in one
pass for a given input wvector. Parallel, deductive, and
concurrent simulations are the known methods of fault
simulation. In parallel fault simulation(38], W-1 different
faults are simulated in parallel in each pass; hence, the
name of the method. A total of F faults would be simulated in
Fs/(w-1) passes, where W is the word size of the computer.

Techniques are available to reduce the complexity of
fault simulation. The solution is the deductive fault
simulation [38]in terms of reducing the number of passes. It
just needs one pass for simulation independent of the number
of faults simulated. The idea behind this technique is to
associate with each line a list of only those faults
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sensitized to that 1line by the simulated input vector.
Simulation of a gate requires deducing the fault list at the

gate output from the input fault lists.

Some undesirable characteristics of deductive method can
be overcome by concurrent fault simulation. In concurrent
fault simulation a good circuit is simulated in its entirety,
but a faulty one is simulated only for gates whose states
differ from their good circuit states.

3.4. Conclusions

The rapid growth of LSI/VLSI devices has resulted in the
development of highly complex computing systems. This,
combined with the fact that many aprlications now demand
error-free computation, has considerably increased the level
of desired system reliability. Test generation has also
become one of the most complicated, costly, and time-
consuming problems in VLSI system design. A more pragmatic
approach to the solution of the problem will surely be one to
conceive of methods that are less formal and exhaustive, and
from that point of view randem testing appears preferable to
deterministic testing, specially for LSI/VLSI circuits. The
random test generation techniques can reduce computation
costs‘and time, and can be effectively used for faliure
detection in relatively complex digital systems.
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Chapter 4

AN OVERVIEW OF VARIOUS
OUTPUT COMPACTION TECHNIQUES

4.1. Introduction

Classical testing of combinational circuits requires a
bit by bit response of the fault-free circuit to the test
set. For most practical circuits implemented today, the large
storage requirement for the response makes such a test
procedure very expensive. Technicues for reducing the wvolume
of output data are called output compaction technigques and
their use is usually called compact testing. In compact
testing, the output response pattern is passed through a
circuit called a compactor that has fewer output bits than
input bits. The output of the compactor is called the
signature of the test response. A fault is detected if the
signature of the faulty circuit differs from the signature of
the fault-free version of the circuit. The aim is to reduce
the number of bits that must be examined to determine whether
the circuit under test is faulty.

The signature and the associated compaction technique
should meet the undermentioned four cualitative guidelines:

1. The technique must be simple encugh so that it can be
implemented as part of the built-in test circuitxy.

2. The implementation should be fast enough so that test
time is not a limiting factor.
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3. To minimize the reference signature storage volume,
the compression technigue should provide a logarithmic

compression of the output response data.
4. The compression method must not lose information.

In general, a fault will go undetected if none of the
input test patterns produces an incorrect circuit output in
the presence of the fault. With output response compaction,
it is also possible for a fault to go undetected even though
the output response differs £from the fault-free response.
This will happen whenever the output response from a faulty
circuit produces a signature that 1is identical to the
signature of a fault-free circuit. This phenomenon is called
aliasing or masking(21l, 39].

An output response signature of a faulty circuit that is
identical to the fault-free signature is called an alias.

When a common estimating framework is used, the relative
masking probabilities of wvarious output compression
techniques can be used as one measure of their efficiency.

The most common system designs for compact testing have
three parts, and are shown in Figure 4.1.

Test Pattern Circuit Test Data
Generator Under Test Evaluator
{TPG) (CUT) {TDE}

Fig. 4.1. Self-testing architecture for
compact testing.
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The test pattern generator generates the test patterns
from the testing method being used, ané then applies them to
the inputs of the circuit under test({CUT). The test data
evaluator receives the output from the CUT, evaluates it,
computes the test results, and then transmits these results
for external cbservation.

Because masking is difficult to measure in arbitrary
circuitry with arbitrary test sets, some output compaction
techniques restrict the circuit design or require special
test sets or both.

Many output compaction technigues, viz. the signature
analysis, transition count, parity bit signature(single- and
multiple-output), syndrome and space compression are
available for compact testing. This chapter describes these
techniques that apply to built-in self-testing in each of the
three categories:

1. Technicgues that neither require special test sets nor
circuit modification.

2. Techniques that do use special test sets, but do not
recquire circuit modification.

3. Technicues that require special test sets as well as
circuit modification.

4.2. Signature Analysis

Signature analysis technicque(12,13,21,26) for compact
testing is heavily reliant on planning done in the design
stage. It is a technique that detects errors in data streams
caused by hardware faults. It uses a unique data compression
technique which reduces long data streams into signatures. By
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applying known input seguences to a digital svstem, unigque
signatures can be obtained at wvarious nodes in the system.
These correct signatures can be recorded and later compared
with the signatures obtained at the same nodes of a faulty
system. Any difference in signature at a node indicates that
the node is not operating as expected. The cause of an
incorrect signature may be discovered by tracing back through
the circuit and observing the signatures at appropriate
nodes; the fault giving rise to the error can f£finally be
located through the process of elimination. Thus the
signature analysis technique is a digital ecquivalent of the
voltage and waveform checking of analog ecircuits, and is used
in the same way. The degree of fault coverage provided by
signature analysis technique does not depend upon the order
of test patterns(for combinational circuits).

The integral part ¢f the signature analysis approach is
a linear feedback shift register. Signatures can be generated
from data streams by feeding the data into an n-bit linear
feedback shift register. The feedback mechanism consists of
EXORing selected taps of the shift register with the input
serial data as shown in Figure 4.2. After the data stream has
been clocked through, a residue of the serial data is left in
the shift register. This residue is unigque to the data stream
and represents its signature. Though another data stream may
differ by only one bit from the previous data stream, but its
signature may be different from the previous one. To form the
signature of a data stream, the shift register is first
initialized to a known state (normally, the all-0 state) and
then shifted using the data stream.
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Feedback from the
shift register

Input
data stream

EXOR P Shift Register

Clock Start Stop

Fig. 4.2. Signature analyzer circuit.

A signature analyzer circuit as shown in Figure 4.2[21]
has three control signals, viz. Start, Clock and Stop. These
are either positive or negative edge-triggered signals. The
Start signal resets all the bits in the shift register to
logic 0 and initiates the measurement window. During this
time window the incoming data to the signature analyzer
circuit are entered intec the shift register using the Clock

signal. Finally, the Stop signal terminates the measurement
window.

An n-bit signature generator can generate 27 signatures.
However, many input seguences can map into one signature.
This mapping gives rise to fault masking errors, because a
signature generated from an input sequence carrying fault
information may map into the same signature as the good
sequence. The signature analyzer has a probability of 1-2-F of
detecting all errors, where the error detection probability
is strictly a function of r, the length of the shift
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register. The probability of fault masking errors will be low
if a signature generator has many stages, andé thus capable of

generating a large number of signatures.

The signature analysis technique identifies Zfaults by
tracing the signal flow in a circuit from input to output. If
the signature at a c¢ircult node does not match the
empirically determined c¢orrect signature, one o¢f the
components connected to the node is faulty. Tracing from

input to output generally proves useful for field testing.

Signature analysis has been accepted as a valuable
technicue in locating hardware faults in digital svstems. It
offers unique alternatives to other test methods and can
provide high test confidence at reasonable cost for both
production and field testing.

4.3. Transition Count Testing

The transition count[1,14,21,31] is defined as the
number of times the signals forming the output Z change value
from 0 to 1 and 1 to 0 for a given input sequence. For
example, if a response sequence is Z2=101011, then the
transition count is c(Z)=4. In transition count testing, as
in conventional testing, a predetermined secuence of test
patterns is applied to the circuit under test(CUT). The
response sequence £ of the circuit appearing at some selected
test point is then monitored. This is done in a way which is
different from that in conventional testing. Instead of
recording the entire response sequence 2, only the transition
count c¢(Z2) of Z is recorded. This transition c¢ount is then
compared with the one expected, that should appear at the
test point if the circuit under test is fault-free. If the
two transition counts differ, the circuit is declared faulty;

otherwise, it is fault-free. A repeated use of this test
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procedure for other test points in the cilrcuit under test
gives a high degree of fault detection and isolation. This

method of compact testing is referred to as transition count

13

testing or TC testing.
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01011 al’/l ‘
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| 00000
11011 / 11111
10100 /"r
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Fig. 4.3. (a) Response to test sequence of length 5.
{(b) Changes in the corresponding trasition counts.

Consider the c¢ircuit shown in Figure 4.3. In Figure
4.3(a), the response sequences at various nodes of the
circuit resulting from the application of a test sequence S
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of length 5 are shown. Figure 4.3(b) shows the corresponding
TCs. A fault £ = line a stuck-at-1 in the circuit changes the
transition counts at certain nodes in the circuit (shown bv
arrow). AS can be seen in the diagram, the response sequence
on Z31 changes from 1010C to 00000. This change is reflected
in TC from 3 to 0 in Figure 4.3(b), resulting in the
detection of the fault £, if § is used as the test segquence
and Z3 as the test point. The fault f does not changes the
response secuence at Z2. Therefore Zp7 is not a suitable test

point for detecting f for the given test secuence.

The basic test circuitry needed in a transition count
generator is a counter and a transition detector. The main
advantage of transition count testing is that, only the TCs
and not the entire response sequences (both the fault-free and
faulty) at any test point are required to be stored. This
results in the reduction of data storage regquirements.
However, this compaction technigque may give rise to fault-
masking errors, because most transition counts corresponds to
more than one sequence. Hence, there is a possibility that a
fault may go undetected. However, this problem becomes less
predominant as the secuence length increases.

The main disadvantage of transition count testing is
that the fault coverage achieved by a test pattern depends on
the order in which they are applied. This may not be a major
problem in testing combinational ecircuits but in the case of
sequential circuits it matters. Besides, with multiple-output
circuits a particular test pattern may give different fault
coverage at different outputs; the optimal test patterns can
only be determined by using simulation techniques.
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4.4. Parity Bit Signature

Built-in self-testing(26,30] considers the testing
problem during the design stage of the digital device. The
test patterns used in bullt-in self-testing can be either
random or exhaustive. Exhaustive test patterns are relatively
easy to generate and excites all faults. Since all inputs are
involved, one can concentrate on the overall functional
behavior rather than just that corresponding to certain
selected inputs. The major problem in testing lies in the
determination o©f the relationship between the faults
occurring in the circuit and the observed error indications.
A parity bit checking[7] coupled with exhaustive testiﬁg
improves this relationship. The design of parity testable
combinational circuits is discussed in [5].

A parity bit signature was proposed by Akers([3] for
single-output circuits. A possible extension of the idea to
multiple-output circuits was considered by Jone and Das[7].
Both, the single-output and multiple-output parity bit
signatures are briefly discussed in the following sections.

4.4.1. Single-output parity bit signature

In this section we will first mention some of the basic
and important properties of the parity bit, and then we will

discuss the parity bit signature and the properties it
possesses.

Properties of the parity bit

The parity of a function is the EXOR sum of the entire
output sequence obtained, when the exhaustive test patterns
are applied to the circuit under test.



1£ F(x1.X2,---. %a) is independent of a variable x:, then its

parity (relative to (X.X2.--- Xp)) will always be 0.
or conversely,

If the parity of the function F is egual to i, then F

must be a dependent function of all the variables.

These are the two basic and important properties of the
parity bit. The other properties of the parity bit involves
specific functions, namely the product, inclusive sum and the
exclusive sum, parity relationship between two functions F
and G of the same set of n-variables and the behavior of the
parity bit under various transformations. Some properties
invelve functions having different sets of variables.

A parity bit signature

A parity bit signature([3,5] consists of the parity of
the function itself, and n additional parity bits{for an n-
input combinational logic circuit) corresponding to the
functions obtained, for each of the input variables, when
that variable is set to either 0 or 1.

Thus, in general, a parity bit signature of an n-
variable function F is an (n+l1)-element wvector and can be
defined as:

s(F) = <po, P1, ---+ Ppn>
where pp = p(F) and pi(F) = pij(Fi), i =1, 2,..., nand b = 0
or 1.

The generation of a parity bit signature can be
illustrated by a .simple example given below in Table 4.1.
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Table 4.1
Illustration ©f a Single-Output

Parity Bit Signature

X1 X2 X3 Xu F 3 F¥ Fy ER
0 0 0 1 1 1 1 1
1 g 0 0 0 0 0
6 1 0 0O 1 1 1 1
i 1 0 0 1 1 1
¢ 0 I 0 0 0 0
I 0 1 0 0 0
0O 1 1 0 0 0 0
i 1 1 0 0 0
o 0 0 1 1 1 1
1 ¢ 0 1 1 1
0 1 ¢ 1 1 1 1
1 1 0 1 1 1
c 0 1 1 1 1
1 0 1 1 0
o 1 1 1 1 1
i 1 1 1 0

s(F)= <1 0 0 1 1>

Figure 4.4[3] shows an implementation of a parity bit
signature in which the n+l1 bits are directed into n+l1 flip-
flops. The output F as well as the n inputs are involved.
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Fig. 4.4. Signature ““plementativn.

Here, Pp represents the parity of the function itself, and

Py, Pp are each the parity of the reduced function.

Properties of a parity bic signature

A parity kit signature for exhaustive testing possess
the following propertiesi3,17].

1) It is a functional signature, that is, it is
independent of the particular implementation involved.

2) It is wuniform, that 1is, given an nr-input
combinational circuit, all 2n+l possible (n+l1)-bit signatures
are equally likely to occur. .

3) It is test-order independent, that is, the order in
which 21 tests are applied has no effect on the signature.

4) It is easily implementable and effective for input
fault detection.
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4.4.2, Multiple-output parity bit signature

A multiple-output parity bit signature(3,5,17] can be
obtained by simply extending the concept of single-ocutput
parity bilt signature, that is, generating a signature foxr
each and every output separately. But excessive amount of
hardware overheads make this approach basically impractical.
For multiple-output circuits, two methods have been proposed
for signature analysis. One is the serial signature analyzer
whichh uses a multiplexer to direct each one of the circuit
outputs in turn to the signature analyzer. The other is the
parallel signature analyvzer in which all the m network
ouiputs are compacted in parallel.

A parity bit signature for an n-input and m-output
combinational logic circuit can be generated by first EXORing
all the outputs to generate a new output, which is then fed
to a single-output parity bit signature generator.

As shown by Jone and Das, the multiple-output parity bit
signature preserves all the desirable properties of the

single-output parity bit signature.

An example of a multiple-output parity bit signature is
given in Table 4.2.
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Table 4.2

A Multiple-Output Parity Bit Signature

4.5. Syndrome and Syndrome Properties

The syndrome of a switching function is defined as s

X1 X2 X3 x4 Fi Fp» F Fy F3 F§ F&
o o 6 o0 1 o0 1 1 1 1 1
1 o ©6 0 0 0 © o 0 o
c 1 o0 o0 o0 1 1 1 101
1 1 0 o o 1 1 11
© o 1 0 O 00 0 0 0
1 0 1 0o © 0 © 0 0
6 1 1 © 0 90 0 0 0
i 1 1 o0 o0 1 1 1
o o o0 1 1 o 1 1 1
i1 0 o0 1 1 1 o 0o 0
o 1 o 1 1 o 1 1 1
1 1 0 1 o0 0 o 0
6o o 1 1 1 o0 1 1
1 0 1 1 o0 1 1
o 1 1 1 1 1 o0 o
1 1 1 1 0 0 o©

S(F) = <0 1 0. 1 0>

K/2R where XK is the number of minterms realized by the
function and n the number of binary input lines{33].

Obviously, the syndrome is a functional property and is

independent of the particular realization inveolved. Clearly,

0<s<1,

where the bounds are attained by the two constant functions.
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The syndrome ¢f various n-input gates, following Savir,
are given as

AND gate s = 271
OR gate : s=1-2"R
EXOR gate : s = 1/2

It is necessary to find input-output swvndrome relations
between various interconnected components of a logic circuit.
These are discussed in detail by Savir and are useful in
determining the syndrome of any fan-out-free combinational
circuit. Incidentally, the input-output syndrome relations of
networks terminating in an INVERTER, OR gate, AND gate or
EXOR gate are similar to the input-output signal probability
relations reported in Parker and McCluskey [28,29]1. Similar

results are discussed in [33] for interconnected blocks with
shared or conjoint inputs.

The test procedure as shown in Figure 4.5 below
basically consists of applying exhaustively all input
combinations to the CUT and recording the syndrome, which can
be implemented by a counter. If the actual syndrome equals
the expected syndrome, the circuit is considered fault-free;
otherwise, a fault is detected and the procedure stops. The
approach has the advantage of requiring only one reference
and of avoiding the costly test generation process. Since it
is not necessarily true that a fault-free and a faulty
circuit should have different syndromes, special design
techniques are required in order to make a circuit syndrome-
testable, if it is not so originally (please see subsequent
work of Savir in this context in [32]).

A cirxcuit is syndrome-testable if the syndrome of any

faulty version of the circuit, induced by a single stuck-at
fault, does not equal the syndrome of the fault-£free circuit.
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Savir made a detailed study on the problem of svndrome-
testability and syndrome-testable designs for combinational

circuits.

Syndrome

register
= egis
—

wr 7]

Reference Equality
syndrome Checker
+ Fault
indication

Fig. 4.5. Test procedure following Savir([7].

Let us consider a simple example from Savir.

Example: Consider a function F=xz+yzZz. The fault-free

syndrome is 1/2. The faulty syndrome induced by the fault z/0
{line =z stuck-at-0) is also 1/2. Hence F is not syndrome-
testable.

However, the function F may be made syndrome-testable by
inserting one extra input ® to realize the new function

Fi=zoxz+yz
During normal operation the input ® is fed with a

constant logic 1, while for testing purposes it is used as a
. valid input. The circuit is now syndrome-testable since

s(Fy) # s(F).

Note that a two-level irredundant circuit which realizes

a unate function in all its variables is always syndrome
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testable. Also, every two-level irredundant combinational
network can be made svndrome-testable by attaching control
(extra) Iinputs to the AND gates.

4.6 Space Compression

Compression techniques can be divided into two classes:
time compression and space compression. The output data

compression technigques discussed above all relate to time
compression.

The basic idea behind space compression is to produce a
single signature or a limited number of signatures for
multiple-ocutput circuits by using a space compressor as shown
in Figure 4.6, rather than producing an individual signature
for each output. The seguences coming out of the space
compressor are stored in a time compressor as signature. e
main advantage of using a space compressor is the reduction
of the chip area occupied by the time compressor, but suffers
from the disadvantage that it may lose some useful
information. However, if the information loss is tolerable
(in many cases, the information loss is zero), it is still
worthwhile because of the savings in hardware overhead.

Li and Robinson proposed a space compression technicue
called hybrid space compression[22]. Instead of using only
EXOR gates as an output compression tool, HSC used AND, OR
and EXOR gates as an output compression tree to compress the
multiple outputs of the CUT into a single line. The authors
reported significant reduction in the number of outputs and
reference signatures with information loss within 0-20% as
compargd with separate signatures.

Subsequently, Jone and Das[16] proposed a modified
“zcheme called dynamic space compression or DSC that
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dynamically estimates the error probabilities of the oubtputs.
Experimental evidence with DSC demonstrates that it works
rather efficiently. The authors also developed a theorv to
predict the performance of general space compression methods
whose wvalidity was also shown by extensive simulation
results. The reader might wish to read the original source

for a more detalled discussion concerning DSC.

cur
o8e L 1 1]
0 o]
1 2 - Om
G [ 1 1 ] G
G G
G: Logic function
G AND,OR and EXOR.
0

Fig. 4.6. Space compression using logic
reduction network.

4.7. Conclusions

The classical testing of combinational c¢ircuits makes
the testing procedure very expensive in terms of storage
requirement, time and computational cost which increases with
the circuit size. The use of wvarious output compaction
techniques discussed in this chapter reduces this problem to
an acceptable alternative.



Though the abovementioned data compression technigues
may give rise to fault masking errors or require some pin-
penalty they still result in the reduction of the output data
storage requirements. Most of these techniques are test-order
independent (except £for the transition count testing) and
provides an excellent fault coverage in testing combinational
logic circults where test-orxrder dependency may not be a major
problem. The first four technigues relate to time
compression, wherxeas the last technigue concerns space
compression and is well suited for multiple-ocutput circuits

where it provides a reduction of the chip area occupied by
the time compressor.



Chapter 5

SYNDROME SIGNATURE

5.1. Introduction

Techniques for design for testability and built-in self-
test consider the testing problem during the design stage of
digital devices and have been found to be extremely
effective, as noted earlier. The central idea behind built-in
self-testing or BIST is to have the chip test itself. This
technigque generates test patterns and evaluates output
responses inside the chip. It is already well recognized that
BIST can significantly improve the testability of VLSI chips

and save testing time as well.

The test patterns used in BIST can be either random or
exhaustive. Exhaustive test patterns have the following
advantages over random test patterns:

1) test patterns can be generated with relative ease;
2) no specific fault models are required; and
3) a high fault coverage can be achieved.

However, the main drawback of using exhaustive test patterns
is the exponential growth of test length with increase in the
number of inputs. This shortcoming in many cases can be
overcome by using good circuit partitioning methods[18,27].

The test output responses in BIST are compressed by
output response analyzer into a signature. Briefly speaking,
the circuit under test (CUT) receives inputs, exhaustive or

random, from a test pattern generator, and the output streams
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from the CUT are fed into a data compressor, which converts
the output streams into a signature of the CUT. The signature
is compared with a kanown correct wvalue, andéd faults are
detected if a match does not occur. The various available

output compaction technigues as have been proposed in the

literature include paritv-bit checking(3,5,7], transition
count[l4], one's counti33], Walsh ccefficients[l15,36]1, and
linear feedback shift register or LFSR[13], and were

discussed in Chapter 4. Based on these apprcaches, the
compressed response data can be used to evaluate the

correctness of the circuit under test ({(CUT).

In this chapter we have proposed an output dJdata
compression technique called syndrome signature particularly
well suited for exhaustive testing of VLSI circuits. The
syndrome signature is based on and an extension of the novel
idea of syndrome of a circuit originally conceived by
Savir{23] and is related to the number of minterms realized
by the corresponding circuit switching function. In the
following we will first define a syndrome signature and
demonstrate its usefulness in exhaustive testing of
combinational circuits. Some of the useful properties of
syndrome signature will also be discussed. It will be shown
that the use of the syndrome signature rather than just the
primary syndrome though significantly increases the success
of test coverage of existing circuits without going for a
testable design with consequent increase in the number of
pins in the circuit, cannot guarantee a complete fault
coverage. A possible extension of the syndrome signature
concept from single-output circuits to multiple-output
circuits are then considered. Chapter 6 discusses
implementation results involving beoth single-output and
multiple-output circuits of reasonable sizes, while in
Chapter 7 we give the results of implementation on ISCAS 85
benchmark circuits.



5.2. Single-Output Syndrome Signature
A single-output syndrome signature is defined as

follows

Definition: For an n-input single-output
combinational switching function F with input wariables
X1.X%2,...,%n, the syndrome signature s(F) of F is given by an

{n+1}-element vector:

S({F)

where sp = s(F) and s; (F)

<S50, S5+ +0-sSn>

s;(Fpt), i =121,2,...,n,

sp denoting the primary syndrome of the function F, while s;

representing the syndrome (or subsyndrome) of the sub-
function (Fn%) obtained by setting the ith variable in F equal

to b (0 or 1).
As illustration, consider the following example.

Example: Assume a 4-input combinational function
F(x3,x2,%x3.x¢) defined by the truth table of Table 5.1. The

syndrome signature s(F) of F is given by the five-element
vector:

s(F) = <3/8, 5/8, 1/2, 1/2, 1/8>

where sg = so(F) = 3/8, and s; = s(Fpi), i = 1,...,4, sp
denoting the primary syndrome of the' function F, with s;
representing the syndrome of the subfunction (Fpi) obtained by
setting the ith variable in F equal to b (0) as shown in
Table S5.1.

Figure 5.1 shows a straightforward implementation of
this (n+l)-element signature in which the (n+1) bit streams
of interest are directed towards syndrome registers with

- §7 -



equality checkers as an extension of the scheme as used fo

H

primary syndrome by Savir [33].

Some desirable properties of syndrome signature are
considered throuch the undernocted theorems:

Theorem 5.1: A syndrome signature s(F) =

<$09,S51,.---.8p> for an n-variable switching function is a

functional signature.

Proof: The proof of the theorem follows obviocusly

since a syndrome signature does not depend on the particular

implementation involved in its realization.

Theorem 5.2: A syndrome signature s({F) =
<s$g,S1....,Sp> for an n~variable switching function F is test-

order independent.

Proof: It is evident that the order in which the
exhaustive test patterns are generated have no effect on the
number of minterms realized by the function F as well as by
the n subfunctions s;(Fpi), i = 1,2.....n and hence in the

signature.

Theorem 5.3: A syndrome signature s(F} = <S0.S81,....
sp> of an n-variable switching function F is nonuniform.

Proof: For an n-input arbitrary combinational function
F, the parity bit signature s(F} of F is uniform since all of
the 27+l possible (n+l1)-bit signatures are equally likely to
result. With most counting procedures, this is, however, not
the case. Some signatures are more likely to occur than
others, thus mzaking the signature nonuniform.

To prove the nonuniformity of the syndrome signature,
consider the first element sy of the syndrome signature s(F).



Now s is the svndrome of = and can have anyv
g Y

value (nonnormalized) between (0 and 27,

- - an 'S - . . -
Now there can be 2 pessible ways of assigning 27 input

. . - - 2n .
combinations te F, and ¢f these exactly (‘I'() result in an F

with the same number of minterms or svndrome X. Hence the

probability that the function F have the syndrome X,

where 0K <29,

. 2n n . . . . - .
is (‘I-{) / 2¥, which obviously is a function of 7, unlike the

probability of its parity p(F) being 0 or 1, which is 1/2.

We can similarly prove this for the other elements of

the signature s(F). Consider, for instance, the (i+l1)th
signature element s;, 0<i<n, in s(F). Now

$; = S(F’“'")

= s(X;. F)

= s[X;. F(x. X2+, Xp)]

= s[F(x1, X2,---, X=0,---, Xp)]

= s(F")
where F =F(x;, x2,--,%=0,--.,X,) is a subfunction of (n-1)
variables xi, X2,+'" Xi.1» Xj+l.***» Xp. Following exactly identical
reasoning as before, we can again show that this (i+l1l)th

element of s(F) has a probability dependent on its syndromwe
value. . '

Thus we conclude that all the different (n+l) elements
of the signature can each have any value (normalized) in the

domain {0.,1} and therefore the signature is nonuniform.
Lemma 5.1: A syndrome signature s(F} = <sg,Si,...,Sn>

of an n-variable switching function F is easily implementable
and especially effective for input fault detection.
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Table 5.1

Four-vVariable Function

Syndrome Sigmature for a

X2 X X
Fa Fy'  Fy

Fa'

Ity

X3

X2

X1

i

—

i

- - O - O « O

5/8 1/2 1/2 1/8

3/8

s(F)= {
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Y

Fig. 5.1. An implementation of single-output
syndrome signature.

The main objective as mentioned in using a syndrome
signature rather than just the primary svndrome 1is to achieve
fault coverage of existing circuits without taking resort to
a testable design which is impossible for off-the-shelf
circuits. To illustrate this, we consider the following
example from Savir [33].

Example: Consider the function F(xy.z)=Xxz+yz. This
function is not syndrome-testable for fault =z/0 (line =z
stuck-at-0). However, the circuit is syndrome signature-
testable for the same fauvlt. The fault-free and faulty
signatures of the function are given in Tables 5.2 and 5.3,
respectively.
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Table 5.2
Fault-Free Signature of Function F=xz+yvZ

X Vv = T Fh F F%
0 0 0 0 0 0
0 0 1 0 0

0 1 0 1 1 1
0 1 1 0 0

1 0 0 0 0
1 0 1 1

11 0 1 1
1 1 1 !

stFy= { 172 174 174 172 )

Table 5.3
Faulty Signature of Function Fzs9 = Fi

X Vv Z Fi Fig FI?L Fig
o 0 0 0 0 0 0
0 0 1 0 0

0 1 0 1 1 1
o 1 1 1 1

1 0 0 0 0
1 0 1 )

1 1 0 1 1
1 1 1 1

s(Fzs0) = { 172 172 o0 172 )

The above shows that a fault which may not be syndrome-
testable could be syndrome signature-testable. Now the
important question that arises is: Is the syndrome signature
going to work for every case of single fault in a given
circuit? The answer is obviously no, though it will work in
most of the cases as our intensive experimentation with
benchmark-and other circuits conclusively shows.
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Example: 3 circuit which cannot be tested usin

syndrome signature is shown below:

Fig. 5.2. A three input EXOR gate.

'l)
|

= agboc

Table 5.4
Fault-Free Signature of Function F=a®b&®c

F R F

H B P O O o O |p

= H O O R KB O o

= O KB O BB O K+ O|n

H O O 1P O FrF KF O |
(]

H O O r
o

1 1
s(tF)= { 172 1/2 172 172 )

Table 5.5
Faulty Signature of Function Feqy1 = Fi

a b ¢ F1 Fii F} F§
0O 0 0 1l

o 0 1 1 1
c 1 0 0 0

o 1 1 0 0 0
1 0 0O 0 0

1 ¢ 1 0 0 0
1 1 0 1 1 1l

1 1 1 1 1 1 1

s{Fes1) = { 172 172 172 172
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By symmetry the test will not find as/I or 2/1. F I

symmetry shows a,d or ¢ stuck-

fu
o
o
0
Y
H
0
rr
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i

tested. Thus the
test fails for any single input stuck-at faul:s

-
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However, we can also prove the result analvtically based
on our knowledge of switching functions and the definition of

syndrome signature. The following results are pertinent.

Theorem 5.4: Two n-variable switching functions F;
and F» comprised of the same number of minterms m and thus
having the same syndrome XK = m/22 must have at least one
subsyndrome corresponding to the subfunction (Fy®) obtained by
setting the ith variable in both F; and F2 equal to b (0)
different, il.e.

Si(Fil NS Si(Figo)
in order that F; and F2 are syndrome signature-testable.

Proof: The theorem follows from the very notion of

syndrome signature testability.

Corollary: If functions F; and F» are not syndrome
signature-testable because

si(Fio) # si(Fh)
then the implication is simply
N(xF)) # N(XiF2)

where N{XF;) and N(X{F2) dencte respectively the number of

minterms in the reduced functions X;F; and XFs.



Theorem 5.5: Two n-variable switching functions F

[
| )

anéd F»; comprised of the same number of minterms m and thus

having the same syndrome X = m/2% and F; F2, may not have

thelr synérome signatures s(F;) and s(Fz} éifferent.

Proof: We will prove the theorem by considering the

following individua:r situations:

F; and F2 having the same number of minterms m

and are different:

Case I: m-! minterms 1identical anéd only minterm

different.

Obviously, since the functions consist o©f the same
number of minterms, their primary syndromes are ideuatical,
i.e. sg(F3;) = sg(Fz2). Assume that the minterm m; of F; is
different from the minterm mp of F> If we now examine the np-
tuples corresponding to minterms m; and my in the table of
combinations, obviously m; and mz must differ in at least one
variable position, say xj. Thus x; 1is primed in one and

unprimed in the other and hence

N(X;F) = N(X;F2)

N denoting the number of minterms in the respective reduced
functions, accerding to the corollary of Theorem 5.4. Thus

si(F\ o) # si(Fho)

and the syndrome signatures are different.
Case II: m-2 terms identical and two minterms
different.



Assume mz.my of F: are different from m: .m> of o

"

¢ - am m -
m;,mz and m: ,mz nmust &iffer i o agt  tw

positions, say x:i and xj. A possible assignment In the table
of combinations for m:,mz and m: ,mz is:

Table 5.6
Fy T2
mi m2 m1 my
b x: }CJ_ xj X3 XJ X,_ xj
0 0 1 1 1 0 0 13

In the above case, N(XF))=N(XiF2) as well as N(xjF;) = N(xjFy) and
hence

Si(Fil 0= Si(Fizo) and Sj(Filo) = Si(Fi'-’G) .

Thus two switching functions comprised of the same number of
minterms and having the same primary syndrome mnmight have
their subsyndromes identical as well. This implies that their
syndrome signatures are also identical.

Case III: sSimilarly, we may consider the case where
F; and Fz are identical in m-r minterms and differ in r

minterms, and can conclude that their syndrome signatures for
the case could possibly be identical.

Thus the theorem follows in general.

The following results are related and important in the
context of syndrome signature testability.

Theorem 5.6: Consider two n-variable switching
functions F; and F» and let F; and F; differ in M minterms.



Then the minimum number of variables in whose assigmnments in

the truth table these must differ ecuals
[log2M]

where M = N; + N2, N: and N being the terms in F: anéd F

-
- -

respectively which are different (N; = Nz = M/2).

Corollary: Let F; and F2 be two n-variable switching
functions and let F: and F; have M of their minterms
different. Let F; and Fz need I-IoggM-l variables with all their
possible combinations in such a realization. If any variable
x;i has egqual number of 0°'s and 1's in M/2 minterms in Fi, any
input line fault in x; cannot change F:; to F2 having the same
distribution of 0's and 1's. That is, the distribution of 0's

and 1's must be different and as such
si(Fo) # si(Fho)

and hence the subsyndromes must be different for at least one
such x;.

5.3 Multiple-Output Syndrome Signature

The concept of single-output syndrome signature can be
readily extended to the multipie-ocutput case. Evidently, the
simplest strategy to extend the single-output syndrome
signature to the multiple-output case is to generate a
separate signature for each output. However, an excessive
amount of hardware overhead makes this approach impractical.

Given an n-input m-output combinational circuit, a
multiple-output syndrome signature 1is generated by EXORing
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all the outputs to produce a new output which is then
a single-output syvndrome signature generator. The signature
can be generated by the vector

fed ro

Smuti(F) = {50.51.....5¢) .
FTigure 5.3 shows the proposed
mult

implementation of a
iple-output syndrome signature.

F
: circuit I _D)—
* . -,
X T

ot

11l

2]
LE

2]
]

Fig. 5.3. Proposed implementation of a
multiple-output syndrome signature.

Consider as illustration of multiple-output syndrome
signature the following example.

Example: A 4-input 2-output function together with its
multiple-output syndrome signature is given in Table 5.7.

The following properties of multiple-output syndrome
signature are obvious.

Theorem 5.7:

The proposed method of multiple-output

syndrome signature generation makes the resultant signature
test~order independent.
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Theorem 5.8: The multiple-output synérome signature
like the single output case is a nonuniform signature since

all possible signatures are not ecually likely to occur.

Table 5.7
Multiple-Qutput Syndrome Signature

Xy Xz X3 Xs Fq s F Fy Fy F§*  F§
0 0 0 0 1 0 1 1 1 1 1
1 ) 0 0] 0 0 0 0 0 0
0 1 0 0 1 1 0 0 0 0
1 1 0 0] 4] 1 1 1 1
0 0 1 0 0 0 0 0 0 0
1 0 1 0 1 0 1 1
0 1 1 0] (8] 0 0 0] 0
1 1 1 0 0 0 0 0
0 0 0 1 1 0 1 1 1
1 0 0 1 1 1 0 0 0
0 1 0] 1 1 0] 1 1 1
1 1 0] 1 Q 0 0 0
0 0 1 1 i 0 1 1
1 0 1 1 0 0 0 0
0 1 1 1 1 1 0 0
1 1 1 1 0 1 1

Smule (F)= (7/16 1/2 1/2 1/2 3/8)

5.4. Some Thoughts on VLSI Implementation of the
Proposed Signature Generator

The primary hardware in the implementation of the
proposed signature generator is the syndrome register which
can be readily implemented by using a counter. However, since
the proposed signature generator, besides recording the
primary syndrome needs to record, for an n variable function,
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2 other subsyndromes, §i(Fy). each corresponding to one of the
variables x:, in a parallel implementation of the signature

generator we need Lo use a total o

rh

I+

| =

counters, the £i
one counting from (0 to 27-1 while the res

F

'J

T on counters
counting from 0 to 27-i-1I each. Th

PO -~

[ S

s apparently leads to an
excessive overhead in incorporating the signature generator
in a self-test environment. This is obviously a drawback if
the implementation has to be strictly a parallel

implementation.

One simple way to overcome this obvious shortcoming of
the proposed generator is to use a serial implementation. In
the serial implementation a single counter can be used to
record both the primary syndrome and the other subsyndromes.
The amount ©of storage is the same although RAM is smaller
than flip-flop. The test strategy can be appropriately

modified to take intoe account the nature of implementation
[321.

Finally, the recent advances in VLSI technology may not
prove to be a deterrent even in the parallel implementation
of the signature generator. The inclusion of only binary
counters consistent with the number of primary inputs may not
be big hardware overhead afterall, while compared with the

complexity of the original circuit that need te be tested
using BIST.

5.5. Conclusions

In this chapter we have developed technicues for single-
output and multiple-output signature generation for built-in
self-testing using exhaustive test patterns by extending the
syndrome concept originally developed by Savir. Though
nonuniformity of the signatures is an inherent limitation,
the property of test-order independence holding true makes
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the aprlication of exhaustive test patterns easier. We have

also proved by an example in Figure 5.2 and as well as
analytically that the syndrome signature does not work irn all

cases, thouch many "svandrome untestable" circuits could be

*syndrome signature-testabler.

=

Eowever, in this context, it is relevant to refer to

H

e
some subsequent works of Savir [32] relating to syndrome
testing of *syndrome-untestable” circuits. Savir's idea in
this case was tc perform multiple constrained syndrome tests
on various portions of the circuit such that an overall full
syndrome-test coverage could be achieved. A constrained
syndrome-test is a syndrome-test performed on a subset of the
input space, with other inputs being held at a constant
value. These constraints are selected in a way that the
output of the constrained function becomes unate with respect
to the tested line and therefore syndrome-testable (since all
unate functions are so testable)}. By taking resort to a prime
implicant type covering procedure, Savir could minimize the
number of syndrome test runs required to achieve complete
coverage of all svndrome-untestable lines of the circuit. In
our method utilizing an (n+l)-element syndrome signature for
an n-input circuit, there is no scope of minimizing the
number of subsyndromes to be recorded to test for different
single faults of the circuit.



Chapter 6

IMPLEMENTATION RESULTS

To wverifv the proposed syvndrome signature method,
simulations were performrd on combinational circuits. The
simulator consists of an input pattern generator, logic
simulator, output compressor, and fault generator{and is
executed on PC 486). All possible single stuck-at faults were
introduced on the primary inputs lines(and on internal lines
also for benchmark circuits discussed in Chapter 7) in the
circuit, and the outputs were compressed by syndrome
signature technigque. Fault-free signatures were compared with
the faulty signatures using svndrome counters.

In general, the dominating factors in the simulation
were the number of input patterns and the number of faults
that were injected.

A procedure describing an algorithm for testing a
circuit for syndrome signature testability is presented here
and the results of simulation for both single-cutput and
multiple-ocutput circuits are given in tabular form.

Tables 6.1 to 6.6 gives the results of simulation in
detail for each circuit. Table 6.7 shows the number of input
single stuck-at faults for each circuit; the number of faults
missed by conventional syndrome; and the number of faults
missed by syndrome signature. The percentage of missed faults
in each circuit 1s also shown in Table 6.7. On the average,
syndrome missed 45.8% of faults, whereas syndrome signature

missed none. Syndrome signature yields better fault coverage
than conventional syndrome.



Procedure:

Step 1:

Given the number of inputs n
Calculate
R (the number of rows)= 232

C (the number of columns) = n

Step 2:

Given the faulty input and the fault in it, start
the process of initialization:

X{n) =0 FPault-free input array
XXi{n) =0 Faulty input array
Asum = 0 sum of fault-free outputs,

whenever the output is 1. Final
value of this will give the fault-
free({actual) syndrome.

Fsum = 0 sum of faulty outputs,
whenever the output is 1. Final
value of this will give the faulty
syndrome.
and also,

form=1, n
Asubs(m) = 0 sum of the fault-free outputs
for each of the reduced
functions, whenever the output is
1. Final value of this will give
the actual subsyndromes.
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Fsubs(m) = 0O sum of the faulty outputs for

each ol the reduced fauls
functions, whenever the output is
1. Final value of this will give

-

the favlty subsvndromes.

Step 3:
Main calculation loop:

Generate next fault-free and faulty input pattern(to
start with, an all-0 combination will be the first
fault~-£free input pattern and an all-0 combination
with a given fault inserted will be the
corresponding faulty input pattern).

Calculate actual and faulty functions, aF and fF

respectively and perform the following assignments!:

If aF = 1, increase Asum by 1.
If £F

1, increase Fsum by 1.

Now calculate fault-free and faulty subsyndromes as:

Form=1, n
If X{m)
If X(m)

H

0 and aF = 1, increase Asubs(m) by 1.
1,

0 and £fF = increase Fsubs(m) by 1.

Ipivision by 2% on final Asum and Fsum and by 27-1 on final
Asubs(m} and Fsubs(m) are not performed here(according to the
definitions of syndrome and subsyndromes), as we are doing
only the comparison. Also, this avoids the round of errors
while computing these values as the circuit size increases.
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ircuit 1s syndrome testable and

else, try syndrome-signature testing and
Goto Step 2 until all faults of interest

are analyvzed.



This circuilt has 3 inputs and therefore can have & input
single stuck-at faults. The same circuit was discussed 1
ection 4.5 and was shown to be syndrome untestable £
aults x3/0 and x3/I. The c¢ircuit has been tested £
syndrome-signature testability and was found to be svndrome-
signatnre testable for these faults. The results of computer

simulation for all the faults are presented below.

Table 6.1
Single Fault- Svndrome-
stuck- "free Syndrome | Syndrome signature |signature
at syndrome/ | testable Fault-free/Faulty testable
faults Faulty yes/no ves/no
svadrome
x1/0 4/2 ves
x1/1 4/6 ves
X2/0 4/2 ves
X2/1 4/6 ves
x3/0 4/4 no 4112/4202 ves
X3/1 4/4 no 4 11 2/4 022 ves 1




Example 6.2:

Consicer the ci

t

. - Tl At = .
cuilc reallT1n TuncLion

F=x{ X2+ X X3+ X2 X3+ XeXs+ Xg X3.
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nputs and thereifore, can have 10
input single stuck-at faults. In Savir's paper(33] it is
s circuit is not syndérome testable and requires

input {(i.e., 1 extra pin) to make it
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atc
synérome testable. The same circuit when tested here for
syndrome-signature testability, shows that it is syndrome-

signature testable for all the faults mentioned above.

Table 6.2
Single Fault- Syndrome-
stuck- free Synérome Syndrome signature |signature
at syndrome/ testable |Fault-free/Faulty testable
faults| Faulty yes/no yes/no
svndrome
x1/0 28/28 no 28 14 14 14 14 14/ ves
28 14 12 12 14 14
x/1 28/28 no 28 14 14 14 14 14/ yves
28 14 16 16 14 14
x2/0 28/28 no 28 14 14 14 14 14/ ves
28 12 14 12 14 14
x2/1 28/28 no 28 14 14 14 14 14/ ves
28 16 14 16 14 14
x3/0 28/28 no 28 14 14 14 14 14/ ves
28 12 12 14 14 14
x3/1 28/28 no 28 14 14 14 14 14/ yves
28 16 16 14 14 14

- Continued...
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Table 6.2 - Continued
Sincle Fauvls- Svnérome-
stucx- free Syncérome Svndrome signacure signature
at synérome/ testable Favltc-Iiree/Fauvlity testable
faults Faulty ves/no ves/no
synérome
xg/0 28/28 no 28 14 14 14 14 14/ ves
28 14 14 14 14 15
x4/l 28728 no 28 14 14 14 14 14/ ves
28 14 14 14 14 12
x5/0 28/28 no 28 14 14 14 14 14/ ves
28 14 14 14 16 14
Xg/1 28/28 no 28 14 14 14 14 14/ ves
28 14 14 14 12 14
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Table 6.3
Single Fault- Syndrome-
stuck- free Syvndrome Svndrome signature signature
at syndrome/ testable |[Fault-free/Faulty testable
faults Faulty ves/no yves/no
svndrome
x1/0 6/10 ves
x1/1 6/2 ves
X2/0 6/8 yves
¥x2/1 6/4 ves
x3/0 6/8 ves
x3/1 6/4 ves
x4/0 6/2 ves
xq/1 6/10 ves




Example 6.4:

Consider Data Selectors/MUX SN74150. It has 4 cdatg
select inputs and it selects one of sixteen data sources. The
logic diagram and its truth table are given in Appendix 3.
The data inputs are given by:

. E(m}, where m=1l,---16.
Let us ccnsider one set of data inputs as:
1001Qg00010001000C
The circuit has been tested for these data inputs.
Table 6.4
Single Fault- Syndrome-
stuck- free Syndrome | Syndrome signature signature
at syndrome/ | testable | Fault-free/Faulty testable
faults Faulty yves/no ves/no
svndrome
x1/0 12712 no 12655 5/12 6 466 ves
x1/1 12/12 no 12 6 55 5/12 6 6 4 4 ves
x2/0 12710 ves
x2/1 12/14 ves
x3/0 12/710 yves
x3/1l 12/14 ves
xXg/0 12/10 yves
Xa/1 12/14 ves
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Z=xample 6.5:
Consider an S-input Multiplexer SN74151. It has 3 darta
select inputs and it selects one bit of data from up
sources. The logic diagram and its truth table are given in

Appendix 3.

-]

he data inputs are given by:
D{m), where m=1.--.8.
Let us consider one set of data inputs as:

10011010

The circuit has been tested for these data inputs.

Table 6.5
i Single Fault~ Syndrome-
stuck- free Syndrome | Syndrome signature signature
at syndrome/ | testable |Fault-£free/Faulty testable
faults Faulty ves/no ves/no
svandrome
x1/0 4/4 ne 4 22 3/4222 ves
xX1/1 4/4 no 4 22 374 22 4 ves
x2/0 4/4 no 4 22 3/4 2 2 4 yes
x2/1 4/4 no 4 2 2 374 2 2 2 vyes
x3/0 4/5 yves
x3/1 4/2 ves




Example 6.6:

Consider a gual-output circuit described by

Fi=X[ X2 X3 +X] X2 Xe+ X X2 X3 X+ X; X2 X3 Xs
Fa= X2 X3 X3+ X1 X2 Xa + Xp X2 X3 X3+ X X2 X3 X

F=F&F

This circuit has 4 inputs and can have § possible input

single stuck-at faults.

Table 6.6
Single Fault- Syvndrome-~-
stuck- free Syndrome | Syndrome signature |signature
at synérome/ | testable |Fault-free/Faulty testable
taults Faulty ves/no yes/no
syndrome

x1/0 8/10 ves

X1/1 8/6 ves

x2/0 8/8 no 8545 4/86 4 4 2 ves
x2/1 8/8 no 8545 4/8 4466 ves
x3/0 8/10 ves

x3/1 8/6 yes

xXq/0 8/8 no 8 545 4/8 4 2 6 4 ves
xg/1 8/8 no 8 545 4/8 6 6 4 4 ves
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Chapter 7

IMPLEMENTATION ON ISCAS 85
BENCHMARK CIRCUITS

In this chapter we give some experimental results on
ISCAS 85 benchmark clircuits[6]. Some oI the benchmark
circults are not very large ané can be handled cuite easily
whereas some others in the list are really large with respect
to the number of primary inputs, internal lines and primary
outputs. Since our method of testing using svndrome signature
{in case the primaryv syndrome fails) is exhaustive, as far as
input test patterns are concerned, storage and time become a
problem if the circuit has more than 20 inputs. One obviocus
way out in such a situation is to partition the circuit into
certain subcircuits depending on the dependence of a
particular output on a proper subset of the inputs to make
the problem tractable. We used this technique in the case of
large benchmark circuits. Before we present our results of
simulation experience on these circuits, we give some brief
characterization of these combinational networks, as
available from their netlist.

Since most of these benchmark circuits are large,
considering even single £fault, the possibilities are too
many. As we have used microcomputers in our simulation,
handling too many faults and bigger circuits was a primary
concern.

In Tables 7.2 through 7.11 we  present our results of
experimentation on benchmark circuits. We have simulated only
four out of ten benchmark circuits and the results obtained

can be considered to be sufficient to show the implementation
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attempt has been made to keep track of the CPU time.

It can be seen from the results, as given

that benchmark circuilcts "Cl7", *CRT" and

f

subcircuit (considering only that output which depends on less
than 20 inputs) of "C432", are syndrome (a fault is syndrome
signature testable also, if it is svndrome testable)testable
for both input ané internal line faults. The fourth circuit,
"C880" can be partitioned into several subcircuits. Only two
subcircuits of "C880" were considered for experimentation,
one with I3 inputs and 9 outputs and another one with 10
inputs and 1 output. For some input and internal line faults,
these subcircuits are syndrome testable while for some others
they are syndrome-signature testable. There are some faults
for which they are neither syndrome nor syndrome-signature
testable(refer to Theorem 5.5 concerning nonvalidity of
syndrome signature in some cases).

Tables 7.12 and 7.13 shows the number of faults missed
by syndrome and their percentage as well as the number of
faults missed by syndrome signature and their percentage,
with respect to the total number of faults injected in each
case of the single-output and multiple-output circuits. In
the case of single-output circuits, syndrome signature has
provided the same fault coverage as that of syndrome, but for
multiple-outﬁut circuits syndrome signature has given a
better fault coverage than syndrome.

Since in most of the multiple output benchmark circuits
we used circuit partitioning, we never had to consider number
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even 1f the syndrome signature{which uses exhaustive test

ceds to be used. Obviously., the signature would be
st 0of the cases where the syndrome fails, though
there may be cases where this signature might fail also{see

counter example provided by the benchmark circuiz).



Table 7.1

Characterization of Some of the

Benchmark Circuits

Circuit Lines from Lines from Lines from

No primary input | primary output| interier gate

gates gates outouts

ci17 5 2 4

CKT 6 1 5

C432 38 7 153

C880 60 26 357

Testing C17, CKT, €432 and C880 for input stuck-at
faults:
Table 7.2
Results for "C17"

Single Fault- Syndrome Syndrome-
stuck- free testable | Syndrome signature |signature
at syndrome/ ves/no |Fault-free/Faulty testable

faults Faulty yes/no
svndrome
x1/0 10/6 ves
x1/1 i0/14 ves
x2/0 i0/1s ves
X2/1 10/4 yes
x3/0 10/8 ves
x3/1 10712 yves
xg/0 10/8 yes
xg/1 10712 ves
xs5/0 1i0/6 yves
Xs/1 10714 ves
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Table 7.3

Results forxr

"CRT"

Single Fault- Syncérome Svncrome-
stuck- free testable | Syndrome signature |signature
ac syndrome/ ves/no Fault-free/Faulty testable

fauits Faulty ves/no
syndrome
®1/0 9/8 ves
x1/1 9/12 ves
x2/0 9/12 ves
xa2/1 9/6 ves
x3/0 9/12 ves
x3/1 9/6 ves
x4/0 $/18 ves
xg/1 9/0 yves
x5/0 9/0 yes
xs5/1 9/18 yves
xg/0 9/12 yes
Xe/1 S/6 ves
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Table 7.4

Regults =Zfoxr "Q432"
Single Faulc- Syndérome Syndrome-
stuck- free testable | Syndrome signature {signature
at syndrome/ ves/no Favlt-free /Faulty |testable
faults Faulty yes/no
svndrome
x1/0 301438/ ves
310184
x1/1 301436/ ves
292688
x2/0 | -301436/ ves
292688
x2/1 301436/ ves
310184
x3/0 301436/ ves
310184
x3/1 301436/ ves
252688
x4/0 301435/ yes
292688
x3/1 301436/ ves
310184
x5/0 301436/ ves
310184
xgs/1 301436/ yes
2926388
xg/0 301436/ yves
292688
xg/1 301436/ yes
310184

- Continued...
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Table 7.4 - Ccntinued
Single Fault- Svncérome Syvnérome-
stucK- free testable | Synérome signature |signature
at syndrome/ ves/no Fault-Iree/Favlty |testable
faults Faulty ves/no
syncérome
¥7/0 301436/ ves
310184
x7/1 301436/ ves
292688
xg/0 301436/ yves
292688
xg/1l 301436/ yves
310184
X9/0 3014386/ ves
310184
xg9/1 301436/ ves
292688
x10/0 3014386/ ves
292688
X10/1 301438/ ves
310184
x11/0 301436/ yes
310184
x11/1 301436/ ves
292688
x12/0 301136/ yes
292688
x12/1 301436/ ves
310184

- Continued...
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Table 7.4 - Continued
ingle Tault- Synérome Syvnérome-
stuck- free testable | Synédrome signature |signature
ac syndrome/ ves/no Fault-Iree/Faulcy |testable
Zaulits Faulty ves/no
svnérone
x13/0 3014386/ ves
310184
X33/1 301436/ ves
292688
x:4/0 301436/ ves
252688
xX14/1 301436/ ves
310184
Xi15/0 301436/ ves
310184
x15/1 | 301436/ ves
292688
X15/0 301436/ ves
292688
X1/l 301436/ ves
310184
x17/0 301436/ ves
307997
x17/1 301436/ yes
294875
X18/0 301436/ yes
294875
Xi18/21 301436/ ves
314558
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Table 7.5
Results for rmC880"
(subcirxcuit with 13 dinputs and 9 outputs)

Single Fault- Syndrome Syndrome-
Stuck- free testable | Syndrome signature |signature
at syndrome/ ves/no Fault-Iree/Faulty |testable
faules Faulty ves/ne

svnarome

*%31/0 320073072 ves
x1/1 3200/3328 ves

x2/0 3200/3192 ves
x2/1 320073208 ves
x3/0 320073072 ves

x3/1 3200/3328 ves
xg/0 320073072 ves
xg/1 3200/3328 yes
x5/0 3200/3200 no 3200 1536 1596 ves
1536 1536 1600
1488 1488 1488
1488 1376 1488
1152 1152/3200
1536 1536 1536
1536 1600 1488
1488 1488 1488
1376 1488 1152
1152

- Continued...
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Table 7.5 - Continued
Single Fault- Syvnérome Synérome-
stuck-~ free testable | Syndrome signature |signature
at synérome/ yves/no Favlit-firee/Faulty |Jtestable
faulits Faulty ves/no
svngérome
Xs/1 |[3200/3200 no 3200 1536 1596 ves
1536 1836 1600
1488 1488 1488
1488 1376 1488
1152 1i52/3200
1536 1656 1536
1536 1600 1488
1488 1488 1488
1376 1488 1152
1152
Xg/0 [3200/2976 ves
Xg/1l }3200/3424 ves
x7/0 |3200/2976 ves
x7/1 1320073424 ves
xg/0 |3200/2976 ves
Xg/1l |3200/3424 ves
Xg/0 |3200/2976 yes
xg/1 |[3200/3424 yes
x10/0 [3200/2752 yes
Xi1g/1 |3200/3648 yes
X311/0 {3200/2976 ves
x11/1 |3200/3424 yes
X12/0 }3200/2304 ves
X12/1 |3200/4096 yes
x13/0 |3200/2304 yes
X13/1 |13200/4096 ves
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Table 7.6

Results

for

"Cc8scrn

{(subcircuit with 10 inputs and 1 output)

Single Fault- Svndrome Svnédrome-
stuck- free testable | Syndrome signature |signature
ac syndrome/ ves/no Fault-free/Faulty |testable
faults Faulty ves/no

syndrome
%1/0 512/512 no 512 256 256 256 no
256 256 256 256
256 256 256/512
256 256 236 256
256 256 256 256
256 2358
x1/1 512/512 no 512 256 256 256 ne
256 256 256 256
256 256 256/512
256 256 256 256
256 256 256 256
256 256

Inputs x2 to X3¢0 are also neither syndrome nor syndrome-

signature testable for both stuck-at-0 and stuck-at-1 faults.
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Resuits on

5]

Results for

testing circuiss C17, CHT, C43

nternal line stuck-at Zatlts are given below.

Table 7.7

*Cl7" (internal faults)

Singie

Fault-

Syvndxome Synérome-
stuck- free testable | Svndrome signature |signature
at synérome/ ves/no Fault~-free/Faulty |testable
faults Faulty ves/no

svndrome
G1/0 10/14 ves
G1/1 10/6 ves
Ga/0 10/8 ves
Ga/1l 10/8 ves
G3/0 10/0 ves
G3/1 10/16 ves
Gg/0 10/14 yves
Ga/l 10/6 ves
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Table 7.8

Results £for F"CRT"(internal faults)

Single Faulc- Syndérome Synérome-
stuck- free testable | Syndrome signature |signature
at synérome/ yes/no Fault-free/Faulty |testable

fauvlts Faulty ves/no
syndrome
G1/0 5/0 ves
G1/1 $/12 ves
G2/0 9/12 ves
Ga/1 9/6 ves
G3/0 8/0 yes
G3/1 $/18 ves
Gg/0 9/26 ves
Gag/1 S5/0 ves
Gs /0 9/0 ves
Gg/1 9/12 ves
Gg/0 9724 yes
Gg/1 9/0 ves
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Table 7.9

Results foxr "C432" (intexrnal £faults)
Single Tavlic- Syndrome Syndérome-
stuck- free testable | Syndrome signature |signature
at svnérome/ ves/no Fault-free/Faulty |testable
favlcs Faulty ves/no
svndrome
G1/0 301436/ ves
252688
G1/1 3014386/ ves
310184
Ga2/0 301436/ ves
292688
Ga2/1 301436/ ves
310184
G3/0 301436/ ves
292688
G3/1 3014386/ ves
310184
Gg/0 301436/ ves
252688
Gg/1 301436/ yes
310184
Gs/0 301436/ yes
292688
Gs/1 301436/ ves
310184
Gg/0 301436/ ves
292688
Gg/1 301438/ yes
310184

- Continued...
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Table 7.8 - Continued

Single Faulc- Syndérome Syvndrome-
stuck- free testable | Synérome signature |signature
at syndrome/ ves/no Fault-free/Faulty |testable
faulcs raulty ves/no
svndrome
G770 301436/ ves
292688
G7/1 301436/ ves
310184
Gg/0 301436/ ves
292688
Gg/1l 301436/ ves
310184
Gg/0 301436/ ves
294875
Gg/1 301438/ yes
307997
G10/0 301436/ ves
327680
G10/1 301436/ yes
292688
G11/0 301436/ ves
327680
G11/1 301436/ ves
292688
G12/0 301436/ yes
327680
G12/1 301436/ ves
292688

- Continued...
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Table 7.9 - Continued
Single Tault- Svnérome Synérome-
stuck- free testable | Syndrome signature |{signature
at svndrome/ ves/no Fauit-free/Faulty |testable
faulcs Faulty yves/no
svnérome
G13/0 | 301436/ ves
327680
G13/1 301436/ ves
292688
G14/0 | 301436/ ves
327680
G1s/1 301436/ ves
292688
G15/0 | 301436/ ves
327680
Gis/1 301436/ ves
292688
G15/0 301436/ yes
327680
Gig/1 301436/ ves
252688
Gi7/0 301436/ yves
327680
Gi7/1 301436/ yes
292688
Gig/0 301436/ yes
327680
G1g/1 301436/ ves
294875
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Results

Table 7.10

for

"C880" (internal faults)

(subcircuit witk 13 inputs and 8 outputs )

Single Fault- Syvndrome Svndrome-
stuck- free testable | Synérome signature |sicgnature
at syndrome/ ves/no Fault-free/Faulty |teszable
faults Faulty ves/no
svndrome
G1/0 13200/5000 ves
Gi/1 [3200/3192 ves
G2/0 3200/4880 ves
Ga2/1 [3200/3200 no 3200 1536 1596 ves
1536 1536 1500
1488 1488 1488
1488 1376 1488
1152 1152,/3200
1536 15336 1536
1536 1600 1488
1488 1488 1488
1376 1488 1152
1152
G3/0 13200/3200 no 3200 1536 1596 ves
1536 1536 1500
1488 1488 1488
1488 1376 1488
1152 1152/3200
1536 1600 1536
1536 1600 1488
1488 1488 1488
1376 1488 1152
1152

- Continued...
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Table 7.10 - Continued
Sincle Faultc- Synédrome Svndrome-
stuck- free testable | Syndrome signature |signature
at syndrome/ ves/ne Fault-£free/Faulty jtestab:=2
faults Faulty ves/no
svndrome
Gs/1 |[3200/3200 no 3200 1536 1595 ves
1536 15386 1600
1488 1488 1488
1488 1376 1488
1152 1152/3200
1536 1536 1536
1536 1600 1488
1488 1483 1488
1376 1488 1152
1152
G4/0 |[3200/3088 ves
Gg/1 |3200/5104 ves
Gs/0 13200/3312 ves
Gs/1 |3200/4880 ves
Gg/0 }3200/3200 no 3200 1536 1596 yes
1536 1536 1600
1488 1488 1488
1488 1376 1488
1152 1152/3200
1536 1604 1536
1536 1600 1376
1488 1488 1488
1488 1376 1152
1152
Gg/l |3200/49892 ves
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Results

Table 7.11

for

"C880"{intexrnal faults)

{subcircuit witk 10 inputs and 1 output)

Single Faulg- Syndrome Syvnérome-
stuck- free testable | Svyndrome signature |signature
at syndrome/ ves/no Fault-free/Faulty |testable
faults Faulty ves/no
svndrome
G1/0 §12/512 no 512 256 256 256 no
256 256 256 256
256 256 256/512
256 256 256 256
256 256 256 256
256 255
Gi/1 512/512 no 512 256 25¢ 256 no
256 256 256 256
256 256 256/512
256 256 256 2356
256 256 256 256
256 256
G2g/0 5127256 ves
Gzg/1 512/768 ves
G29/0 512/768 yves
Gag/l 512/256 yves
G30/0 512/768 ves
Gip/1 512/256 yes
G31/0 S12/768 ves
G31/1 512/0 ves
G32/0 512/768 ves
G3a/1 512/0 ves
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are given below.

Table 7.12(a)

Single-QOutput Circuits

Total Number of % of Number of % of
number of | faults missed faults missed
cuT faults |missed by|faults by|missed by | faults by
injected | syndrome syndrome | syndrome | syndrome
{input signature | signature
faults
only)
CKT 12 none 0.0 none c.o
Ccas2 36 none 0.0 none 0.0
c880(10 20 20 100.0 20 100.0
inputs)
It can be seen next in Table 7.12(b) that with an
increase in the total number of faults injected the

percentage of missed faults by syndrome signature decreases.
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Table 7.12(Db)

Single-Output Circuits
Total Number of % of Number of 3 of
number of | faults missed faults missed
cuT faults [missed by| faults byimissed bv|faults by
injected | syndrome syndrome | syndrome | syndrome
{input signature{signature
and
internal)
CXT 24 none 0.0 none 0.0
Cc432 72 none 0.0 none 0.0
C880(10 84 54 64.3 54 64.3
inputs)
Table 7.13
Multiple-Qutput Circuits
Total Number of % of Number of % of
number of | faults missed faults missed
cuT faults |missed by|faults by|missed by | faults by
injected | syndrome syndrome | syndrome | syndrome
{input signature | signature
and
internal)
cl7 18 none 0.0 none .
C880(13 38 6 15.8 none .
inputs)
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Chaptexr 8

CONCLUSIONS

We have developed technigues for single-output and
multiple-output signature generation for built-in self-
testing of VLSI circults using exhaustive test patterns by
extending the syndrome concept originally developed by Savir.
The signature derived is an (n+1)-element vector consisting
of the primary syndrome of the function as originally defined
by Savir, and n other subsyndromes corresponding to the
subfunctions obtained by setting each of the n input
variables to 0 or 1. Because the signature itself is simply
the set of syndromes of n+l individual functions, we have
examined a nuaber of properties of syndrome which can be used
in the analysis and manipulation of these signatures. The
signature we have developed is itself a functional signature
in the sense that it is independent of the particular
implementation. Though nonuniformity of the signatures is an
inherent limitation, the property of test-order independence
holding true makes the application of exhaustive test
patterns easier. The implementation of the proposed syndrome
signature is shown by taking few examples(circuits with
primary inputs less than 7 and ISCAS 85 benchmark circuits
with primary inputs upto 18) of which the results of
computation are presented in Chapters 6 and 7. The signature
developed is effective for both input and internal line fault
detection as shown by the simulation results on ISCAS 85
benchmark circuits and hence is easily implementable. Some
circuits{discussed in Chapter 6) which according to Savir
needs extra inputs in order to make them syndrome testable,
are shown to be syndrome signature testable. Also, the
signature generation discussed for multiple-output circuits
and shown in Tables 5.7, 6.6, 7.2 and 7.5 seems to work well
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and preserves all the desirable properties of the single-
output response analyzer. The masking effect of the propose
=3

ture generator does not seem to be very high as only on
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statement to be valid, which i1s an important measure of

good compression technicue.

Though this thesis is not primerilv about the VLSI
implementation ©f the proposed signature generator, some
thought has been given in this direction too. The size of the
compactor seems high as compared to the commonly used
methods. The counters will require 0(n<) filip-flops and 0 (nZ2}
XORs and ANDs. For an n-input combinational circuit, this
seems an excessive overhead in incorporating the signature
generator in the BIST environment. This can be considered as
a drawback of the proposed signature generator, if the
implementation is strictly a parallel implementation. On the
other hand, the serial implementation as suggested in Section
5.4 has the advantage of requiring only n flip-flops, but a
disadvantage of requiring n*2% tests(thus increasing the test
time). The number of memory cells required is the same as
that in parallel implementation.

As the main drawback of exhaustive test patterns is
their exponential growth with the number of inputs, such
exhaustive testing is acceptable in cases(most of the
benchmark circuits) where combinational circuits c¢an be
partitioned into subcircuits of about 20 inputs or less to
keep the testing time under control.

Further research in this area needs to focus on relative
effectiveness of the syndrome signature technique as a useful
test compaction tool for fault detection through
implementation of many more real world circuits where
conventional syndromes fail. Also, implementation of such a
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APPENDIX A

PROGRAM LISTINGS

A.l. Program Listing for Example 6.1

C---o---'wiobwtt'tt-wtwwwttwtt-'---tt’q.'-'w't'wt--wwtt*vvvvvtwvtvttvww

o

C NITA GOEZL

c

C EXAMPLE # 1

c

C A CIRCUIT WITH 3 INPUTS AND 1 OQUTPUT
g'-"..'.".Q'*."""'Q*."'tt"""""-"".""'*'Q'*""V*'t"*'-"‘*"
c THE FOLLOWING PROGRAM DESCRIBES HOW TO GENERATE EXHAUSTIVE TEST
C PATTERNS GIVEN THE NUMBER OF INPUTS. IT THEN CALCULATES THE FAULT-
€ FREE SYNDROME AS WELL AS THE FAULTY SYNDROME OF THE FUNCTION. IF
C THE FAULT-FREE SYNDROME IS DIFFERENT FROM THE FAULTY SYNDROME THE
C CIRCUIT IS ‘SYNDROME TESTABLE': OTHERWISE, IT IS NOT AND IT THEN
C PROCEEDS FOR THE *SYNDROME SIGNATURE' TESTING.

C THE PROGRAM NEXT CALCULATES TEE 'SYNDROME SIGNATURE' OF THE FAULT-
C FREE CIRCUIT AND THE FAULTY CIRCUIT. IF THE TWO SIGNATURES ARE

C DIFFERENT, THE CIRCUIT IS 'SYNDROME SIGNATURE TESTABLE'AND IF NOT, WE
C HAVE TO TRY SOME OTHER TESTING METHOD.

C THE FOLLOWING NOTATIONS ARE USED IN DESDCRIBING THE PROGRAM:

C N NUMBER OF INPUTS

C R TOTAL NUMBER OF INPUT COMBINATIONS

c C NUMBER OF COLUMNS IN INPUT ARRAY

C XN} - ONE INPUT COMBINATION OUT QF 2**N COMBINATIONS

C XNEW(N) NEW INPUT ARRAY {(TEMPORARY ARRAY ONLY)

¢ I,J.MK COUNTERS

¢ XN FAULTY INPUT LINE

C XFAULT FAULY IN PRIMARY INPUT (STUCK-AT 0 OR 1)

C XX(N) FAULTY INPUT COMBINATION(OBTAINED BY INSERTING THE
cC FAULT ‘*XFAULT® IN INPUT °'XN'}

c F QUTPUT FUNCTION

C PF(X) PRIMARY QUTPUT ARRAY FOR MULTIPLE-QUTBUT CKTS

C CALF SUBROUTINE TO CALCULATE OQUTPUT FUNCTION F

C ASUM ACTUAL (FAULT-FREE) SYNDROME

C FsSUM FAULTY SYNDROME

C DsuM DIFFERENCE IN ACTUAL AND FAULTY SYNDROMES

C ASUBS(N) ARRAY OF ACTUAL SUBSYNDROMES

C FsSUBS(N) ARRAY OF FAULTY SUBSYNDROMES.

C DSUBS(N) ARRAY OF DIFFERENCE IN ACTUAL AND FAYLTY SUBSYNDROMES
C AF ACTUAL (FAULT-FREE) OUTPUT

C FF FAULTY QUTPUT
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INTEGER R,C,XN,ASUM,FSUM,DSUX,ASUBS{3) ,FSUBS(3}).D8UBS{3),I
1 N,L
LOGICAL X(3),XNEW(3),XM({3).XFAaULY,AF,FF
QOPEN(UNIT = &)
OPEN(UNIT = 7, FILE = *'TP3IN.DAT', STATUS = 'QL
QOPEN(UNIT = 5, FILE = *TPIN.QUT', STATUS = 'QL
READ{7,100) N
C =N
R = 2""N
WRITE(6.200) N, R, C
200 FORMAT(* *, *N=+, I2, * R=', I10, * C=', I2}
DOSL=1,2"N
READ (7,100) XN,XFAULT
100 FORMAT (I2,L1)
C
C STATEMENT BELOW IS USEFUL FOR LARGE INPUT CIRCUITS.
c IR = R/100
c
WRITE(S,2101 XN, XFAULT
210 FORMAT(/* *, 'INPUT *, I2,*' IS STUCK AT ', L1)

c
C INITIALIZE INPUT ARRAYS
c
DO10 I =1, N
X(I}) = .FALSE.
KNEW(I) = .FALSE.

10 XX({I) = .FALSE.
ASUM = 0
FSUM = 0
DO 20 M = 1.N
ASUBS(M)} = 0
FSUBS(M) =0
20 CONTINUE
C
C MAIN CALCULATION LOOP
C
DO 1000 I = 1,R
c IF{((I/IR)*IR - I}.EQ.Q0) WRITE(5,220) I/IR
C 220 FORMAT({" *,I5,' % PROGRAM COMPLETE"')
c GENERATE NEW INPUT ARRAY XNEW AND FAULTY INPUT ARRAY XX
C

IF {I.EQ.1) GO TO 30
DO 30 J =1, N
IF (J.EQ.1) THEN
XNEW(J) = .NOT.X(J)
ELSE
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IF ({.NOT.ENEW(JI-2)) JAD.X(J-1) ) RENEW(J)Y=.NOT.X%I(1J)
A3-1) = Ew(d-1)
ENDIF

HRI(S) = HEENI(D)

AN = MNEW(N)

KAIXN) = KFRULT
CALL CALF (N, X, AF}
CARLL CALF(N,XX,FF)

CALCULATION OF FAULT-TREE AND FAULTY SYNDROME

IF {(AF) ASUM
IF [FF} FSUM

CALCULATION OF FAULTY-FREZIE AND FAULTY SUBSYNDROMES. SUBSYNDROMES
CAN BE OBTAINED BY SETTING THE ith VARIABLE IN F EQUAL TO b
(C OR 1}. HERE IT IS DONE BY SETTING IT C.

DO 40 M = 1,N
IF (.NOT. X(M) .AND. AF) ASUBS(M)
IF (.NOT. X(M) .AND. FF) FSUBS(M}

ASUBS (M} +1
FSUBS (M) +1

CONTINUE

DIVISION OF FINAL ASUM AND FSUM BY 2+**N (ACCORDING TO TEE
DEFINITION OF SYNDROME) IS NOT NECESSARY HERE, AS WE ARE DOING
COMPARISON OF THE TWO SYNDROMES. FOR LARGER VALUES OF N DIVISON
BY 2**N WILL INTRODUCE ROUND OF ERRORS. THE SIMILAR REASON IS
USED IN CACULATING THE SUBSYNDROMES IN WHICH ASUBS(N) AND FSUBS(N)
HAVE TO BE DIVIDED BY 2**(N-1).

DSUM = ABS(ASUM - FSUM)

IF(ASUM .NE. FSUM) THEN
WRITE(6,260)ASUM, FSUM, DSUM

FORMAT(* ', 'ACT, FAUL AND DIFF SYNDROMES : ' ,3I12)
WRITE(6,265)
FORMAT (' ', 'THE CIRCUIT IS SYNDROME TESTABLE')
ELSE
WRITE(6,270)ASUM, FSUM, DSUM
FORMAT(* ', 'ACT, FAUL AND DIFF SYNDROMES : ', 3I12)

WRITE(6, 280)

FORMAT(* °,'THE CIRCUIT IS NOT SYNDROME TESTABLE, TRY'.
' SYNDROME SIGNATURE TESTING'}

DC 50 M =1,N

DSUBS (M)} = ABS{ASUBS{M)} - FSUBS(M})}
WRITE(€,290)ASUBS (M) ,FSUBS (M) , DSUBS (M)
FORMAT(' ', ‘'ACT, FAUL AND DIFF SUBSYNDROMES: ‘',63Il12)

ENDIF
CONTINUE

STOP
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SUBROUTINE CALT(N,Y,

"y

INTEGER N
LOGICAL Y(X),F

= (¥({Z) .AXD. Y{(3)) .OR. (Y(2) .AND. (.NOT. Y(3)))

RETURN
END

A.2, Program Listing for Example 6.2

Cttt'tw'tt'v'--'t'w---w’---vv“w*wﬂw*twtwwttttt'-tt-.---o.ttttwtwtt-011

c

C NITA GOEL

C

C EXAMPLE # 2

c

C A CIRCUIT WITH 5 INPUTS AND 1 OUTPUT
g'*""""***\***QQ*W**‘*W*****'W""‘i"‘i-'t"'".‘i.'..".“..t‘*"ttt-'
c THE FOLLOWING PROGRAM DESCRIBES HOW TO GENERATE EXHAUSTIVE TEST
C PATTERNS GIVEN THE NUMBER OF INPUTS. IT THEN CALCULATES THE FAULT-
C FREE SYNDROME AS WELL AS THE FAULTY SYNDROME OF THE FUNCTION. IF
C THE FAULT-FREE SYNDRCME IS DIFFERENT FROM THE FAULTY SYNDROME THE
C CIRCUIT IS 'SYNDROME TESTABLE'; OTHERWISE, IT IS NOT AND IT THEN
C PROCEEDS FOR THE 'SYNDROME SIGNATURE' TESTING.

C THE PROGRAM NEXT CALCULATES THE 'SYNDROME SIGNATURE' OF THE FAULT-
C FREE CIRCUIT AND THE FAULTY CIRCUIT. IF THE TWO SIGNATURES ARE

C DIFFERENT, THE CIRCUIT IS 'SYNDROME SIGNATURE TESTABLE'AND IF NOT, WE
C HAVE TC TRY SOME OTHER TESTING METHOD.

C THE FOLLOWING NOTATIONS ARE USED IN DESDCRIBING THE PROGRAM:

C N NUMBER OF INPUTS

C R TOTAL NUMBER OF INPUT COMBINATIONS

c C NUMBER OF COLUMNS IN INPUT ARRAY

C X{N) ONE INPUT COMBINATION OUT OF 2*"N COMBINATIONS

C XNEW(N) NEW INPUT ARRAY {(TEMPORARY ARRAY ONLY)

¢ I,7.M,K COUNTERS

c XN FAULTY INPUT LINE

C XFAULT FAULT IN PRIMARY INPUT (STUCK-AT 0 OR 1)

C XX(N) FAULTY INPUT COMBINATION(OBTAINED BY INSERTING THE
C FAULT ‘XFAULT' IN INPUT ‘.l:')

C F OUTPUT FUNCTION

Cc Pr(X) PRIMARY OQOUTPUT ARRAY FOR MULTIPLE-QUTPUT CKTS

C CaLF SUBROUTINE TO CALCULATE QUTPUT FUNCTION F

C ASM ACTUAL (FAULT-FREE]! SYNDRCME

Cc FsuM FAULTY SYNDROME

C DsuM DIFFERENCE IN ACTUAL AND FAULTY SYNDROMES

C ASUBS(N) ARRAY OF ACTUAL SUBSYNDROMES

- 127 -



C  FSUEBS({N) ARPAY QF FAULTY SUESSYNDROMES.

C DSUBS({N) ARRAY OF DIFFERENCE IN ACTUAL AND FAY
C AF ACTUAL(FAULT-FREE)} QUTPUT

c FT FAULTY OUTPUT

o

s

-

SUSSYNDROMES

INTEGER R,C,XN,6ASUM, FSUM, DSUM, ASUBS(5),FSUBS(5),DSUBS(5),I,J,M,

1 N
LOGICAL X(3),XNEW(5),XX(5),XFAULT,AF,F

ry

OPEN(UNIT = 5)
QPEN{UNIT = 7, FILE = 'TP4N.DAT', STATUS = °'QLD'}
QPEN{UNIT = 6, FILE = 'TP4N.OUT', STATUS = °'OLD'}
READ(7,100) N
C =N
R = 2**N
WRITE(6,200) N, R, C
200 FORMAT(* ', 'N=', I2, ' =', 110, * C=', I2)
DOSL=1,2*"N
READ (7,100) XN,XFAULT
100 FORMAT (I2,L1)
c
cC STATEMENT BELOW IS USEFUL FOR LARGE INPUT CIRCUITS.
c IR = R/100
C
WRITE({6,210)XN, XFAULT
210 FORMAT(/' *, 'INPUT *, I2,' IS STUCK AT *, L1)
c
C INITIALIZE INPUT ARRAYS
C
DO10 I =1, N
X(I) = .FALSE.
XNEW(I)} = .FALSE.
10 XX{I) = .FALSE.
ASUM = 0
FSUM = 0
DO 20M = 1,N
ASUBS(M) = 0
FSUBS(M) = 0
20 CONTINUE
c
C MAIN CALCULATION LOOP
c
PO 1000 I = 1,R
C IF({(I/IR)*IR - I).EQ.0) WRITE(S,220) I/IR
C 220 FORMAT(* °*,I5,* % PROGRAM COMPLETE')
c GENERATE NEW INPUT ARRAY XNEW AND FAULTY INPUT ARRAY XX
c
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IF¥ (I.EQ.L1) GO TO %0

D0 305 = 1, N
IF (J.EQ.1) THEN
XNEW{J) = .NOT.X(J)
ELSE
IF {(.NOT.XNEW(J~1)).AND.X(J-1))} XNEW(J)=.NOT.X(J)
X{J-1) = XNEW(S-1)
ENDIF

XX({(J} = XNEW({J)
X{N) = XNEW(N)
XX (XN) = XFAULT

CALL CALF(N,X,AF)
CALL CALF{N,XX,FF

CALCULATION OF

(]

AULT-FREZ AND FAULTY SYNDROMES

ASUM+1
FSUM+1

IF (AF) ASUM
IF {FF) FsUM

CALCULATION OF FAULTY-FREE AND FAULTY SUEBSYNDROMES. SUBSYNDROMES
CAN BE OBTAINED BY SETTING THE ith VARIABLE IN F EQUAL TO b
(0 OR 1). EERE IT IS DONE BY SETTING IT 0.

DO 40 M = 1,N
IF (.NOT. X{M} .AND. AF) ASUBS(M)
IF (.NOT. X{M}) .AND. FF) FSUBS(M)

ASUBS (M) +1
FSUBS (M} +1

CONTINUE

DIVISION OF FINAL ASUM AND FSUM BY 2**N (ACCORDING TO THE
DEFINITION OF SYNDROME) IS NOT NECESSARY HERE, AS WE ARE DOING
COMPARISCN OF THE TWO SYNDROMES. FOR LARGER VALUES OF N DIVISON
BY 2**N WILL INTRCDUCE ROUND OF ERRORS. THE SIMILAR REASON IS
USED IN CACULATING THE SUBSYNDROMES IN WHICH ASUBS(N} AND FSUBS(N)
HAVE TO BE DIVIDED BY 2**(N-1).

DSUM = ABS(ASUM - FSUM)

IF(ASUM .NE. FSUM) THEN
WRITE(6,260)ASUM, FSUM, DSUM

FORMAT(® ', 'ACT, FAUL AND DIFF SYNDROMES : ',3I12}
WRITE(6,265)
FORMAT(' ', 'THE CIRCUIT IS SYNDROME TESTABLE')
ELSE

WRITE(6,270)ASUM, FSUM, DSUM

FORMAT(® ', 'ACT, FAUL AND DIFF SYNDROMES : ', 3I12)

WRITE(6,280)

FORMAT(® °','THE CIRCUIT IS NOT SYNDROME TESTABLE, TRY',

' SYNDROME SIGNATURE TESTING')
DC5S0OM=1,N

DSUBS (M) = ABS(ASUBS(M) - FSUBS(M)}
WRITE(6,230)ASUBS (M) ,FSUBS (M), DSUBS (M)
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250 FORMAT({" ', 'ACT. FAUL AND DIFF SUBSYNDROMES: ',3I12)
ENDIF
3 CONTINUE

STOP
END
SUBROUTINE CALF(N,Y,F)

INTEGER N
LOGICAL Y(N).,F

F = (¥{(l) .AND. (.NOT. ¥(2))} .OR.
1 {(.NQT. ¥Y(1l)) .AND. ¥(3)) .OR.
1 (¥Y{2) .AND. (.NOT. ¥(3))) .OR.
1 (¥{4) .AND. Y(5)) .OR.
1 {(.NOT. Y(4)) .AND. (.NOT. Y(5)}
RETURN
END

A.3. Program Listing for Example 6.3

C"*-*'W***'*"**"*"**-*"""**'****"*""'t't**""*""'*“**‘R*""'

o

C NITA GOEL

c

C EXAMPLE # 3

c

C A CIRCUIT WITH 4 INPUTS AND 1 OQUTPUT

c
C'*Q*"""*-t'**'i*‘i'***'It*****f"'.tt'-'-'**'*“*t‘*‘t'i't*""'**‘*""*
c THE FOLLOWING PROGRAM DESCRIBES HOW TO GENERATE EXHAUSTIVE TEST
C PATTERNS GIVEN THE NUMBER OF INPUTS. IT THEN CALCULATES THE FAULT-
C FREE SYNDROME AS WELL AS THE FAULTY SYNDROME OF THE FUNCTION. IF
C THE FAULT-FREE SYNDROME IS DIFFERENT FROM THE FAULTY SYNDROME TEE
C CIRCUIT IS 'SYNDROME TESTABLE'; OTHERWISE, IT IS NOT AND IT THEN
C PROCEEDS FOR THE 'SYNDROME SIGNATURE' TESTING.

C THE PROGRAM NEXT CALCULATES THE 'SYNDRCME SIGNATURE®' OF THE FAULT-
C FREE CIRCUIT AND THE FAULTY CIRCUIT. IF THE TWQ SIGNATURES ARE

C DIFFERENT, THE CIRCUIT IS 'SYNDROME SIGNATURE TESTABLE'AND IF NOT, WE
C HAVE TO TRY SCME OTHER TESTING METHOD.

C THE FOLLOWING NOTATIONS ARE USED IN DESDCRIBING THE PROGRAM:

C N NUMBER OF INPUTS

C R TOTAL NUMBER OF INPUT COMBINATIONS

c C NUMBER OF COLUMNS IN INPUT ARRAY

c X{m ONE INPUT COMBINATION QUT OF 2**N COMBINATIONS

C XNEW(N} NEW INPUT ARRAY {TEMPORARY ARRAY ONLY)

¢ I,J.MK COUNTERS :

c XN FAULTY INPUT LINE

C XFAULT FAULT IN PRIMARY INPUT (STUCK-AT 0 OR 1)

- 130 -



c XX} FAULTY INPUT COMBINATION({OSTAINED B5Y INSERTING THE
c TAULT *XFAULT' IN INPUT "MN'}

¢ F OQUTPUT FUNCTION

C PF(X) PRIMARY QUTPUT ARRAY FOR MULTIPLE-QUTPUT CKTS

c ~LE SUBROUTINE TO CALCULATE QUTPUT FUNCTION F

C ASUM ACTUAL (FAULT-FREZ)} SYNDROME

c FsuM FAULTY SYNDROME

C DsUM DITFERENCE IN ACTUAL AND FAULTY SYNDROMES

C  ASUSS({N) ARRAY OF ACTUAL SUBSYNDROME

C FSUBS(N) ARRAY OF FAULTY SUBSYNDROMES

C DSUBS(N) ARRAY OF DIFFERENCE IN ACTUAL AND FAYLTY SUSSYNDROMES
c AF ACTUAL(FAULT-FREE) OUTPUT

c FF FAULTY OUTPUT

PROGRAM TPSN

INTEGER R,C,XN,ASUM, FSUM, DSUM, ASUBS{4),FSUBS({4},DSUBS(4),1.J.L,
i M, N
LOGICAL X(4) XNzwW(4) ,XX(4) . XFAULT, AF,FF

OPEN(UNIT = 5)
OPEN(UNIT = 7, FILE = 'TPSN.DAT', STATUS = 'OLD'}
OPEN(UNIT = &, FILE = 'TPSN.QUT', STATUS = 'QLD'}

READ(7,100) N
C =N
R = 2"*N

WRITE(6,200) N, R, C
200 FORMAT(' *, 'N=', I2, ' R=", Ii0, * C=", I2)

DOS L = 1,2*N
READ (7,100) XW,XFAULT
100 FORMAT (IZ2,L1)

c
C STATEMENT BELOW IS USEFUL FOR LARGE INPUT CIRCUITS.
c IR = R/100
c
WRITE(6,210)XN, XFAULT
210 FORMAT(/* *, 'INPUT ', I2,' IS STUCK AT ', L1)
c
C INITIALIZE INPUT ARRAYS
c
DO 0 I =1, N
X{I) = .FALSE.
XNEW(I) = .FALSE.
10 XX(I) = .FALSE.
ASUM = 0
FsuM = 0
DO 20 M =1,N
ASUBS(M) = 0
FSUBS(M) = 0

20 CONTINUE
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DO 1000 Z = 1,R

IF(((Z/IR})"IR - I).EQ.0) WRITE(5,220) I/IR
FORMAT(" *,I5," % PROGRAM COMPLETE')

GENERATE NEW INPUT ARRAY MNEW AND FAULTY INPUT ARRAY XX

IF (I.EQ.1) GO TO 20
PO 30J =1, N
IF (J.EQ.1) THEN
ANEW(J) = .NOT.X(J}
ELSE
IF (({.NOT.XNEW(J-1)).AND.X({(J-1}) XNEW(J}=.NOT.X(J)
X(J-1) = XNEW(J-1)
ENDIF
XX(J) = XNEW(J)
X(N} = XNEW(N)
XX (XN) = XFAULT

CALL CALF(N,X,bAF)
CALL CALF(N,XX,FF)

CALCULATION OF FAULT-FREE AND FAULTY SYNDROMES

IF (AF) ASUM
IF (FF} FSUM

ASUM+1
FSUM+1

CALCULATION OF FAULTY-FREE AND FAULTY SUBSYNDROMES. SUBSYNDROMES
CAN BE OBTAINED BY SETTING THE ith VARIABLE IN F EQUAL TO b
(0 OR 1}. HERE IT IS DONE BY SETTING IT 0.

DO 40 M = 1N
IF {.NOT. X(M) .AND. AF) ASUBS(M)
IF (.NOT. X(M) .AND. FF) FSUBS(M)

ASUBS (M) +1
FSUBS (M) +1

nou

CONTINUE

DIVISION OF FINAL ASUM AND FSUM BY 2**N (ACCORDING TQ THE
DEFINITION OF SYNDROME) IS NOT NECESSARY HERE, AS WE ARE DOING
COMPARISON OF THE TWO SYNDROMES. FOR LARGER VALUES OF N DIVISON
BY 2**N WILL INTRODUCE ROUND OF ERRORS. THE SIMILAR REASON IS
USED IN CACULATING THE SUBSYNDROMES IN WHICH ASUBS(N) AND FSUBS (N}
HAVE TO BE DIVIDED BY 2**(N-1).

DsUM = ABS(ASUM - FSUM)

IF(ASUM .NE. FSUM]} THEN
WRITE(6,260)ASUM, FSUM, DSUM

FORMAT(' ','ACT, FAUL AND DIFF SYNDROMES : *,3I12)

WRITE(6,265)

FORMAT(' *,'THE CIRCUIT IS SYNDROME TESTABLE')
ELSE

WRITE{6,270}ASUM, FSUM, DSUM
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CRMAT{' ', ACT, FAUL AND DIFF SYNDROMNESS L3I

WRITE (6,280}

280 FORMAT(® *','THE CIRCUIT I§ XOT SVNDROME TESTABLE, TRY",
1 © ' SYNDROME SIGNATURE TESTING')

DO 50 M = 1I,N

DSUBS (M) = ABS(ASUBS(M) - FSUSS{M))

50 WRITE(6,280)ASUBS (M), FSUBS (M), DSUBS (M)

280 FORMAT(" °,'ACT, FAUL AND DIFF SUBSYNDROMES: *,3I12)
ENDIF

5 CONTINUE
STOP
END

SUSRCUTINE CALF(N,Y,F

INTEGER N
LOGICAL Y(N),F

F = ((.NOT.Y({1l)) .AND. (.NOT.¥(2)) .AND. (.NOT.¥{(3})) .OR.

1 ((.NOT.Y(l)) .AND. ¥(3) .AND. Y(4)) .OR.

1 (Y(1} .AND. (.NOT.Y¥{2))} .AND. (.NOT.Y(3}) .AND.

1 Y{4)) .OR. ((.NOT.Y({1l)}) .AND. Y{2) .AND. (.NOT.Y(3))
1 LAND. Y{4))

RETURN

END

A.4. Program Listing for Example 6.4

c'**"*'*'ﬁ*"*'*f**"t'i“"'-‘-‘-*'*""""ﬁ'i'tf*tt't"'ttt......*'QI'Q

NITA GOEL
EXAMPLE # 4

DATA SELECTOR/MUX SN74150 (# OF PINS = 24, SELECTS ONE OF SIXTEEN
DATA SOURCES. IT HAS 4 PRIMARY INPUTS AND 1 OUTPUT. CIRCUIT
DESCRIPTION IS GIVEN IN APPENDIX B.

LA S A A 2 AR AL AR S LA lE Rl iRl Rl R R A X ER AR R R R RN R ER B IR IR B R gy

THE FOLLOWING PROGRAM DESCRIBES HOW TO GENERATE EXHAUSTIVE TEST
PATTERNS GIVEN THE NUMBER OF INPUTS. IT THEN CALCULATES THE FAULT-
FREE SYNDROME AS WELL AS THE FAULTY SYNDROME OF THE FUNCTION. IF
THE FAULT-FREE SYNDROME IS DIFFERENT FROM THE FAULTY SYNDROME THE
CIRCUIT IS ‘'SYNDROME TESTABLE'; OTHERWISE, IT IS NOT AND IT THEN
PROCEEDS FOR THE 'SYNDROME SIGNATURE' TESTING.

THE PROGRAM NEXT CALCULATES THE ‘SYNDROME SIGNATURE' OF THE FAULT-
FREE CIRCUIT AND THE FAULTY CIRCUIT. IF THE TWO SIGNATURES ARE
DIFFERENT, THE CIRCUIT IS ‘SYNDROME SIGNATURE TESTABLE'AND IF NOT, WE
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FOLLOWING NOTATIONS ARZ USED IN DESDCRISING THE PROGRAM:

c x NUMBER OF INPUTS

Cc R TOTAL NUMBER OF INPUT CCMBINATIONS

c C NUMBER OF COLUMNS IN INPUT ARTAY

C XN ONE INPUT COMBINATION QUT OF 2**N COMBINATIONS
C  XNEW(N) NEW INPUT ARRAY (TEMPORARY ARRAY ONLY)

c I,JI,M.XK,L COUNTERS

c EM DATA INPUT SET

c XN FAULTY INPUT LINE

C  XFAULT FAULT IN PRIMARY INPUT (STUCK-AT 0 OR 1)

C ZX(N) FAULTY INPUT COMBINATION(OBTAINED BY INSERTING THE
c FAULT °"XFAULT® IN INPUT 'XN')

c F OUTPUT FUNCTION

Cc PF(K) PRIMARY OUTPUT ARRAY FOR MULTIPLE-QUTPUT CKTS
C CALF SUBRQUTINE TO CALCULATE OUTPUT FUNCTION F

C  ASUM ACTUAL(FAULT-FREZ) SYNDROME

C FrsiM FAULTY SYNDROME

C DsSUM DIFFERENCE IN ACTUAL AND FAULTY SYNDROMES

C ASUBS({N} ARRAY QF ACTUAL SUBSYNDROMES

C FSUES({N} ARRAY QF FAULTY SUBSYNDROMES

C DSUBS{N} ARRAY OF DIFFERENCE IN ACTUAL AND FAYLTY SUBSYNDROMES
C AF ACTUAL (FAULT-FREE) OUTPUT

C FF FAULTY OUTPUT

PROGRAM TP6N

INTEGER R,C,XN,ASUM,FSUM, DSUM, ASUBS(4) ,FSUBS(4),DSUBS(4),I,J,.M,
1 L.N
LOGICAL X(4),XNEW(4),XX(4),XFAULT,AF,FF,E(16)

OPEN(UNIT = 5)

OPEN(UNIT = 7, FILE = 'TPS6N.DAT', STATUS = 'OLD')
OPEN(UNIT = 6, FILE = 'TPEN.OUT', STATUS = °‘OLD')
READ(7,100) N

C=N

R = 2*"N

READ(7,110) (E(M), M = 1,16)
1i0 FORMAT(16L2)

WRITE({&,200) N.R,C

200 FORMAT(* *, 'N =*, I2, * R =', I10, *' C =*, I2}
WRITE({6,205)

205 FORMAT(' ‘', 'THE DATA INPUTS ARE:')
WRITE{(&,206) (E{M}, M = 1,16)

206 FORMAT(® *, (16L2})

DO5L =1,2*N
READ(7, 100} XN,XFAULT
100 FORMAT (I2,L1)

STATEMENT BELOW IS USEFUL FOR LARGE INPUT CIRCUITS.
IR = R/100

Nooo
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21¢ TORMAT(/* °* , I2,° I8 STUCK AT ', L)
C
C INITIALIZE INPUT ARRAYS
c
DO 0 I =1, N
X(I) = .FALSE.
XNEZW(I) = .FALSE
10 XX({I)}) = .FALSE.
ASUM = 0
FSUM = 0
DO 20 M = 1,N
ASUBS(M} =0
FSUBS(M) = 9
20 CONTINUE
c
C MAIN CALCULATION LOOP
c
DO 1000 I = 1,R
C IF({(I/IR}"IR - I).EQ.0) WRITE(5,220) I/IR
C 220 FORMAT(* ',I5,* % PROGRAM COMPLETE')
c GENERATE NEW INPUT ARRAY XNEW AND FAULTY INPUT ARRAY XX
c
IF (I.EQ.1) GO TO 90

DO 30T =1, N
IF (J.EQ.1l) THEN

XNEW(J)} = .NOT.X{J)
ELSE
IF ({.NOT.XNEW(J-1)).AND.X(J-1}) XNEW(J}=.NOT.X{(J)
X{J=-1) = XNEW{J-1}
ENDRIF
30 XX (J) = XNEW(J)
90 X(N) = XNEW{N}
XX (XN) = XFAULT

CALL CALF(N,X,E,AF)

CALL CALFI(N,XX.E,FF)
cC
C CALCULATION OF FAULT-FREE AND FAULTY SYNDROMES
e ;

IF (AF) ASUM = ASUM+1

IF (FF) FSUM = FSUM+1
c
C CALCULATION OF FAULTY-FREE AND FAULTY SUBSYNDROMES. SUBSYNDROMES
C CAN BE OBTAINED BY SETTING THE ith VARIABLE IN F EQUAL TO b
C {0 OR 1). HERE IT IS DONE BY SETTING IT 0.
e

DO 40 M = 1,N

IF {.NOT. X(M) .AND. AF) ASUBS(M) = ASUBS{M) +1

40 IF (.NOT. X(M) .AND. FF) FSUBS(M) = FSUBS(M) ~1

1000 CONTINUE
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DIVISION OF FINAL ASUM AND FSUM ZY 2+**N (ACCORDING TO TE
DEFINITION OF SYNDRCME) IS NOT NECESSARY HERE, AS WE ARE DOING
COMPARISON OF THE TWO SYNDROMES. FOR LARGER VALUES OF N DIVISON
BY 2**N WILL INTRODUCE PROUND OF ERRORS. THE SIMILAR REASON IS
USED IN CACULATING THE SUBSYNDROMES IN WHICH ASUBS (N) AND FSUBS(N)
HAVE TO BE DIVIDED BY 27*(N-1).

t

DSUM = ABS({ASUM - FSUM)

IF(ASUM .NE. FSUM) THEN
WRITE(6,260)ASUM, FSUM, DSUM
FORMAT(* ', 'ACT, FAUL AND DIFF SYNDROMES : *,3I12)
WRITE(6,265)
FORMAT{* ', 'THE CIRCUIT IS SYNDROME TESTABLE')

ELSE
WRITE(6,270)ASUM, FSUM, DSUM
FORMAT{' °*,'ACT, FAUL AND DIFF SYNDROMES : YL 3I12)
WRITE(6,280)
FORMAT(' ', 'THE CIRCUIT IS NOT SYNDROME TESTABLE, TRY',
1 ' SYNDROME SIGNATURE TESTING')

DO SC M= 1,N
DSUBS (M) = ABS{ASUEBS(M)} - FSUBS(M))

WRITE(6,290)ASUBS{M),FSUBS{M), DSUBS (M)

FORMAT(' *,'ACT, FAUL AND DIFF SUBSYNDROMES: °,3I12)
ENDIF
CONTINUE

STOP
END

SUBROUTINE CALF(N,Y.E.F)

INTEGER N
LOGICAL Y(N).F.E(16}.A,B

A = (E(1).AND. {.NOT.¥{1l)) .AND. (.NOT.Y(2}) .AND.
(.NOT.Y(3)).AND. (.NOT.¥(4}).0R.E(2) .AND. ( .NOT.
¥(1)).AND. (.NOT.¥{2)) .AND. (.NOT.Y{3}) .AND.Y (4)
.OR.E(3)}.AND. {.NOT.Y (1)) .AND. ( .NOT.Y(2)) .AND.
¥{3).AND. (.NOT.¥(4)).OR.E(4}.AND.{.NOT.¥(1)).AND.
{.NOT.Y(2)) .AND.Y(3) .AND.Y (4).OR. E(S).AND. (.NOT.
Y{1)).AND.Y(2).AND.{.NOT.Y(3)).AND. (.NOT.Y(4))
.OR.E(6).AND. (.NOT.Y({1}) .AND.Y(2) .AND. ( .NOT.Y(3})
-AND.¥(4) .OR.E{(7) .AND. (.NOT.Y{1l)).AND.Y(2) .AND.
¥(3).AND. {.NOT.Y(4)}.OR.E(8) .AND. (.NOT.¥Y (1))
JAND.Y(2) .AND.Y(3) .AND.Y{4)}

B = (E(9).AND.Y (1}

-AND. (.NOT.Y¥Y(2)).AND. (.NOT.Y(3}) .AND. { .NOT.¥{4))
-OR.E(10).AND.Y (1) .AND. (.NOT.Y(2)) .AND. ( .NOT.
Y(3))}.AND.Y(4)}.OR.E{(11).AND.Y¥Y (1) .AND. ( .NOT.
¥{2)).AND. Y{3).AND.{.NOT.Y¥(4)).0R.E{12).AND.

H e B R e

(TSRS

- 136 ~



) .AND. {.NOT.Y(2}) .AND. Y(3).AND.Y(4).OR.

3) .AND.Y (1} .AND.Y(2).AND. {.NOT.Y(3)) .AND.
T.Y(4)).0R. E{14).AND.Y (1) .AND.Y(2) .AND.
-NOT.Y({3}).AND.Y{4} .OR.E{15} .AND.Y {1} .AND.Y(2)
-AND.Y({3) .AND. (.NOT.Y¥(4)}.0R.E(15) .AND.Y (1) .AND.
Y{2}.AND.Y(3) .AND.Y(4})

{
{
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F = .NOT.{(A.OR.3)

A.5. Program Listing for Example 6.5
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NITA GOEL
EXAMPLE # 5

8-INPUT MULTIPLEXER SN74151 (# OF PINS = 16, SELECTS ONE BIT OF
DATA FROM UPTO EIGHT SOURCES. IT HAS 3 PRIMARY INPUTS AND 1 OUTPUT.
CIRCUIT DESCRIPTION IS GIVEN IN APPENDIX B.

"“'Q’.*W‘".iV"".'"‘"*‘*"***"*tt""'.'i.".‘t.i'."'*.‘.ﬁ‘t‘-"l"-‘

THE FOLLOWING PROGRAM DESCRIBES HCW TQ GENERATE EXHAUSTIVE TEST
PATTERNS GIVEN THE NUMBER OF INPUTS. IT THEN CALCULATES THE FAULT-
FREE SYNDROME AS WELL AS THE FAULTY SYNDROME OF THE FUNCTION. IF
THE FAULT-FREE SYNDROME IS DIFFERENT FROM THE FAULTY SYNDRCME THE
CIRCUIT IS 'SYNDROME TESTABLE'; OTHERWISE, IT IS NOT AND IT THEN
PROCEEDS FOR THE 'SYNDROME SIGNATURE' TESTING.

THE PROGRAM NEXT CALCULATES THE ‘'SYNDROME SIGNATURE' OF THE FAULT-
FREE CIRCUIT AND THE FAULTY CIRCUIT. IF THE TWO SIGNATURES ARE
DIFFERENT, THE CIRCUIT IS 'SYNDROME SIGNATURE TESTABLE'AND IF NOT, W&
HAVE TO TRY SOME OTHER TESTING METHOD.

THE FOLLOWING NOTATIONS ARE USED IN DESDCRIBING THE PROGRAM:

N NUMBER OF INPUTS

R TOTAL NUMBER OF INPUT COMBINATIONS

c NUMBER OF COLUMNS IN INPUT ARRAY

X(N) ONE INPUT COMBINATION QUT OF 2**N COMBINATIONS

XNEW{N} NEW INPUT ARRAY {TEMPORARY ARRAY ONLY)

I.J,M.X,L COUNTERS

E(M) DATA INPUT SET

XN FAULTY INPUT LINE

XFAULT FAULT IN PRIMARY .INPUT (STUCK-AT 0 OR 1)

XX (N) FAULTY INPUT COMBINATION(OBTAINED BY INSERTING THE
FAULT 'XFAULT*' IN INPUT "XN') '

F QUTPUT FUNCTION '

PF (K} PRIMARY OUTPUT ARRAY FOR MULTIPLE-QUTPUT CKTS

CALF SUBROUTINE TO CALCULATE OQOUTPUT FUNCTION F

ASUM ACTUAL(FAULT-FREE) SYNDROME

FSUM FAULTY SYNDROME

DsSUM DIFFERENCE IN ACTUAL AND FAULTY SYNDROMES
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C  ASUBS(N) ARRAY OF ACTUAL SUSSYNDROMES
C  FSUZS{N) ARRAY OF FAULTY SUSSYNDROMES
C DSUSS({N) ARPBRY OF DIFFERENCE IN ACTUAL AND FAYLTY SUBSYNDROMES
C AF ACTUAL (FAULT-FREZ) OUTPUT
C FF FAULTY QOUTPUT
PROGRAM TPIN

INTEGER R.C.XN,ASUM, FSUM, DSUM,ASUBS{3) ,FSUBS(3),DSUBS(2),I,J,M,
1 L.N
LOGICAL X(3),XNEW{3),XX(3),XFAULT,AF,FF,E(8)

OPEN({UNIT = 5)
OPEN(UNIT = 7, FILE = *TPTN.DAT', STATUS = 'OLD*)
OPEN{(UNIT = 6, FILE = "TPT7II.OUT', STATUS = 'OLD')

READ(7,110) (E(M), M = 1,8}
110 FORMAT (16L2)

WRITE{6,200) N.R.C

200 FORMAT(' *, 'NW =", IZ2, * R =', I10, ' C ="', I2)
WRITE(6, 205)

205 FORMAT(® *, °'THE DATA INPUTS ARE:')
WRITE(6,206) (E(M), M = 1,8)

206 FORMAT(* °*, ({16L2))

DO S L = 1,2°N
READ(7.100) XN,XFAULT
100 FORMAT (I2,L1)

c

c STATEMENT BELOW IS USEFUL FOR LARGE INPUT CIRCUITS.
c IR = R/100

c

WRITE(6, 210) XN, XFAULT
210 FORMAT(/' ', 'INPUT °*, I2,' IS STUCK AT ', L1)

c
C INITIALIZE INPUT ARRAYS
C
DO1I0T =1, N
X(I) = .FALSE.
XNEW(I) = .FALSE.
10 XX(I) = .FALSE.
ASUM = 0
FSUM = 0
DO 20M=1,N
ASUBS(M) = 0
FSUBS(M) = 0

20 CONTINUE

c
C MAIN CALCULATION LOOP
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DO 1000 I = L,R
IF({(Z/ZR)})"IR - I).E2Q.0) WRITES(S,220) /IR
FORMAT(' *,I5,' % PROGRAM COMPLETE')
GENZRATE NEW INPUT ARRAY XNEW AND FAULTY INPUT ARRAY XX
IF (I.EQ.L) GO TC 90
DO 305 =1, N
IF (J.EQ.1l) THEN
XNEW({J) = .NOT.X(J)
ZLSE
IF ((.NOT.XNEW(J-1)).AND.X{J-1}) XNEW(J}=.NOT.X(J)
£({J-1) = XNEW(J-1)
ENDIF
XX(J) = XNEW(J)
X(N) = XNEW(N)
XK({XN) = XFAULT
CALL CALF(N,X,E,AF)
CALL CALF(N,XX,E,FF)
CALCULATION OF FAULT-FREE AND FAULTY SYNDROMES
IF (AF) ASUM = ASUM+1
IF (FF) FSUM = FSUn+1l
CALCULATION OF FAULTY-FREE AND FAULTY SUBSYNDROMES. SUBSYNDROMES
CAN BE OBTAINED BY SETTING THE ith VARIABLE IN F EQUAL TO b
(C OR 1). HERE IT IS DONE BY SETTING IT 0.
DO 40 M =1,N
IF (.NOT. X(M) .AND. AF) ASUBS(M) = ASUBS(M) +1
IF (.NOT. X{(M) .AND. FF)} FSUBS(M) = FSUBS(M) =+1
CONTINUE

DIVISION OF FINAL ASUM AND FSUM BY 2**"N (ACCORDING TO THE
DEFINITION OF SYNDROME) IS NOT NECESSARY HERE, AS WE ARE DOING
COMPARISON OF THE TWO SYNDROMES. FOR LARGER VALUES OF N DIVISON
BY 2**N WILL INTRODUCE ROUND OF ERRORS. THE SIMILAR REASON IS
USED IN CACULATING THE SUBSYNDROMES IN WHICH ASUBS{N} AND FSUBS(N)
HAVE TO BE DIVIDED BY 2**(N-1).

DSUM = ABS(ASUM - FSUM}

IF(ASUM .NE. FSUM) THEN
WRITE(6,260)ASUM, FSUM, DSUM
FORMAT(' ','ACT, FAUL AND DIFF SYNDROMES : ',b3I12)

WRITE(6,265)

FORMAT(* ',*'THE CIRCUIT IS SYNDROME TESTABLE")

ELSE

WRITE({6,270)ASUM, FSUM, DSUM
FORMAT(' ', 'ACT, FAUL AND DIFF SYNDRCOMES : *,3I12)
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WRITE(5,220)

FORMAT(" ', 'THE CIRCUIT IS NOT SYNDROME TESTABLE, TRY',
i ' SYNDROME SIGNATURE TESTING':

DO S0 M = L,¥%

DSUBS (M) = ABS(ASUBS(M) - FSUBS(M))

WRITE(6,290)ASUBS (M), FSUBS (M), DSUSS (M}
FORMAT(' ', 'ACT, FAUL AND DIFF SUBSSYNDROMES: ',3I13)
ENDIF
CONTINUZ
S5TOP
END

SUBROUTINE CALF(N,Y.E,F)

INTEGER N
LOGICAL Y(N},F.E(8)

F = E{1).AND.(.NOT.Y{1l))}.AND. (.NOT.¥(2)}.AND. {.NOT.¥(3)).0OR.

E{2).AND. (.NOT.Y(1)).AND. (.NOT.¥(2)).AND.Y(3).OR.

E(3) .AND. { .NOT.Y({1)).AND.¥(2) .AND. {.NOT.Y{3)) .OR.
E(4).AND. {.NOT.Y (1)) .AND.Y(2) .AND.Y (3} .0R.

E{5) .AND.Y(1)}.AND.(.NOT.Y¥(2)).AND.{.NOT.¥(3)).OR.
E{6).AND.Y {1} .AND. (.NOT.Y(2}).AND.Y(3) .OR.

E{7).AND.Y (1) .AND.Y(2).AND. (.NOT.Y¥(3)).OR.

E{8} .AND.Y (1) .AND.Y(2).AND.Y(3)

HHERPP PP

RETURN

6. Program Listing for Example 6.6

LA AL LA LS AL LA LALLMl Rl Rl sl Rl Al XXt Rl il XXl X X X g L X X0 2 X )

NITA GOEL
EXAMPLE # 6

THIS EXAMPLE IS AN IMPLEMENTATION OF MULTIPLE-OUTPUT SYNDROME
SIGNATURE. IT HAS 4 PRIMARY INPUTS AND 2 OUTPUTS.

LA A S AL A MM AL AR Al Al S ALl Al R L ARl Rl sl sl R X R A X R 2 X 202 R 2 X K 3

THE FOLLOWING PROGRAM DESCRIBES HOW TO GENERATE EXBAUSTIVE TEST
PATTERNS GIVEN THE NUMBER OF INPUTS. IT THEN CALCULATES THE FAULT-
FREE SYNDROME AS WELL AS THE FAULTY SYNDPOME OF THE FUNCTION. IF
THE FAULT-FREE SYNDROME IS DIFFERENT FROM THE FAULTY SYNDROME THE
CIRCUIT IS °*SYNDROME TESTABLE'; OTHERWISE, IT IS NOT AND IT THEN
PROCEEDS FOR THE °‘'SYNDROME SIGNATURE' TESTING.

THE PROGRAM NEXT CALCULATES THE °SYNDROME SIGNATURE' OF THE FAULT-
FREE CIRCUIT AND THE FAULTY CIRCUIT. IF THEE TWQO SIGNATURES ARE
DIFFERENT, THE CIRCUIT IS ‘SYNDROME SIGNATURE TESTABLE'AND IF NOT, WE
HAVE TO TRY SOME OTHER TESTING METHOD.
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C TEEZ POLLOWING NOTATIONS ARE USED IN DESDCRIBING THE PROGRAM:
N NUMBER OF INPUTS
R TOTAL NUMBER OF INPUT COMBINATIONS
c NUMBER OF COLUNMNS IN INPUT ARRAY
X (N} ONE INPUT COMBINATICON OUT OF 2**N COMBINATIONS
XNEW (N) NEW INPUT ARRAY (TEMPORARY ARRAY ONLY)
I,J,M,K,L COUNTERS
XN FAULTY INPUT LINE
XFAULT TAULT IN PRIMARY INPUT (STUCK-AT 0 OR 1)
X (N) TAULTY INPUT COMBINATION{OBTAINED BY INSERTING THE

FAULT 'XFAULT® IN INPUT 'XN')

NNonNonOonNONNONOOONNOON OO0

F QUTPUT FUNCTION

PF (K} PRIMARY QUTPUT ARRAY FOR MULTIPLE-OUTPUT CKTS
CALF SUBROUTINE TO CALCULATE OUTPUT FUNCTION F
ASUM ACTUAL (FAULT-FREE) SYNDROME

FSUM FAULTY SYNDROME

DSUM DIFFERENCE IN ACTUAL AND FAULTY SYNDROMES
ASUBS (N) ARRAY OF ACTUAL SUBSYNDROMES

FSUBS (N) ARRAY OF FAULTY SUBSYNDROMES

DSUBS (N} ARRAY OF DIFFERENCE IN ACTUAL AND FAYLTY SUBSYNDROMES
AF ACTUAL(FAULT-FREE)} OUTPUT

FF . FAULTY QUTPUT

PROGRAM TPEN

INTEGER R,C, XN, ASUM, FSUM, DSUM, ASUBS {4} ,FSUBS(4),DSUBS(4),I,J,M,
1 L,N
LOGICAL X({4),XNEW(4),XX(4),XFAULT,AF,FF

OPEN(UNIT = 5)
OPEN(UNIT = 7, FILE = 'TPSN.DAT', STATUS = 'OLD')
OPEN(UNIT = 6, FILE = 'TPBN.QUT', STATUS = ‘QLD')
READ(7,100) N
C =N
R = 2**N
WRITE(6,200) N.R,C
200 FORMAT('.', 'N =*, I2, ' R =', Il10, ' C =+, .1I2)
DOSL=1,2"N
READ(7,100) XN,XFAULT
100 FORMAT (I2,L1)
C
C STATEMENT BELOW IS USEFUL FOR LARGE INPUT CIRCUITS.
c IR = R/100
Cc

WRITE(6,210) XN, XFAULT
210 FORMAT({/' °*, *INPUT -, I2,' IS STUCK AT *, L1)

C .
€ INITIALIZE INPUT ARRAYS
c
DO 10 I=1, N
X(I) = .FALSE.
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Cc

ASUM
FSUM

ANEVH{I) =

Z(I) =

1

.FALSE.
- o
A e

LSE.

"
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0
0

B

D0 20 ¥ = 1,N

ASUBS (M)
FSUBS (M)

0
Q

CONTINUE

C MAIN CALCULATION LOO?

C
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DO 1000 I = 1,R

IF(({I/IR)"IR - I}.EQ.0) WRITE(S,220) I/IR

FORMAT(' ',IS5,' % PROGRAM COMPLETE')
GENERATE NEW INPUT ARRAY XNEW AND FAULTY INPUT ARRAY XX
IF {I.EQ.1) GO TOQ 90
DO 30J =1, N
IF (J.EQ.1l) THEN
XNEW(J) = .NOT.X{(J)
ELSE
IF (({.NOT.XNEW{J=-1)).AND.X(J-1)) XNEW(J)=.NOT.X[J)
X(J-1) = XNEW(J-1)
ENDIF
XX(J) = XNEW(J)
X({N} = XNEW(N)
XX (XN} = XFAULT
CALL CALFI(N,X,AF)
CALL CALF(N,XX,FF)
CALCULATION QF FAULT-FREE AND FAULTY SYNDROMES
IF (AF) ASUM = ASUM+1
IF (FF) FSUM = FSUM+1
CALCULATION OF FAULTY-FREE AND FAULTY SUBSYNDROMES. SUBSYNDROMES
CAN BE OBTAINED BY SETTING THE ith VARIABLE IN F EQUAL TO b
(0 OR 1). HERE IT IS DONE BY SETTING IT 0.
DO 40 M = 1.N
IF (.NOT. X(M) .AND. AF) ASUBS(M) = ASUBS{M) +1
IF (.NOT. X(M) .AND. FF} FSUBS(M) = FSUBS(M) +1
CONTINUE

DIVISION OF FINAL ASUM AND FSUM BY 2**N (ACCORDING TQ THE
DEFINITION OF SYNDROME) IS NOT NECESSARY HERE, AS WE ARE DOING
COMPARISON OF THE TWO SYNDROMES. FOR LARGER VALUES OF N DIVISON
BY 2*~N WILL INTRODUCE ROUND OF ERRORS. THE SIMILAR REASON IS
USED IN CACULATING THE SUBSYNDROMES IN WHICH ASUBS(N) AND FSUBS (N)
HAVE TO BE DIVIDED BY 2**(N-1).
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DSUM = ASS(ASUM - FSUNM)

IF(ASUM .NE. FSUM) THEN
WRITE(6,260)ASUM, FSUM, DSUM

FORMAT(' ', 'ACT, FAUL AND DIFF SYNDROMES : ",3I12)
WRITE(6,2635)
FORMAT(' ', 'THE CIRCUIT IS SYNDRCME TESTABLE')
ELSE
WRITE(6,270)ASUNM, FSUM, DSUM
FORMAT(® ', 'ACT, FAUL AND DIFF SYNDROMES i 'L,3I12)
WRITE(6,280)

FORMAT(' ','THE CIRCUIT IS NOT SYNDROME TESTABLE, TRY',

1 ' SYNDROME SIGNATURE TESTING')

DO 50 M = 1,N
DSUBS (M) = ABS{ASUBS(M) - FSUBS(M))
WRITE(6,280)ASUBS (M) ,FSUBS (M), DSUBS (M)
FORMAT(® ', 'ACT, FAUL AND DIFF SUBSYNDROMES: *',3I12)
ENDIF
CONTINUE
STOP
END
SUBROUTINE CALF(N,Y,F)

INTEGER N
LOGICAL Y(N),F,F1,F2

Fl1 = (.NOT.Y{1l)) .AND. (.NOT.Y{2)) .AND. (.NOT.Y(3)}) .OR.

1 (.NOT.Y(1)) .AND. Y(2) .AND. Y(4) .OR.
1 ¥Y(1) .AND. (.NOT.Y{2)) .AND. (.NOT.Y(3}} .AND. Y(4)
1 (.NOT.Y(1)} .AND. (.NOT.Y(2)) .AND. Y(3) .AND. Y(4)
F2 = ¥(2) .AND. (.NOT.Y(3)) .AND. (.NOT.Y(4)} .OR.
1 ¥Y{(1l) .AND. {.NOT.Y(2}) .AND. Y¥(4) .OR.
1 ¥Y{1) .AND. ¥(2) .AND. ¥Y(3) .AND. (.NOT.Y¥(4)) .OR.
1 (.NOT.Y(1)) .AND. Y(2} .AND. Y{3) .AND. Y(4)
IF ((.NOT. Fl) .AND.({.NOT. F2)) THEN
F = .FALSE.
ELSE
IF (F1 .AND. F2) THEN
F = .FALSE.
ELSE
F = .TRUE.
ENDIF
ENDIF
RETURN )
END

- 143 -

.OR.



A.7. Program Listing for ="Cl7*(Table 7.2)
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cC

C NITA GOEL

C

C EXAMPLE & 7

C

C BRBENCEMARX CIRCUIT “C17". IT HAS 5 INPUTS AND 2 QUTPUTS. CIRCUIT

C DESCRIPTION IS GIVEN IN APPENDIX B.

C
C'."-’.ti*’t'-ﬁ-.t.".""."'I"'*"*"'*'"‘"t"i*""""""*'w*I‘"iﬁ
Cc THE FOLLOWING PROGRAM DESCRIBES EOW TO GENERATE EXHAUSTIVE TEST
C PATTERNS GIVEN THE NUMBER OF INPUTS. IT THEN CALCULATES THE FAULT-
C FREE SYNDRCME AS WELL AS THE FAULTY SYNDRCME OF TEE FUNCTION., IF
C THE FAULT-FREE SYNDROME IS DIFFERENT FROM THE FAULTY SYNDROME THE
C CIRCUIT IS 'SYNDROME TESTABLE':; OTHERWISE, IT IS NOT AND I7 THEN
C PROCEEDS FOR THE °‘'SYNDROME SIGNATURE' TESTING.

C THE PROGRAM NEXT CALCULATES THE ‘SYNDROME SIGNATURE®' OF THE FAULT-
C FREE CIRCUIT AND THE FAULTY CIRCUIT. IF THE TWO SIGNATURES ARE

C DPIFFERENT, TEE CIRCUIT IS 'SYNDROME SIGNATURE TESTABLE'AND IF NOT, WE
C HAVE TO TRY SOME OTHER TESTING METHOD.

C THE FOLLOWING NOTATIONS ARE USED IN DESDCRIBING. THE PROGRAM:

C N NUMBER OF INPUTS

C R TOTAL NUMBER OF INPUT COMBINATIONS

c c NUMBER OF COLUMNS IN INPUT ARRAY

C XN} ONE INPUT COMBINATION OUT OF 2**N COMBINATIONS

C XNEW(N) NEW INPUT ARRAY (TEMPORARY ARRAY ONLY)

c I,J.M,K,L COUNTERS

Cc XN FAULTY INPUT LINE

C XFAULT FAULT IN PRIMARY INPUT (STUCK-AT 0 OR 1)

C XX(N} FAULTY INPUT COMBINATION {OBTAINED BY INSERTING THE
c FAULT 'XFAULT' IN INPUT °'XN')

c F OQUTPUT FUNCTION

C PF(K) PRIMARY OQUTPUT ARRAY FOR MULTIPLE-OUTPUT CKTS

C CALF SUBROUTINE TO CALCULATE OUTPUT FUNCTION F

C ASUM ACTUAL {FAULT-FREE) SYNDROME

C FSUM - FAULTY SYNDROME

C DSuM DIFFERENCE IN ACTUAL AND FAULTY SYNDROMES

C ASUBS(N) ARRAY OF ACTUAL SUBSYNDROMES

C FSUBS(N) ARRAY OF FAULTY SUBSYNDROMES

C DSUBS(N) ARRAY OF DIFFERENCE IN ACTUAL AND FAYLTY SUBSYNDROMES
C AF ACTUAL (FAULT-FREE) OUTPUT

C FF FAULTY OUTPUT

PROGRAM TPSN

INTEGER R,C, XN, ASUM, FSUM, DSUM, ASUBS(S),FSUBS(5),DSUBS{S),I,J.M,
1 L.N
LOGICAL X({5),XNEW{5),XX(5),XFAULT,AF,FF

OPEN(UNIT = 5)
OPEN(UNIT = 7, FILE = 'TPON.DAT', STATUS = 'OLD')
OPEN(UNIT = 6, FILE = 'TPON.OUT', STATUS = 'OLD')
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READ(7,100) N
c N
R 2N

"o

WRITE(6,200) N,R,C
200 FORMAT(' *, 'N =', I2Z, " R =", I10, * C =*, I2)

DO S L =1,2*N
READ(7,100) XN, XFAULT

100 FORMAT (I2,L11)}
cC
c STATEMENT BELOW IS USEFUL FOR LARGE INPUT CIRCUITS.
c IR = R/100
c
WRITE({6,210)XN,XFAULT
210 FORMAT(/' ', *INPUT ', I2,°' IS STUCK AT °*, L1}
C
C INITIALIZE INPUT ARRAYS
c
D010 I =1, N
X{I} = .FALSE.
XNEW(I) = .FALSE.
10 XX{I) = .FALSE.
ASUM = 0
FSUM = 0

DO 20 M = 1,N

ASUBS(M) = 0
FSUBS(M) = 0
20  CONTINUE
c
C MAIN CALCULATION LOOP
c
DO 1000 I = 1,R
c IF(((I/IR)*IR - I).EQ.0) WRITE(S5,220} I/IR
c 220 FORMAT(' ',I5,' § PROGRAM COMPLETE')
c GENERATE NEW INPUT ARRAY XNEW AND FAULTY INPUT ARRAY XX
¢
IF (I.EQ.1) GO TO 90
DO 30 J =1, N
IF (J.EQ.1) THEN
XNEW(J) = .NOT.X(J}
ELSE
IF ({.NOT.XNEW{J-1)).AND.X{J-1)) XNEW(J)=.NOT.X(J)
X(J-1) = XNEW(J-1}

ENDIF
30 XX(J) = XNEW(J)
90 X{(N) = XNEW(N)

XX (XN) = XFAULT

CALL CALF(N,X,AF)
CALL CALF(N,XX,FF)
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c CALCULATION OF FAULT-FREEZI AND FAULTY SYNDROMZES
c

IF (AF) ASUM = ASUM+1

IF (FF) FSUM = FSUM+1l
c
C CALCULATION OF FAULTY-FREE AND FAULTY SUBSYNDRCMES. SUBSYNDROMES
c CAXN BE OBTAINED BY SETTING THE ith VARIABLE IN F EQUAL TO b
c (0 OR 1). HERE IT IS DONE BY SETTING IT O.
C

D040 M= 1,N

IF (.NOT. X(M) .AND. AF) ASUBS(M) = ASUBS(M) +1

40 IF (.NOT. X(M) .AND. FF) FSUBS(M) = FSUBS(M) +1
1000 CONTINUE
C
c
c DIVISICON OF FINAL ASUM AND FSUM BY 2**N (ACCORDING TO THE
c DEFINITION OF SYNDROME) IS NOT NECESSARY HERE, AS WE ARE DOING
c COMPARISON OF THE TWO SYNDROMES. FOR LARGER VALUES OF N DIVISON
c BY 2*~N WILL INTRODUCE ROUND OF ERRORS. THE SIMILAR REASON IS
c USED IN CACULATING THE SUBSYNDROMES IN WHICHE ASUBS(N) AND FSUBS(N)
c HAVE TO BE DIVIDED BY 2**(N-1).
c

DSUM = ABS{ASUM - FSUM)

IF{ASUM .NE. FSUM) THEN
WRITE(6.260)ASUM, FSUM, DSUM

260 FORMAT (' *','ACT, FAUL AND DIFF SYNDROMES : ',3I12)
WRITE(6,265)
265 FORMAT(' *,'THE CIRCUIT IS SYNDROME TESTABLE')
ELSE
WRITE(6,270) ASUM, FSUM, DSUM
270 FORMAT(' ', ‘'ACT, FAUL AND DIFF SYNDROMES : ', 3I12)
WRITE({6,280)
280 FORMAT(® ‘', 'THE CIRCUIT IS NOT SYNDROME TESTABLE, TRY',
1 * SYNDROME SIGNATURE TESTING')

DO S0 M=1,N

DSUBS (M) = ABS(ASUBS(M) - FSUBS(M))

50 WRITE{6,290)ASUBS (M}, FSUBS (M) ,DSUBS (M)

290 FORMAT(' *','ACT, FAUL AND DIFF SUBSYNDROMES: ',3I12)
ENDIF

5 CONTINUE
STOP
END

SUBROUTINE CALF(N,Y.F)

INTEGER N

LOGICAL Y(N),F,GATELO,GATEll,GATELE,GATELS,F1,F2
c

C PRIMARY INPUTS 1,2,3,4 AND 5 CORRESPONDS TO GATELl, GATE2, GATES3,
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C GATES AND GATET RESPECTIVELY IN THE CIRCUIT DESCRIPTION OF -~Cl7-.
c ATEL0, GATELL, SATELS, GATELS ARE INTERMEDIATE OUTPUTS AND Fl

C AXND T2 CORRESPONDS 70 PRIMARY QUTPUTS GATEZ2 AND GATEZS

c

GATELC SNQTL Y (L)Y JAND. Y(3))

GATELL LNOT. (Y (3) .AND. Y(4))
GATELS LNOT. (Y(2) .AND. GATEILL)

1]

f ]

]

|

-4

o
o

LNOT. (GATELL JAND. Y(5))

= .NOT. (GATELQ .AND. GATE:
= .NOT.(GATE1E .AND. GATE

C NOW TAXE THE EXCLUSIVE-QR SUM OF THE TWO QUTPUTS.

IF {(.NOT.Fl} .AND. (.NOT.F2)} THEN

F = .FALSE.
ELSE
IF (F1 .AND. F2) THEN
F = .FALSE.
ELSE
F = .TRUE
ENDIF
ENDIF
RETURN
END

A.8. Program Listing for "CRT"(Table 7.3)

c"""""*"""'*-‘--".'tf"‘it'ﬁ‘""“"'“‘.'ﬁ""i't".‘..i't‘tt-.i'

NITA GOEL

EXAMPLE # 8

BENCHMARK CIRCUIT “CKT". IT BAS 6 INPUTS AND 1 OUTPUT. CIRCUIT
DESCRIPTION IS GIVEN IN APPENDIX B.

nNaononnoonn

L2 A X 2L R AR LR LAl R Rl Rl Rl XX Rl Al A Al Al Al Al Al A R A XA R AR LR AR S S

THE FOLLOWING PROGRAM DESCRIBES HOW TO GENERATE EXHAUSTIVE TEST
PATTERNS GIVEN THE NUMBER OF INPUTS. IT THEN CALCULATES THE FAULT-
FREE SYNDROME AS WELL AS THE FAULTY SYNDROME OF THE FUNCTION. IF
THE FAULT-FREE SYNDROME IS DIFFERENT FROM THE FAULTY SYNDROME THE
CIRCUIT IS 'SYNDROME TESTABLE':; OTHERWISE, IT IS NOT AND IT THEN
PROCEEDS FOR THE 'SYNDROME SIGNATURE® TESTING.

THE PROGRAM NEXT CALCULATES THE 'SYNDROME SIGNATURE®' QF THE FAULT-
FREE CIRCUIT AND THE FAULTY CIRCUIT. IF THE TWO SIGNATURES ARE
DIFFERENT, THE CIRCUIT IS ‘'SYNDROME SIGNATURE TESTABLE'AND IF NOT, WE
HAVE TO TRY SOME OTHER TESTING METHOD.

NOonoOnNnOonNoOoOo

s

THE FOLLOWING NOTATIONS ARE USED IN DESDCRIBING THE PROGRAM:

N NUMBER OF INPUTS
R ‘ TOTAL NUMBER OF INPUT COMBINATIONS
c NUMBER OF COLUMNS IN INPUT ARRAY

aon
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FSUM
DsuM
ASUBS (N}
FSUBS (N}
DSUBS (W}
AF

FF

noaonnooaoaoOonooao0nnNnNn
0
p
)

ONZ INPUT COMBINATION OUT OF 2**N COMBINATIONS
NEW INPUT ARRAY (TEMPORARY ARRAY ONLY)
COUNTERS

FAULTY INPUT LINE

FAULT IN PRIMARY INPUT (STUCK-AT 0 OR 1}

FAULTY INPUT COMBINATION({OSTAINED BY INSERTING THE
FAULT 'XFAULT' IN INPUT 'XN'}

QUTPUT FUNCTION

PRIMARY QUTPUT ARRAY FOR MULTIPLE-OUTPUT CKTS
SUSRQUTINE TO CALCULATE QUTPUT FUNCTION F
ACTUAL(FAULT-FREE) SYNDROME

FAULTY SYNDROMEZ

DIFFERENCE IN ACTUAL AND FAULTY SYNDROMES

ARRAY OF ACTUAL SUBSYNDROMES

ARRAY OF FAULTY SUBSYNDROMES

ARRAY OF DIFFERENCE IN ACTUAL AND FAYLTY SUSSYNDROMES
ACTUAL(FAULT-FREE) OUTPUT

FAULTY OUTPUT

PROGRAM TPLON

INTEGER R,C,XN,ASUM,FSUM,DSUM,ASUBS(6) ,FSURS(6),DSUBS(6),1,J,.M,

1 L.N ) *
LOGICAL X(6),XNEW(6},XX(6),XFAULT,AF,FF
OPEN (UNIT = 5)
OPEN{(UNIT = 7, FILE = 'TPlON.DAT', STATUS = 'QLD')
OPEN (UNIT = 6, FILE = 'TPlON.QUT', STATUS = 'OLD')
READ({7,100) N
cC=N
R = 2*"N

WRITE(6,200) N,R,C
200 FORMAT(* *, 'N =', I2, * R ="', I10, ' C =', 12}

DOS L =1,2*N
READ(7,100) XN,XFAULT
100 FORMAT (I2,L1)

C
c STATEMENT BELOW IS USEFUL FOGR LARGE INPUT CIRCUITS.
¢ ° IR = R/100
c
WRITE(6,210)XN, XFAULT
210 FORMAT(/* ', *INPUT *', I2,* IS STUCK AT ', L1)
o4
¢ INITIALIZE INPUT ARRAYS
Cc
DO 10X =1, N
X{I) = .FALSE.
XNEW(I) = .FALSE.
10 XX(I) = .FALSE.
ASUM = O
FSUM = 0
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00

30
90

aoO0nNnnn nnNao

Fs
o

000

nnNnnNoOonNOoOOo0ORr

DO 20 M =1

ASUBS{M) = 0
FSUBS{M} =

CONTINUE

IF{({(I/IR)*IR - I}.EQ.C) WRITE(5,220)} I/IR

FORMAT(' ',I5,' % PROGRAM COMPLETE"')
GENERATE NEW INPUT ARRAY XNEW AND FAULTY INPUT ARRAY XX

IF (I.EQ.1) GO TO 90
DO30J =1, N
IF (J.EQ.1) THEN
XNEW(J) = .NOT.X(J)
ELSE
IF ((.NOT.XNEW(J-1)).AND.X{(J-1}) XNEW{J)=.NOT.X(J)
X{J-1) = XNEW(J-1)
ENDIF
ATy = XNEW(T)
X(N} = XNEW(N)
XX (XN) = XFAULT

CALL CALF(N,X,AF)
CALL CALF(N,XX,FF)

CALCULATION OF FAULT-FREE AND FAULTY SYNDROMES

IF (AF) ASUM
IF (FF} FSUM

ASUM+]
FSUM+1

CALCULATION OF FAULTY-FREE AND FAULTY SUBSYNDROMES. SUBSYNDROMES
CAN BE OBTAINED BY SETTING THE ith VARIABLE IN F EQUAL TO b
(0 OR 1). BHERE IT IS DONE BY SETTING IT 0.

DO 40 M = 1,N
IF (.NOT. X(M) .AND. AF} ASUBS(M)
IF {(.NOT. X(M} .AND. FF} FSUBS(M)

ASUBS (M) +1
FSUBS (M} +1

nu

CONTINUE

DIVISION OF FINAL ASUM AND FSUM BY 2**N {ACCORDING TO THE
DEFINITION OF SYNDROME) IS NOT NECESSARY HERE, AS WE ARE DOING
COMPARISON OF THE TWO SYNDROMES. FOR LARGER VALUES OF N DIVISON
BY 2+*N WILL INTRODUCE ROUND OF ERRORS. THE SIMILAR REASON IS
USED IN CACULATING THE SUBSYNDROMES IN WHICH ASUBS(N) AND FSUBS({(N)
HAVE TO BE DIVIDED BY 2**(N-1).

DSUM = ABS (ASUM - FSUM)

IF{ASUM .NE. FSUM) THEN

WRITE(6,260}ASUM, FSUM, DSUM
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250 FORMAT(' *,'ACT, FRUL AND DIFF SYNDROMES : ",3I12}
WRITE(6,265})

285 FOQRMAT(" ', 'THE CIRCUIT IS SYNDROME TESTABLE'")
ELSE
WRITE(6,270)ASUM, FSUM, DSUM
273 FORMATI(" *,'ACT, FAUL AND DIFF SYNDROME : ', 3I12)
WRITE(&,280)
280 FORMAT(" ','THE CIRCUIT IS NOT SYNDROME TESTABLE, TRY',
i ' SYNDROME SIGNATUREZ TESTING')

DO 50 M = 1,N

DSUBS{M) = ABS(ASUBS(M) - FSUBS{M})

50 WRITE(6,290)ASUBS (M}, FSUBS (M), DSUBS (M)

290 FORMAT(* ','ACT, FAUL AND DIFF SUBSYNDROMES: ', 3I12}
ENDIF

5 CONTINUE
STOP
END

SUBROUTINE CALF(N,Y,F)

INTEGER N
LOGICAL Y(N),F,IQUT7,I0UTE, IOUTS, IOUTLC, IOUT1L, ICUT12

Cc
C 1,2,3.4,5 AND 6 ARE PRIMARY INPUTS AND IOUT7,IOUTS8, IOUTS, IOUT10,
c IOUT11 AND IOUT12 ARE INTERMEDIATE OUTPUTS AS DESCRIBED IN
C THE CIRCUIT DESCRIPTION OF CKT. F CORRESPONDS TO THE PRIMARY
c OUTPUT 13
C

IOUT7 = .NOT. (Y(2) .AND. ¥ (3))

IOUT8 = .NOT. (Y(l) .AND. ICUT7)

IOUTY = .NOT. (Y({4) .AND. IOQOUT7?)

IOUT10 = .NOT. (Y¥{3) .AND. IOUT7}

IOUT11 = .NOT. (Y(6) .AND. IQUTSB)

IOUT12 = .NOT. (IOUT?2 .AND. IOUT1l)

F = .NOT. (ICUT10 .OR. IOUT12)

RETURN
END

A.9. Program Listing for "C432%"(Table 7.4)

C---.t*..!.t..t'-q-Qtt-t't‘*twt*t**'t*-'*w‘thtw‘v*tttt'ttwtt--tt'wv*ttt
NITA GOEL
EXAMPLE # 9

BENCHMARK CIRCUIT "C 432" WITH 18 INPUTS AND 1 OUTPUT (GAT 223)

NnNnNnonononno

LA AL R EEER AR SR EER AR Rl sl sl R XX R YRS EYS RS R R R AR R R ot R 28 X )
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I2

FOLLOWING PROGRAM DESCRIBES HOW TO GENERATE ENHAUSTIVE TEST

RNS GIVEN THE NUMBER OF INPUTS. IT THEN CALCULATES THE FAULT-
SYNDROME AS WELL AS THE L?Y SYNDROME OF THE FUNCTION. IF
FAULT-FREE SYNDROME IS DI RENT FROM THE FAULTY SYNDROME THE
O”hE.IISE, IT IS NOT AND IT THEN

=
-
SR
="

(RS
r

VNGNS D]

o s

AL
e
FE

- ll, 0[’
q;

IRCUIT IS 'SYNDROME TESTABLE':

ROCEEDS FOR THE 'SYNDROMZ SIGNATURE' TESTING.

HE PROGRAM NEXT CALCULATES THE 'SYNDROME SIGNATURE' OF THE FAULT-
REE CIRCUIT AND THE FAULTY CIRCUIT. IF THE TWO SIGNATURES ARE

ERENT, TEE CIRCUIT IS 'SYNDROME SIGNATURE TESTARBLE'AND IF NOT, WE
iAVE TO TRY SOME OTHER TESTING METHOD.

NOOOOOO00n
U'U’—]'UOP] 11 1y

»

C THE FOLLOWING NOTATIONS ARE USED IN DESDCRIBING THE PROGRAM:
cC N WUMBER OF INPUTS

cC R TOTAL NUMBER OF INPUT COMBINATIONS

c C NUMBER OF COLUMNS IN INPUT ARRAY

C X(N) ONE INPUT COMBINATION OQUT OF 2**N COMBINATIONS
C XNEW(N) NEW INPUT ARRAY {TEMPORARY ARRAY ONLY)

¢ I,J,. MK COUNTERS

c XN FAULTY INPUT LINE

C XFAULT FAULT IN PRIMARY INPUT (STUCK-AT 0 OR 1}

c XX(N) FAULTY INPUT COMBINATION(OBTAINED BY INSERTING THE
c FAULT 'XFAULT' IN INPUT ‘'XN°

c F OUTPUT FUNCTION

¢ PF(K) PRIMARY QUTPUT ARRAY FOR MULTIPLE-OUTPUT CKTS
C CALF SUBROUTINE TO CALCULATE OUTPUT FUNCTION F

C ASUM ACTUAL (FAULT-FREE} SYNDROME

C Fs5UM FAULTY SYNDROME

C DsuM DIFFERENCE IN ACTUAL AND FAULTY SYNDROMES

C ASUBS(N) ARRAY OF ACTUAL SUBSYNDROMES

C FSUBS(N) ARRAY OF FAULTY SUBSYNDROMES

C DSUBS(N) ARRAY OF DIFFERENCE IN ACTUAL AND FAYLTY SUBSYNDROMES
C AF ACTUAL (FAULT-FREE) OUTPUT

Cc FF FAULTY OUTPUT

PROGRAM TPI12N1

INTEGER R,C,XN,ASUM, FSUM,DSUM,ASUBS (18) ,FSUBS{18),DSUBS(18).1I.J.M,
1 N
LOGICAL X(18),XNEW(18),XX{18),XFAULT,AF,FF

OPEN (UNIT
OPEN (UNIT
OPEN (UNIT

5)
7, FILE
6, FILE

*TP12N1.DAT', STATUS
*TP12N1.QUT', STATUS

'OLD")
‘OLD"')

READ(7,100) N
cC=2N
R = 2**N
WRITE(6,200) N, R, C
200 FORMAT(' ', ‘'N=', I2, * R=', I10, ' C=', 1I2)

DOSL =1,2"N
READ (7,100} XN,XFAULT
100 FORMAT (I2,L1)

c STATEMENT BELOW IS USEFUL FOR LARGE INPUT CIRCUITS.
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I = R/10C
WRITE(&,210) XN, XFAULT
210 FCRMAT(/ ', 'INPUT ', I2,' IS STUCK AT ', LI)
C
C INITIALIZE INPUT ARRAYS
c
DO 1 I =1, N
X(I) = .FALSE.
ANEW(I) = .FALSE
10 AX(I) = .FALSE.
ASUM = 0
FsuM = 0
DO 20 M = 1,N
ASUBS (M) = 0
FSUBS(M) =0
20 CONTINUE
c
C MAIN CALCULATION LOOP
c
DO 1000 I = 1,R
IF({(I/IR)*IR - I).EQ.Q0) WRITE(5,220) I/IR
220 FORMAT(' ',I5,' % PROGRAM COMPLETE')
C GENERATE NEW INPUT ARRAY XNEW AND FAULTY INPUT ARRAY XX
IF (I.EQ.1) GO TO S0
0O 30 J =1, N
IF (J.EQ.1) THEN
XNEW(J} = .NOT.X(J)
ELSE
IF ({.NOT.XNEW({J-1}).AND.X(J-1)) XNEW(J)=.NOT.X(J)
X({J-1) = XNEW(J-1)
ENDIF
30 XX{J) = XNEW(J)
90 XN} = ANEW(N)
XX (XN) = XFAULT
CALL CALF(N,X,AF)
CALL CALF(N,XX,FF)
c
C CALCULATION OF FAULT-FREE AND FAULTY SYNDROMES
c
IF (AF) ASUM = ASUM+1
IF (FF) FSUM = FSUM+l
c
c CALCULATION OF FAULTY-FREE AND FAULTY SUBSYNDROMES. SUBSYNDROMES
c CAN BE OBTAINED BY SETTING THE ith VARIABLE IN F EQUAL TO b
c {0 OR 1). HERE IT IS DONE BY SETTING IT O.
c )
DO 40 M = 1,N
IF (.NOT. X(M) .AND. AF) ASUBS(M) = ASUBS({M) +1
40 IF (.NOT. X{M) .AND. FF)} FSUBS{M) = FSUBS(M) +1
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FINAL ASUM AND FSUM 3Y 2°*N (ACCORDING TQ THE
DEFINITION OF SYNDROME) IS NOT NECESSARY HERE, AS WE ARE DOING
COMPARISCN OF THE TWO SYNDROMES. FOR LARGER VALUES OF N DIVISON

BY 2+**N WILL INTRODU ROUND OF ERRORS. THE SIMILAR REASON IS

USED IN CACULATING THE SUBSYNDROMES IN WHICHE ASUBS(N) AND FSUBS(N)
HAVE TC BE DIVIDED BY 2-*(N-1).

DSUM = ABS(ASUM - FSUM)

IF(ASUM .NE. FSUM) THEN
WRITE(&,260)ASUN. FSUM, DSUM
FORMAT(* ', 'ACT. FAUL AND DIFF SYNDROMES : *',3I12)
WRITE (6, 265}

FORMAT(" ', 'THE CIRCUIT IS SYNDROME TESTABLE')
ELSE
WRITE(6,270)ASUM, FSUM, DSUM
FORMAT(* ', 'ACT, FAUL AND DIFF SYNDROMES : *,3I12)
WRITE(6,280)
FCRMAT(' ', 'THE CIRCUIT IS NOT SYNDROME TESTABLE, TRY',
1 * SYNDRCME SIGNATURE TESTING')

DO 50 M = 1.N
DSUBS (M) = ABS(ASUBS(M) - FSUBS(M))

WRITE(6E,290)ASUBS (M), FSUBS (M), DSUEBS (M)

FORMAT(' ', 'ACT, FAUL AND DIFF SUBSYNDROMES: ',3I12)
ENDIF
CONTINUE

STOP
END

SUBROUTINE CALF(N,Y.F)

TTTEGER N

LOGICAL Y(N),F,GAT118,GAT122,GAT126,GAT130,GAT134,GAT138,GAT142,
1 GAT146,GAT150,GAT154,GAT1S9,GAT162,GATI65,GAT168, GATL7L,

1 GAT174,GAT177,GAT180,GAT199,GAT223

CALCULATION OF INTERMEDIATE OUTPUTS. INPUTS 1 TO 1B REFFER TQ THE
PRIMARY INPUTS 1, 4, 11, 17, 24, 30, 37, 43, S0, 56, 63, &9, 76, 82,
89, 95, 102, 108 IN THE DESCRIPTION OF "C 432" GIVEN IN APPENDIX B.

GAT118 = .NOT. ¥ (1)
GAT122 = .NOT. ¥Y(3)
GAT126 = .NOT. Y¥(5)
GAT130 = .NOT. ¥{(7)
GAT134 = .NOT. Y(9)
GAT138 = .MOT. Y(1l)
GAT142 = .NOT. Y(13)
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ATI4E LNCTL YIS

GAT1SG = .NCT. Y(iI7)

GATLIS54 = .NOT. {(GATLILIEZ .AXND. Y(2)}

GATISS = .NOT. (GATIZ2 .&AND. Y(4a))

GATISE = _NOT. {GATIZ6 _AND. Y(8})

ATLIES = NOT. (GATL30 .AND. YI(E)})
RT'SE = .NOT. (GATLI34 .AND. Y(10))

GATL71 = .NOT. (GATI3E .AND. Y(12))

GATLIT74 = .NOT. (GATIS2 .AND. Y (14))

GnT_?? = .NOT. (GATi46 .AND. Y (18))

GAT180 = .NOT. (GATLIS50 .AND. Y(18))

GAT199 = GATLS54 .AND. GAT1S5Y .AND. GAT162 .AND. GAT1&6S .AND.
1 ATIE8 .AND. GATITL .AND. GATI74 _AND. GATIT7T .AND.
1 GAT1E0

GAT223 = .NOT. GAT19S

F = GAT223

RETURN

END

A.10. Program Listing for ©"C88G"(Table 7.5)

C'i"'.--"tﬁ--*t.ﬁ-.'-.""‘"-" A A AR A AL AL AR R RS LE S SRR RN ERZER ¥ RE"E NREEE

c

C NITA GOEL

c

C EXAMPLE # 10

c :

C BENCHMARK CIRCUIT "C 880" (PARTITIONED) WITH 13 INPUTS AND & QUTPUTS
C (GAT388,CGAT389,GAT39C,GAT391,GAT418,GAT419, GAT420,GAT421,GAT422)
C-'*".""***.ﬁ*""'**iﬂ"*it'i"' BAAAME ALLLL A LESEEEEARREE R DR X2 L X X 2]
< THE FOLLOWING PROGRAM DESCRIBES HOW TO GENERATE EXHAUSTIVE TEST

C PATTERNS GIVEN THE NUMBER OF INPUTS. IT THEN CALCULATES THE FAULT-
C FREE SYNDROME AS WELL AS THE FAULTY SYNDROME OF THE FUNCTICON. IF

C THE FAULT-FREE SYNDROME IS OIFFERENT FROM THE FAULTY SYNDROME THE

C CIRCUIT IS °‘SYNDROME TESTABLE'; OTHERWISE, IT IS NOT AND IT THEN

C PRCOCEEDS FOR THE °‘SYNDROME SIGNATURE' TESTING.

C THE PROGRAM NEXT CALCULATES THE 'SYNDROME SIGNATURE' OF THE FAULT-
C FREE CIRCUIT AND THE FAULTY CIRCUIT. IF THE TWO SIGNATURES ARE

C DIFFERENT, THE CIRCUIT IS 'SYNDROME: SIGNATURE TESTABLE'AND IF NOT, WE
C HAVE TO TRY SOME OTHER TESTING METHOD.

C THE FOLLOWING NOTATIONS ARE USED IN DESDCRIBING THE PROGRAM:

cC N NUMBFR OF INPUTS

C R TOTAL NUMBER OF INPUT COMBINATIONS

c cC NUMBER OF COLUMNS IN INPUT ARRAY

C X(N) ONE INPUT COMBINATION OUT OF 2**N COMBINATIONS

C XNEW(N) NEW INPUT ARRAY ({TEMPORARY ARRAY ONLV)

¢ I.J.M,K COUNTERS

c Xn FAULTY INPUT LINE

C XFAULT FAULT IN PRIMARY INPUT (STUCK-AT 0 OR 1)

C XX{(N} FAULTY -INPUT COMBINATION({OBTAINED BY INSERTING THE
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C FAULT 'XFAULT® IN IXNPUT "XX*)

c F QUTPUT FTUNCTION

C PF({X) PRIMARY QUTPUT ARRAY FOR MULTIPLE-QUTPUT CHETS
C CaLr SUSBRCUTINE TO CALCULATE QUTPUT FUNCTION F

C  ASUM ACTU AULT-FREE} SYNDROME

¢ FsuM FTAULTY SYNDROME

C D5UM DIFFERENCE IN ACTUAL AND FAULTY SYNDROMES

C ASUBS(N) ARRAY OF ACTUAL SUBSYNDROMES

C FSUBS({N) ARRAY OF FAULTY SUBSYNDROME

C DSUBS(N) ARPAY OF DIFFERENCE IN ACTUAL AND FAYLTY SUBSYNDROMES
Cc &F ACTUAL (FAULT-FREE) QUTPUT

c FF FAULTY QUTPUT

PROGRAM TPI3N

INTECER X,C,XN,ASUM, FSUM,DSUM,ASUBS(13) ,FSUBS({13),DSUBS{13).,I,J.M,

1 N

LOGICAL X(13),XNEW(13},XX(13),XFAULT,AF,FF

OPEN/UNIT = S5}

OPEN(UNIT = 7, FILE = *TP13N.DAT', STATUS = 'OLD')

OPEN{UNIT = 6, FILE = 'TP13N.OUT', STATUS = °*OLD')

READ(7,100) N

C=N

R =2""N

WRITE(6,200) N, R, C
200 FORMAT({* ', °‘'N=", I2, ° =*, Il0, * C=', I2)

DO SL=1,2"N

READ (7,100} XN,XFAULT
100 FORMAT (I2,L1)
c STATEMENT BELOW IS USEFUL FOR LARGE INPUT CIRCUITS.

IR = R/100

WRITE(6,210) XN, XFAULT
210 FOPMAT(/' ', 'INPUT ', I2,' IS STUCK AT ', L1}
c
C INITIALIZE INPUT ARRAYS
c

DO 10 I=1, N

X(I) = .FALSE.
XNEW(I) = .FALSE.

10 XX(I) = .FALSE.

ASUM = 0

FSUM = 0

DO 20 M = 1,N
ASUBS (M)
FSUBS (M)
=20 CONTINUE

0
0

C
C MAIN CALCULATION LOOP
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DO 1000 I = L,B
IF({{I/IR)"IR - I).EQ.0) WRITE(S,220) /IR
220 FORMATI(' *.I5,' % PROGRAM COMPLETE'}
c
c GENERATE NEW INDPUT ARRAY XNEW AND FAULTY INPUT ARRAY XX
C
I (I.EQ.1) GO TO 90
DO 305 = 1, N
IF (J.EQ.1) THEN
YNEW(J) = .NOT.X(J)
ELSE
IF ({.NOT.XNEW{J-1)).AND.X{J-1)} XNEW(J)}=.NOT.X(J)
X{3-1) = XNEW(J-1)
ENDIF
30 XX(J) = XNEW(JT)
30 ¥(N) = XNEUW{N)
XX (XN) = XFAULT
CALL CALF(N,X,AF)
CALL CALF(N,XX,FF)
C
c CALCULATION OF FAULT-FREE AND FAULTY SYNDROMES
c
IF (AF) ASUM = ASUM+1
IF (FF) FSUM = FSUM+l
C
C CALCULATION OF FAULTY-FREE AND FAULTY SUBSYNDROMES. SUBSYNDROMES
C CAN BE OBTAINED BY SETTING THE ith VARIABLE IN F EQUAL TO b
c (0 OR 1). HERE IT IS DONE BY SETTING IT 0.
c
DO 40 M = 1,N
IF (.NOT. X(M) .AND. AF) ASUBS(M) = ASUBS(M) +1
40 IF {.NOT. X{M) .AND. FF) FSUBS(M) = FSUBS(M} +1
1000 CONTINUE
c
C
c DIVISION OF FINAL ASUM AND FSUM BY 2**N {ACCORDING TO TEE
c DEFINITION QF SYNDROME) IS NOT NECESSARY HERE, AS WE ARE DOING
c COMPARISON OF THE TWO SYNDROMES. FOR LARGER VALUES OF N DIVISON
c BY 2**N WILL INTRODUCE ROUND OF ERRORS. THE SIMILAR REASON IS
C USED IN CACULATING THE SUBSYNDROMES IN WHICH ASUBS(N) AND FSUBS(N)
c HAVE TO BE DIVIDED BY 2**(N-1).
C
DSUM = ABS{ASUM - FSUM)
IF(ASUM .NE. FSUM) THEN
WRITE(6,260)ASUM, FSUM, DSUM
260 FORMAT(*' ', 'ACT, FAUL AND DIFF SYNDROMES : ',3Il2)
WRITE(G,265)
265 FORMAT(*' ', ‘'THE CIRCUIT IS SYNDROME TESTABLE')
ELSE
WRITE(6,270)ASUM, FSUM, DSUM
270 FORMAT(' ', *ACT, FAUL AND DIFF SYNDROMES : 'L3ILY)
WRITE(6.280)
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280 FORMAT{' ', 'THE CIRZUIT IS NOT SYNDROMEZ TESTABLE, TRY'
i ' SYNDROME SIGNATURE TESTING')
DO 50 M = 1I,N
DSUBS (M) = ABS(ASUBS(M) - FSUBS(M))
50 WRITE({€,290)ASUBS (M), FSUBS (M), DSUBS (M}
29¢C TORMAT (' ', 'ACT, FAUL AND DIFF SUSSYNDROMES: ',3I12)
ENDIF
5 CONTINUE
sSTO?
END
SUBROUTINE CALF(N,Y,F}
INTEGER N, U
LOGICAL Y(N),F,PF(9),GAT269,GAT270,GAT273,GAT290,GAT291,GAT292,
1 GAT293,GAT295,GAT2596, GAT297,GAT342,GAT344,.GAT35),GAT3I53, GAT354
C
C CALCULATION OF INTERMEDIATE OUTPUTS. INPUTS 1 TO 13 REFFER TO THE
¢ PRIMARY INPUTS i, 8, 13, 17, 26, 29, 36, 42, 59, 75, B0, 85, 86
C RESPECTIVELY IN THE DESCRIPTION OF “C 8B0" GIVEN IN APPENDIX B.
C
GAT269 = .NOT. (Y(l) .AND. Y(2) .AND. Y(3}) .AND. Y(4)}
GAT270 = .NOT. (Y(l) .AND. ¥(5) .AND. ¥(3) .AND. ¥Y(4))
GAT273 = ¥(6) .AND. Y(7}) .AND. Y(8)
GAT2%0 = Y(6) .AND. Y{10) .AND. Y({8}
GAT291 = YI(6) .AND. Y(7) .AND. Y(11l}
GAT292 = Y(6) .AND. Y(7) .AND. Y(8)
GAT293 = Y(9) .AND. Y({10) .AND. Y(11)
GAT295 = Y(9) .AND. Y(7) .AND. Y(1ll}
GAT296 = Y({9) .AND. ¥Y(7) .AND. Y{B)
GAT297 = ¥Y(12}) .AND. Y(13)
GAT342 = .NOT. GAT26%S
GAT344 = GAT270 .OR. GAT273
GAT351 = .NOT. GAT293
GAT3S3 = .NOT. GAT295
GAT354 = .NOT. GAT296
c
C ALL THE S PRIMARY QUTPUTS ARE THE BUFFERED QUTPUTS OF
C PF(l) TC PF(S) RESPECTIVELY
c
PF(1l) = GAT290
PF(2) = GAT291
PF({3) = GAT292
PF{4) = GAT257
PE{5) = GAT342
PF(6) = GAT344
PF(7) = GAT351
PF({8) = GAT353
PF(9) = GAT354

C NOW TAKE
C ABOVE AS

THE EXCLUSIVE-OR SUM OF ALL THE PRIMARY QUTPUTS DESCRIBED
PF(1) TO PF(9).
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86 CONTINUE

RETURN

END

i.8

((.MOT.PF{1}) .AND. (.NOT.PF(U~1)))
= .FARLSE
F (PF(1) _AND. PF{(U+1l)} THEN

F = ,FALSE.

sz

F = ,TRUE

DIF

)

A.ll. Program Listing for

"C880" (Table 7.6)

Cﬁt.*‘ﬁ***‘t'*'w..*"*"*"’***Q*-*ﬁ*"'t-'f"t""'-"""‘."""".-'.'..

nNnononooon

NOnDNONDOONIN

)

XFAULT
XX (N)

F
PF(K)
CALF

NNOonNNDOONMNONONO

NITA GOEL
EXAMPLE # 11

BENCHMARK CIRCUIT “C 880"
(GAT767)

LA A AR AR R R RS ALRELALAL RS sS ARl Rl Rllllll il LRl Ll X RE XA RE R R B XEX 2

NUMBER OF INPUT

TOTAL NUMBER OF INPUT COMBINATIONS

NUMBER OF COLUMNS IN INPUT ARRAY

ONE INPUT COMBINATION OUT OF 2**N COMBINATIONS
{(TEMPORARY ARRAY ONLY)

NEW INPUT ARRAY
COUNTERS

S

FAULTY INPUT LINE

FAULT IN PRIMARY INPUT (STUCK-AT 0 OR 1)

TESTING.

THE FOLLOWING NOTATIONS ARE USED IN DESDCRIBING THE PROGRAM:

(PARTITIONED) WITH 10 INPUTS AND 1 OUTPUT

THE FOLLCWING PROGRAM DESCRIBES HOW TO GENERATE EXHAUSTIVE TEST
PATTERNS GIVEN THE NUMBER OF INPUTS. IT THEN CALCULATES THE FAULT-
FREE SYNDROME AS WELL AS THE FAULTY SYNDROME OF THE FUNCTION.
THE FAULT-FREE SYNDROME IS DIFFERENT FROM THE FAULTY SYNDROME THE
CIRCUIT IS 'SYNDROME TESTABLE': QTHERWISE, IT IS NOT AND IT THEN
PROCEEDS FOR THE 'SYNDROME SIGNATURE'
THE PROGRAM NEXT CALCULATES THE 'SYNDROME SIGNATURE' OF THE FAULT-
FREE CIRCUIT AND THE FAULTY CIRCUIT. IF THE TWO SIGNATURES ARE
DIFFERENT, THE CIRCUIT IS 'SYNDROME SIGNATURE TESTABLE'AND IF NOT, WE
HAVE TO TRY SOME OTHER TESTING METHOD.

ir

FAULTY INPUT COMBINATION(OBTAINED BY INSERTING THE

FAULT ‘'XFAULT'
QUTPUT FUNCTION

PRIMARY OUTPUT ARRAY FOR MULTIPLE-OUTPUT CKTS
SUBROUTINE TO CALCULATE OUTPUT FUNCTION F

IN INPUT
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C  ASUM ACTUAL (FAULT-FREE) SYNDROME

C FsUH FAULTY SYNDROMEZ

C DsUM DIFFERENCE IN ACTUAL AND TAULTY SYNDROMES

C ASUBsS(XN) ARRAY OF ACTUAL SUBSYNDROMES

C FSUBs (W) ARRAY OF FAULTY SU3SYNDROMES

C DsuUss (M) ARRAY OF DIFFERENCE IN ACTUAL AND FAYLTY SUBSYNDROMES
c arF ACTUAL (FAULT-FREE) OUTPUT

c FF FAULTY QUTPUT

PROGRAM TPLI4N

INTEGER R,C,XN,ASUM,TSUM, DSUM,ASUSS(1I0),FSUBS(10),DSUBS(10),I.J,M,
N
LOGICAL X{10) ,XNEW(10),XX{10),XFAULT,AF,FF

[

OPEN(UNIT = 5}
OPEN({UNIT = 7, FILE = 'TPl4N.DAT', STATUS = 'QLD')
OPEN(UNIT = 6, FILE = 'TPl4N.QUT', STATUS = 'QLD'}
READ(7,100) N
C =N
R = 2**N
WRITE(6,200) N, R, C
200 FORMAT(* *, ‘'N=', I2, ' R=-, I10, ' cC=*, I2}
LOSL=1,2*N
READ (7,100} XN,XFAULT
100 FORMAT (I2,L1)
c STATEMENT BELOW IS USEFUL FQR LARGE INPUT CIRCUITS.
IR = R/100
WRITE{6,210) XN, XFAULT
210 FORMAT(/*' ', 'INPUT °*', I2,' IS STUCK AT *'. L1}
c
C INITIALIZE INPUT ARRAYS
C
D0 I=1, N
X{I) = .FALSE.
XNEW(I) = .FALSE.
10 XX{I) = .FALSE.
ASUM = 0
FSUM = 0
DO 20M=1,N
ASUBS(M)} = 0
FSUBS(M} = 0
20 CONTINUE
c
C MAIN CALCULATION LOOP
c
DO 1000 X = 1,.R
IF(({I/IR)"IR - I).EQ.0) WRITE(S,220) I/IR
220 FORMAT(" *,I5,' % PROGRAM COMPLETE')
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(e RS

30
9C

nnNnao

Naoanonon

40

000

nocnonoonnnne

i &ND FAULTY INPUT

IF ((.NOT.XNEW(J-1 KNEW(T)

AlJ-1) = -

ENDIF

H(S) =
X(N) =
LN

ANEW(JT)
ANEW (N}
= XFAULT

CALL CALF(N,X.AF)
CALL CALF(N,XX,FF)
CALCULATION OF FAULT-FREE AND FAULTY SYNDROMES

IF (AF) ASUM
IF (FF) FSUM

ASUM+1
FSUM+1

CALCULATION OF FAULTY-FREE

CAN BE OBTAINED BY SETTING THE ith VARIABLE IN

(0 OR 1). HERE IT IS DONE BY SETTING IT 0.

DO 40 M = 1,N
IF (.NOT. X(M} .AND. AF) ASUBS(M) = ASUBS(M)
IF {.NOT. X(M} .AND. FF) FSUBS{M) = FSUBS(M)

CONTINUE

ARRAY XK

SNOT. X (T}

AND FAULTY SUSSYNDROMES. SUBSYNDROMES

F EQUAL TO b

+1
+1

DIVISION OF FINAL ASUM AND FSUM BY 2**N (ACCORDING TO THE
DEFINITION OF SYNDROME) IS NOT NECESSARY HERE, AS WE ARE DOING
COMPARISON OF THE TWO SYNDROMES. FOR LARGER VALUES OF N DIVISON
BY 2**N WILL INTRODUCE ROUND OF ERRORS. THE SIMILAR REASON IS

USED IN CACULATING THE SUBSYNDROMES IN WHICH ASUBS(N)

HAVE TO BE DIVIDED BY 2**(N-1l).

DSUM = ABS(ASUM - FSUM)
IF(ASUM .NE. FSUM) THEN
WRITE(6,260)ASUM, FSUM, DSUM
FORMAT(® *,'ACT, FAUL AND DIFF SYNDROMES
WRITE(6,265)
FORMAT (*
ELSE
WRITE(6,270)ASUM, FSUM, DSUM
FORMAT(* *,'ACT, FAUL AND DIFF SYNDROMES :

WRITE({6,280)
FORMAT( "'
SYNDROME SIGNATURE TESTING')

DO S0 M = 1I,N
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', 'THE CIRCUIT IS NOT SYNDRCME TESTABLE,
1 L

AND FSUBS (N)

.3I12)

', "THE CIRCUIT IS SYNDROME TESTABLE')

'L, 3I12)

TRY',



nNooon

DSUSS (M) = ABS(ASU

38(M)

- FSUSS (M

L]

FO
ENDIF

EobS -t

WRITE(S,280)ASUSS (M), TSUSS (M),
EMAT ("

CONTINUE

5T0OP
END

SUBROUTINE

{

', tAacT,

CALF(N,Y,F)

INTEGER N

LOGICAL Y({N)},F,GAT3CLl,GAT302,GAT303,GAT304,.CGAT305, GAT306, GAT307,

B s e

CALCULATION OF INTERMEDIATE QUTPUTS.
PRIMARY INPUTS 91, 96,
RESPECTIVELY IN TEE DESCRIPTION OF

GAT301
GAT302
GAT303
GAT304
GAT30S
GAT306
GAT307
GAT308
GAT357
GAT360
GAT363
GAT366
GAT404
GAT405
GAT406
GAT407
GAT408
GAT409
GAT425
GAT426
GAT460
GAT463
GAT498
GAT499
GATSCO
GATS01
GATS530
GATS33
GATS50
GATSS1
GATSS2
GATS588
GATE60

[ I | 1 T 1 O ¢ T ¥ [ | ¢ [T | O | { O A { Y TN I | O | T Y [

101, 106, 111,

.NOT. (Y¥Y{i) .AND. Y(2))
¥{l) .OR. Y¥({(2)

-NOT. (Y(3) .AND. Y(4))
¥{3) .OR. Y{4)

-NOT. (YI(5) .AND. Y(6)}
Y(5) .OR. Y{(6)

LNOT. (Y(7) .AND. Y(8)}
¥{7} .OR. Y(8B)

-NOT. (GAT30l .AND. GAT302)
-NOT. (GAT303 .AND. GAT304)
-NOT. (GAT305 .AND. GAT306)
-NOT. (GAT307 .AND. GAT308)
.NOT. GAT357

.NOT. GAT360

GAT357 .AND. GAT360

.NOT. GAT363

-NOT. GAT366

GAT363 .AND. GAT366
GAT404 .AND. GAT405
GAT407 .AND. GAT408

-NOT. {(GAT406 .OR. GAT425)
-NOT. (GAT409 .OR. GAT426)
NCT. (¥{S) .AND. GAT460)
Y{9) .OR. GAT460

-NOT. (GAT463 .AND. Y(10))

GAT463 .OR. Y{10)

-NOT. (GAT498 .AND. GAT499)
-NOT. (GATS00 .AND. GATS501)
-NOT. GATS30

.NOT. GATS533

GATS30 .AND. GATS33

GATSS0 .AND. GATSS51

.NOT. (GATS552 .OR. GATS88)
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AUL AND DIFF SUSSYNDRCOMES:

INPUTS 1
116,
*C 880" GIVEN

(3]
1]
ts
—

(Y]

GAT3I08, GAT357,GAT360,GAT363,GAT366, GATA04, GAT405, GATA06, GATI07 .,
GAT408,GAT409,GAT425,GAT426. GAT460,G
GAT501,GATS30,GATS33,GATS50, GATS51, GATS52, GATSSS, GATE6D

AT463,GAT498, GAT4A99,GATS00,

TO 10 REFFER TO THE
126, 130, 135
IN APPENDIX B.

121

L



o
C THEE PRIMARY OUTPUT GAT7S7 IS THE BUFFERED QUTPUT OF GATSEE0
c

A.12. Program Listing for ©Ccl7"(Table 7.7)

e P T P s A s s s N A N T N T N R T AN R A PR T TR N T T AT AN AN N RN E TN WA,

<

C NITA GOEL

c

C EXAMPLE # 1

C

C BENCHMARK CIRCUIT ~Cl7-. IT EAS 5 INPUTS AND 2 OUTPUTS. CIRCUIT

c DESCRIPTION IS GIVEN IN APPENDIX B. (TESTING FOR INTERNAL NODE

c FAULTS)

c
c'.‘-."tﬁ.-Q*'..'Q..---".-"'--"'Q*"Q'**-'."ﬁ""""'.**‘.******“'tf"'
c THE FOLLOWING PROGRAM DESCRIBES HOW TO GENERATE EXHAUSTIVE TEST
C PATTERNS GIVEN THE NUMBER OF INPUTS. IT THEN CALCULATES THE FAULT-
C FREE SYNDROME AS WELL AS THE FAULTY SYNDROME OF THE FUNCTION. IF
C THE FAULT-FREE SYNDROME IS DIFFERENT FROM TEE FAULTY SYNDROME TEE
C CIRCUIT IS ‘'SYNDROME TESTABLE'; QTHERWISE, IT IS NOT AND IT THEN
C PROCEEDS FOR THE *'SYNDRCME SIGNATURE' TESTING.

C THE PROGRAM NEXT CALCULATES THE ‘SYNDROME SIGNATURE®' OF THE FAULT-
€ FREE CIRCUIT AND THE FAULTY CIRCUIT. IF THE TWO SIGNATURES ARE

C DIFFERENT, THE CIRCUIT IS ‘SYNDROME SIGNATURE TESTABLE'AND IF NOT, WE
C HAVE TO TRY SOME OTHER TESTING METHOD.

C THE FOLLOWING NOTATIONS ARE USED IN DESDCRIEING THE PROGRAM:

C N NUMBER OF INPUTS

C R TOTAL NUMBER OF INPUT COMBINATIONS

c cC NUMBER OF COLUMNS IN INPUT ARRAY

c IN NUMBER OF INTERNAL NODES

c XN ONE INPUT COMBINATION OUT OF 2*"N COMBINATIONS

C XNEW(N) NEW INPUT ARRAY (TEMPORARY ARRAY ONLY)

¢ I,J,M.K.L COUNTERS

C GN FAULTY INTERNAL NODE

C GFAULT FAULT IN INTERNAL NODE {STUCK-~AT 0 OR 1)

C F QUTPUT FUNCTION

C PF{K) PRIMARY OUTPUT ARRAY FOR MULTIPLE-OUTPUT CKTS

< CALF SUBROUTINE TO CALCULATE OUTPUT FUNCTION F

C ASUM ACTUAL (FAULT-FREE) SYNDROME

C FsuM FAULTY SYNDROME

¢ DsuM DIFFERENCE IN ACTUAL AND FAULTY SYNDROMES

C ASUBS(N) ARRAY OF ACTUAL SUBSYNDROMES

C FSUBS(N) ARRAY OF FAULTY SUBSYNDROMES

C DSUBS{N) ARRAY OF DIFFERENCE IN ACTUAL AND FAYLTY SUBSYNDROMES
C AF ACTUAL (FAULT-FREE) OQUTPUT

¢ FF FAULTY OUTPUT
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PROGRAM TP3NN

INTEGER R,C,GN,ASUM, FSUM, DS, ASUBS (5) ,FSUBS(5),DSUBS(S), I.J. M,
i L,N,IN
LOGICAL X(B5),XNEW({3),GFAULT,AF

ry

v

OPEN (UNIT = 5;
OPEN(UNIT = 7, FILE = 'TPONN.DAT', STATUS = 'OLD®
OPEN(UNIT = 6, FILE = 'TPSNN.QUT', STATUS = 'OLD®
READ(7,100) N
READ({7,100) IN
C =N
R =2""N
WRITZ(6,200) N.R,C,IN
200 FORMAT(* *, 'N =", I2, ' R =*, I10, * C =*, I2, ' INTERNAL NCDES
1 =', I3)

DO S L =1,2"IN
READ(7,100) GN,GFAULT
100 FORMAT (I2,L1}

C
C STATEMENT BELOW IS USEFUL FOR LARGE INPUT CIRCUITS.
< IR = R/100
cC
WRITE(6,210)GN,GFAULT
h210 FORMAT(/' ', 'INTERNAL NODE G', I2,' IS STUCK AT ', L1}
c
C INITIALIZE INPUT ARRAYS
c
DO10I =1, N
X({I) = .FALSE.
10 XNEW(I) = .FALSE.
AStUM =0
FSuM = 0
DO 20 M = 1,N
ASUBS(M) =0
FSUBS{M) = 0
20 CONTINUE
c
C MAIN CALCULATION LOQP
C
DO 1000 I = 1,R
C IF(((I/IR)*IR - I).EQ.0) WRITE(S,220) I/IR
Cc 220 FORMAT(® *,IS,' % PROGRAM COMPLETE')
Cc GENERATE NEW INPUT ARRAY XNEW
Cc

IF (I.EQ.1) GO TO 50
DO30JT =1, N
IF (J.EQ.1l) THEN
XNEW(J) = .NOT.X(J)
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a0

0O

40

O]

osv—
s I

[}
"y

((.NOT.XNEW(J-1)).AND.X(S-1)) MXNEW(J)=.KOT.X(J)
A(JI-1) = KNEW(I-1)

zZNDIF
CONTINUE
Z(N) = XENEWI(N)

CALL CALF{N,X,0,GFAULT,AF)
CALL CALF(N,X,GN,GFAULT,FF)

CALCULATION OF

5]

AULT-FREE AND FAULTY SYNDROMES

IF (AF) ASUM
IF (Fr} FSUM

ASUM+1
FSUM+1

won

CALCULATION OF FAULTY-FREE AND FAULTY SUBSYNDROMES. SUBSYNDROMES
CAN BE OBTAINED BY SETTING THE ith VARIASLE IN F EQUAL T0O b
(0 OR 1). HERE IT IS DONE BY SETTING IT 0.

DO 40 M = 1,N
IF (.NOT. X(M) .AND. AF) ASUBS (M}
IF (.NOT. X(M) .AND. F FSUBS (M)

ASUBS (M) +1
FSUBS(M) +1

1000 CONTINUE

nNooonNnonNnnn

280

50
290

DIVISICN QF FINAL ASUM AND FSUM BY 2**N (ACCORDING TOQ THE
DEFINITION OF SYNDROME) IS NOT NECESSARY EERE, AS WE ARE DOING
COMPARISON OF THE TWO SYNDROMES. FOR LARGER VALUES OF N DIVISON
BY 2»"N WILL INTRODUCE ROUND OF ERRORS. THE SIMILAR REASON IS
USED IN CACULATING THE SUBSYNDROMES IN WHICH ASUBS(N) AND FSUBS(N)
HAVE TO BE DIVIDED BY 2**(N-1).

DSUM = ABS(ASUM - FSUM)

IF{ASUM .NE. FSUM) THEN
WRITE(6,260)ASUM, FSUM, DSUM

FORMAT(' ', 'ACT, FAUL AND DIFF SYNDROMES : *',3I12)
WRITE(6,265)
FORMAT(' °*,'THE CIRCUIT IS SYNDROME TESTABLE')
ELSE
WRITE(6,270)ASUM, FSUM, DSUM

FORMAT(' ', 'ACT, FAUL AND DIFF SYNDROMES : 'L3I12)

WRITE(6,280)

FORMAT{* ', 'THE CIRCUIT IS NOT SYNDROME TESTABLE, TRY',
' SYNDROME SIGNATURE TESTING')

DO SOM=1,N

DSUBS (M) = ABS(ASUBS (M) - FSUBS(M))
WRITE(6,290)ASUBS (M), FSUBS (M) , DSUBS (M)
FORMAT(* '.'ACT, FAUL AND DIFF SUBSYNDROMES: *',3I12)
ENDIF
CONTINUE

STOP
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nNoaoaonNnnn

ZND

SUBROUTINE CALF(N,Y,GN,GFAULT,F)

INTEGER N,GN
LOGICAL ¥Y(N),F,F1,F2,G(4),GFAULT

PRIMARY INPUTS 1,2,3,4 AND 5 CORRESPOND TO GATEl, GATE2, GATES3,
GATEE AND GATE7 RESPECTIVELY. G(l) TOQ G{(5) REFER TO GATELQ,
GATE1l, GATELé AND GATEL® DESCRIBED AS INTERMEDIATE OUTPUTS IN
THE CIRCUIT DESCRIPTION OF "Cl7*. F1 AND F2 CORRESPOND TO PRIMARY
OUTPUTS OF GATE22 AND GATE23.

G(l) = .NOT. (Y{(l}) .AND. Y(3})
G(2) = .NOT. (Y{(3) .AND. ¥(4})
G(3) = .NOT. (Y(2) .AND. G(2})
G({4) = .NOT. (G{2) .AND. Y(S})

IF (GN .EQ. 0} THEN

Fl
F2

LNOT. (G(l) .AND. G({3})
-NOT. (G{3) .AND. G(43)

ELSEIF {((GN .EQ. 1) .OR.(GN .EQ. 3) .OR. (GN .EQ. 4)) THEN

G(GN) = GFAULT
Fl -NOT. {G{1l) .AND. G(3})
F2 -NOT. (G(3) .AND. G(4}}

ELSEIF (GN .EQ. 2) THEN

G(GN) = GFAULT

Fl = .NOT. (G{l) .AND. (.NOT. (Y¥{(2) .AND. G{(2))})
F2 = .NOT. (.NOT. (Y(2) .AND. G(2)) .AND. (.NOT. (G{2)} .AND.
¥(5})))
ENDIF

C NOW TAKE THE EXCLUSIVE-OR SUM OF THE TWO OUTPUTS.

IF ({.NOT.Fl) .AND. (.NOT.F2)) THEN

F = .FALSE.
ELSE
IF (Fl1 .AND. F2) THEN
F = .FALSE.
ELSE
F = .TRUE.
ENDIF
ENDIF
RETURN
END
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A.13. Program Listing for

"CKT" (Table 7.8)

Ot s s s R S s R S T P E T B N R T N T W T T R P T NP PN TR TT RPN ST NG AL N .

s EeNeNs N NS NN N

NITA GOEL

A

EXAMPLE # 2

BENCHMARK CIRCUIT "CKT". IT HAS 6 INPUTS AND 1
DESCRIPTION IS5 GIVEN IN APPENDIX B. (TESTING FOR INTERNAL NODE
FAULTS)

QuUTPUT

. CIRCUIT

Ccrt-.----oa----..--'-----‘."'-.'pt'ttvtwwwwcrvrtwvwwwwtw't*vvt'---v-ﬁt-.

NNOonOoOaoOonn

N

NOoONOOOnNONONONOONONOONnON

THE FOLLOWING PROGRAM DESCRIBES EHOW TO GENERATE EXHAUSTIVE TEST
PATTERNS GIVEN THE NUMBER OF INPUTS.

FREE SYNDROME AS WELL AS

IT THEN CALCULATES THE FAULT-

THE FAULTY SYNDROME OF THE FUNCTION. IF

THE FAULT-FREE SYNDROME IS DIFFERENT FROM THE FAULTY SYNDROME THE

CIRCUIT IS 'SYNDROME TESTABLE';

OTHERWISE,

PROCEEDS FOR THE 'SYNDROME SIGNATURE' TESTING.

THE PROGRAM NEXT CALCULATES THE

*SYNDROME SIGNATURE'

IT IS NOT AND IT THEN

QF TEE FAULT-

FREE CIRCUIT AND THE FAULTY CIRCUIT. IF THE TWO SIGNATURES ARE
DIFFERENT, THE CIRCUIT IS °*SYNDROME SIGNATURE TESTABLE'AND IF NOT.

HAVE TO TRY SOME OTHER TESTING METHOD.

THE FOLLOWING NOTATIONS ARE USED IN DESDCRIBING THE PROGRAM:

WE

N NUMBER OF INPUTS
R TOTAL NUMBER OF INPUT COMBINATIONS
c NUMBER OF COLUMNS IN INPUT ARRAY
IN NUMBER OF INTExRNAL NODES
XN ONE INPUT COMBINATION OUT OF 2**N COMEINATIONS
XNEW (N) NEW INPUT ARRAY (TEMPORARY ARRAY ONLY)
I,9.M,K,L COUNTERS
GN FAULTY INTERNAL NODE
GFAULT FAULT IN INTERNAL NODE (STUCK-AT 0 OR 1}
F OUTPUT FUNCTION
PF(K) PRIMARY QUTPUT ARRAY FOR MULTIPLE-QUTPUT CKTS
CALF SUBRCUTINE TO CALCULATE OUTPUT FUNCTION F
ASUM ACTUAL (FAULT-FREE) SYNDROME
FSUM FAULTY SYNDROME
DSUM DIFFERENCE IN ACTUAL AND FAULTY SVYNDROMES
ASUBS (N} ARRAY OF ACTUAL SUBSYNDROMES
FSUBS (N) ARRAY OF FAULTY SUBSYNDROMES
DSUBS (N} ARRAY OF DIFFERENCE IN ACTUAL AND FAYLTY SUBSYNDROMES
AF ACTUAL{FAULT-FREE) OUTPUT
FF FAULTY QUTPUT
PROCGRAM TP4NN
INTEGER R,C,GN,ASUM, FSUM, DSUM,ASUBS(6) ,FSUBS{6) ,DSUBS(6),I,J.M,
1 L,N,IN
LOGICAL X(6),XNEW(6),GFAULT,AF,FF
OPEN(UNIT = 5)
OPEN(UNIT = 7, FILE = 'TP4NN.DAT', STATUS = 'OLD')
OPEN{UNIT = &, FILE = 'TP4NN.OUT', STATUS = 'QLD*)
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21

C

]

0

[

READ{7,100) X

READ(7,100) IN

¢ =N

R = 2**N

WRITE(6,200) N,R,C.IN

FORMAT(* *, 'N =+, I2 R o=', I1D0, C
="', I3)

DOS L =1,2"IN

READ(7,100) GN,GFAULT

FORMAT (I2,L1)

STATEMENT BELOW IS USEFUL FOR LARGE INPU

IR = R/1CO

WRITE(6,210)GN,GFAULT

FORMAT(/"' ', *'INTERNAL NODE G', I2.°

C INITIALIZE INPUT ARRAYS

c

10

20

c

DO 10 I =1, N
X{I) = .FALSE.
XNEW(I) = .FALSE.

ASUM
FSUM

I

0
0
DO 20 M =

ASUBS (M)

FSUBS (M)
CONTINUE

1.N

o o

C MAIN CALCULATION LOO?P

c

c
c
c
c

30
90

2

20

DO 1000 I = 1,R

IF{((I/IR)*IR - I).EQ.0) WRITE(S5,220) I/IR

FORMAT(* ',I5,’

% PROGRAM COMPLETE")

GENERATE NEW INPUT ARRAY XNEW

IF (I.EQ.1) GO TO 90
PO 30 J =1, N

IF (J.EQ.1l)} THEN

XNEW(J) =

LNOT.X(J)

ELSE

IF ({.NOT.XNEW(J-1)}).AND.X(J-1}))

X{J-1) =
ENDIF
CONTINUE
X{N} = XNEW(N)

XNEW(J-1)

CALL CALF(N,X,0,GFAULT,AF)

CALL CALF({(N,X,GN,

GFAULT, FF}
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CALTULATION QF FAULT-TREE AXND FAULTY SYNDROMES

00N

IF (AF) ASUM = ASUH-L
IF (F7) T8UM = FsUil-1
C
< CALCULATION OF ! SUBSYNDROMES. SUBSYNDROMES
< CAN 22 GZTAINED VART F EQUAL TC b
N {0 OR I} HERE IT IS DONE BY SETTING IT 0.
<
DO 40 ¥ = 1IN
IF (.NOT. X{M) .AND. AF) ASUBS(M}) = ASUBS(M) +1
A IF (.NOT. X(¥) .AND. FF)} FSUBS{M}) = FSUBS(M) +1
1000 CONTINUE
c
C
c DIVISION OF FINAL ASUM AND PSUM BY 2~ N (ACCORDING TO TET
c DEFINITION OF SYNDROME) IS NOT NECESSARY HERE, AS WE ARE DOING
c COMPARISON OF THE TWU SYNDROMES. FOR LARGER VALUES OF N DIVISON
c BY 2+**N WILL INTRODUCE ROUND OF ERRORS. THE SIMILAR REASON IS
c USED IN CACULATING THEI SUBSYNDROMES IN WHICH ASUBS(N) AND FSUBS(N}
c HAYE TO BE DIVIDED BY 2**({N-1).
c
DSUM = ABS{ASUM - FSUM)
IF(ASUM .NE. FSUM) THEEN
WRITE6,260)ASUM, FSUM, DGUM
260 FORMAT (' *,'ACT. FAUL AND DIFF SYNDROMES : ',3XIl2)
WRITE(6,265)
265 FORMAT(* ', THE CIRCUIT IS SYNDROME TESTABLE')
ELSE
WRITE(6,279)ASUM, FSUM, DSUM
270 FORMAT(* ', ACT, FAUL AND DIFF SYNDROMES : *,3I12)
WRITE{6&,280)
280 FORMAT(" ', 'THE CIRCUIT IS NOT SYNDROME TESTABLE, TRY',
1 * SYNDROME SIGNATURE TESTING'}
DO SOM=1,N
DSUBS (M) = ABS(ASUBS(M) - FSUBS(M))
5S¢ WRITE(6,290)ASUBS (M), FSUBS (M), DSUBS (M)
290 FORMAT(* ', 'ACT, FAUL AND DIFF SUBSYNDROMES: °',3I12)
ENDIF
5 CONTINUE
sTC?
END
SUBRQUTINE CALF{N,Y,GN.GFAULT,F)
INTEGER N,GN
LOGICAL Y(N),.F,G(6).GFAULT
c
C 1,2,3,4.5 AND 6 ARZ PRIMARY INPUTS AND G(l) TO G(6) ARE
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INTERMEDIATE QUTPUTS DEISCRISED
I AND IOUTLIZ IN THE

PRIMARY QUTPUT 13

Valws s

G(1) = .NOT. (Y{2) .AND. Y (3
G{2) = .NOT. (Y{i) .aXD. G(1i})
G{3) = .NOT. (Y(4) .AND. G(1))
Gl=) = .NCT. (Y¥(3) .aND. G(1))
G{%} = .NOT. {Y(5) .aND. G{2)}
G(5) = .NCT. (G(3) .AND. G(35))

IF (GX .EQ. () THEN
.OR. G(&))
THEN

F = NOT. (.NOT.

LAND. G(1))
G(L)I NN

(¥ (5]}
LAND.

(GN .EQ. 2) THEN
FAULT

(Gr4) .OR.
G211

G({GN) =
F = .NOT.
LAND.

{.NOT.

ELSEIF (GN .EQ. 3) THEN

GIGN)} = GFAULT

F = .NOT. (G{4) .OR. (.NOT.

ELSEIF ((GN .EQ. 4} .OR. (GN
G (GN)

F =

= GFAULT
.NOT. (G{4) .OR. G{(8))

ELSEIF (GN .EQ. 5) THEN

G({GN)
F =

= GFAULT

-NOT. (G(4} .OR. (.NOT.
ENDIF

RETURN
END
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IRCUIT DESCRIPTION

JAND,
{.NOT.

ICUTT, ICUTS, ICUTe, IoUT L

OF CXT.

G(1))
{(¥(8)

.OR.
LAND.

{.NOT.
{ .NOT.

{ .NOT.
{v(1)

(Y ({3}
-AND,

{G(3} .AND. (.NOT. (Y{&)

(G(3) .AND. G(5)}))

.EQ. 6}) THEN

(G(3) .AND. G(3))))



A.l4. Program Listing for 224327 (Tablile 7.9)
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NNONOONDNONONO

Nnwo2

IN

X (N)
XNEW (N}
I.J,M.K,L
GN
GFAULT
F

PF(K)
CALF
ASUM
FSUM
DSUM
ASUBS (N}
FSUBS (N}
DSUBS (N}
AF

FF

nNonononnooonnNnnoonNnonnnnn 0O

INTERNAL NODE FAULTS)

c

C XNITA GCEL

c

C EXAMPLE & 3

c

C BENCEMARK CIRCUIT "C432°. IN PARTITIONED CIRCUIT ONLY ONE SUBCIRCUIT
C HAS 18 INPUTS{WITHIN THE LIMIT OF 20 INPUTS WE HAVE PUT).IT HAS 1
C OUTPUT. CIRCUIT DESCRIPTION IS GIVEN IN APPENDIX 3. (TESTING FOR
(o

C

c

LA R AR R R R R A R AR AR R A R Rl R R AR R R R R Rl Rl Rl ARl il A 2l R A X R EEA S AR RN XN

THE FOLLOWING PROGRAM DESCRIBES HOW TO GENERATE EXHAUSTIVE TEST
PATTERNS GIVEN THE NUMBER OF INPUTS. IT THEN CALCULATES THEE FAULT-
FREE SYNDROME AS WELL AS THE FAULTY SYNDROME OF THE FUNCTION. IF
THE FAULT-FREE SYNDROME IS DIFFERENT FROM THE FAULTY SYNDROME THE
CIRCUIT IS *SYNDROME TESTABLE'; OTHERWISE, IT IS NOT AND IT THED
PROCEEDS FOR THE °*SYNDROME SIGNATURE' TESTING.

THE PROGRAM NEXT CALCULATES THE 'SYNDROME SIGNATURE' OF THE FAULT-
FREE CIRCUIT AND THE FAULTY CIRCUIT. IF THE TWO SIGNATURES ARE
DIFFERENT, THE CIRCUIT IS 'SYNDROME SIGNATURE TESTABLE'AND IF NOT, WE
HAVE TO TRY SOME OTHER TESTING METEOD.

THE FOLLOWING NOTATIONS ARE USED IN DESDCRIBING THE PROGRAM:

NUMBER QOF INPUTS

TOTAL NUMBER OF INPUT COMBINATIONS

NUMBER OF COLUMNS IN INPUT ARRAY

NUMBER OF INTERNAL NODES

ONE INPUT COMBINATION OUT OF 2**N COMBINATIONS
NZW INPUT ARRAY (TEMPORARY ARRAY ONLY)
COUNTERS

FAULTY INTERNAL NCDE

FAULT IN INTERNAL NODE ({(STUCK-AT 0 OR 1)
OUTPUT FUNCTION

PRIMARY QUTPUT ARRAY FOR MULTIPLE-OUTPUT CKTS
SUBROUTINE TO CALCULATE OUTPUT FUNCTION F
ACTUAL (FAULT-FREE) SYNDROME

FAULTY SYNDROME

DIFFERENCE IN ACTUAL AND FAULTY SYNDROMES
ARRAY OF ACTUAL SUBSYNDROMES

ARRAY OF FAULTY SUBSYNDROMES

ARRAY OF DIFFERENCE IN ACTUAL AND FAYLTY SUBSYNDROMES
ACTUAL (FAULT-FREE) OUTPUT

FAULTY OUTPUT

PROGRAM TPENN

INTEGER R,C,GN,ASUM, FSUM,DSIM,ASUBS(18),FSUBS(18),DSUBS(18),I,J.M,
i L,N,IN
LOGICAL X(18),XNEW(18),GFAULT,AF,FF

OPEN (UNIT
OPEN (UNIT

S)
7, FILE = 'TPENN.DAT', STATUS = *'OLD')

nn
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OPEN(UNIT = &, FILE = "TPSHNN.OUT",

WRITE(6,200; N,R,C,IN
N =

200 TORMAT (" ', , 12, "R =", I10, ' C =
i =, 13}
DO 5 L = 1,2*IN
READ(7,100) GN,GFAULT

100 FORMAT (I2,L1)

C

C STATEMENT BELOW IS USEFUL FOR LARGE INPUT
IR = R/100

c
WRITE(6,210)GN, GFAULT

210 FORMAT(/* ', 'INTERNAL NCDE G*, I2,°

STATUS

CIRCUITS.

IS STUCK AT -,

I/IR

L)

IF ((.NOT.XNEW(J-1)).AND.X(J~-1)) XNEW(J}=.NOT.X(J)

c
¢ INITIALIZE INPUT ARRAYS
c
PO 10 I =1, N
X{(I) = .FALSE.
10 XNEW(I} = .FALSE.
ASUM = O
FSUM = 0
DO 20 M = 1,N
ASUBS(M) = 0
FSUBS{M) = 0
20 CONTINUE
c
C MAIN CALCULATION LOOP
(ad
DO 1000 I = 1,R
IF{((I/IR)*IR - I).EQ.0) WRITE(S,220)
220 FORMAT(' ',I5,' % PROGRAM COMPLETE*)
c GENERATE NEW INPUT ARRAY XNEW
c
IF {I.EQ.1) GO TO 90
DO30J =1, N
IF (J.EQ.l) THEN
XNEW(J) = .NOT.X(J)
ELSE
X{J-1) = XNEW(JI-1}
ENDIF
30 CONTINUE
90 X{N) = ¥NEW{N)

CALL CALF(N,X, 0,GFAULT, AF)
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260

265

270

50
290

CALL CalF{N, X,GN,GFAULT,FT)

CALCULATION OF FAULT-TFREZZ AND FAU

TY SYNDRCXES

L

¥
"
1
Ly Ly
o
£
inn

CALCULATION OF FAULTY-FREE AND FAULTY SUBSYNDROMES. SUSSYNDROMES
CAN ZE OBTAINZD BY SETTING THE ith VARIABLE IN F L
(0 OR 1}. HERE IT IS DONZ BY SETTING IT O.

"y

EQUAL TO b

IF (.NOT. X(M) .AND. AF)} ASU3S(M

AT} ASUBS (M) ~1
IF (.NOT. X{M) .AND. FF} FSUBS(M)

FSUBS (M) 1

I

CONTINUE

DIVISION OF FINAL ASUM AND FSUM BY 2**N (ACCORDING TO THE

EFINITION OF SYNLROME} IS NOT NECESSARY HERE, AS WE ARE DOING
CCOMPARISON OF THE TWO SYNDRCMES. FOR LARGER VALUES OF N DIVISON
BY 2**N WILL INTRODUCE ROUND OF ERRORS. THE SIMILAR REASON IS
USED IN CACULATING THE SUBSYNDRCOMES IN WHICH ASUBS(N) AND FSUBS(N)
HAVE TO BE DIVIDED BY 2*+*(N-1).

DSUM = ABS{ASUM - FSUM)

IF{ASUM .NE. FSUM) THEN
WRITE({6,260)ASUM, FSUM, DSUM
FORMATI(' *,'ACT, FAUL AND DI¥F SYNDROMES : °',3I12)
WRITE(6,265)
FORMAT(' ‘', 'THE CIRCUIT IS SYNDROME TESTABLE')
ELSE
WRITE{6,270)ASUM, FSUM, DSUM
FORMAT(* ','ACT, FAUL AND DIFF SYNDROMES : ', 3I12)

WRITE(6,280)

FORMAT(* ','THE CIRCUIT IS NOT SYNDROME TESTABLE, TRY',
' SYNDROME SIGNATURE TESTING') :

DO 50 M = 1,N

DSUBS (M) = ABS(ASUBS(M) - FSUBS(M))
WRITE(6,290)ASUBS (M), FSUBS (M) ,DSUBS (M)
FORMAT(® ','ACT, FAUL AND DIFF SUBSYNDROMES: *',3I12)
ENDIF
CONTINUE
STOP
END
SUBROUTINE CALF(N.,Y,GN,GFAULT,F)

INTEGER N,GN
LOGICAL Y({N),F,G(18),GFAULT
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GATLIE.C

AT122,GATI28,GATL3C, GATI34, GATLI38, GATLAD, GATIAE, GATLISO,
GATIS4, GATISS,GATIE2,GATLES, GATIS], CATLT L, GATITA,. GATITT, AND GATLSO,
REFER TO THE INTERMEDIATE OUTPUTS AND ARS GIVEN HERE AS (1) 70
G(18). INPUTS 1 TO 18 REFFER TO THI PRIMARY INPUTS i, 4, 11, 17, =
30, 37, 43, 50, 56, 83, 3¢, 75, S2, 8%, &5, 1C2, 108 IN THE
DESCRIPTION OF "C 432 GIVEIN IN APPENDIX 3
G{1) = .NOT. Y (1}
G(2) = .NOT. ¥(3)
G(3) = .NOT. Y(3)
G({4) = .NOT. ¥{T)
G{S) = .NOT. Y(9)
G{6} = .NOT. Y(11}
G(7) = .NOT. Y(13}
G{8) = .NOT. Y(15)
G(9) = .NOT. Y(17)
G(10) = .NOT. (G{i) .aND. Y(2))
G(11) = .NOT. (G{2) .AND. Y{(4))
G(12) = .NOT. (G{3) .AND. Y(6)}
G(13) = .NOT. (G{4) .AND. Y(8))
G(i4) = .NOT. (G(5) .AND. Y{(10))
G{15) = .NOT. (G(6) .AND. Y(12))
G(16) = .NOT. {(G(7)} .AND. ¥(14))
G(17)Y = .NOT. (G(8) .AND. Y(1l8))
G{18) = .NOT. (G({9) .AND. Y{(18)})
IF (GN .EQ. 0} THEN
F = .NOT.(G({10) .AND. G(11l) .AND. G(12) .AND. G(13) .AND.
1 G(14} .AND. G(1S5) .AND. G{16) .AND. G(17) .AND.
3 G{18))
ELSEIF (GN .EQ. 1) THEN
G(GN) = GFAULT
F = .NOT.{.NOT. (G(1l) .AND. Y{(2)) .AND. G(1li) .AND. G(12}
1 LAND. G(13) .AND. G(14) .AND. G(15) .AND. G(16) .AND.
1 G(17) .AND. G{18))
ELSEIF (GN .EQ. 2) THEN
G(GN) = GFAULT
F = .NOT.(G(10) .AND. {.NOT. (G{2) .AND. Y(4))) .AND. G{12)
1 LAND. G(13) .AND. G{14) .AND. G{15) .AND. G(16) .AND.
1 G{l7) .AND. G(18)}
ELSEIF (GN .EQ. 3) THEN
G(GN) = GFAULT
F = .NOT.(G(20) .AND. G{11l) .AND. (.NOT. (G{3) .AND. Y(6)))
1l LAND. G(13) .AND. G{14) .AND. G(15) .AND. G(l6) .AND.
1 G(17) .AND. G(18))
ELSEIF (GN .EQ. 4) THEN
G(GN) = GFAULT
F = .NOT.{G(10) .AND. G(11) .AND. G(12) .AND. (.NOT. (G{4)

)
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LANDL YRENY LAND. G{ZI4 AND. G({13) .AXND. G(1¢) .AND
G(17) .AND. G(18)}
ZLSEIF (GN .EQ. 3} THEN
Gi{GN} = GFAULT
F o= (NOT.(G{10) .AND. G({1l) .AND. G{12) .AND. G(13) .AND.
{.NOT. (G(5) .AND. Y{1C})) .AND. G(15) .AXND. G(1l8§)
CAND. Gi17) .AND. G(18))
ZLSEIF (OGN .EQ. &) THEN
G(GN} = GFAULT
F = .NOT.(G(10)} .AND. G{1ll) .AND. G(12} .AND. G{13) .AND.
G(l4) .AND. (.NOT. {G({6) .AND. ¥(12))})} .AND. G(1l6)
LAND. G(17) LAND. G{18))
ELSEIF (GN .EQ. 7) THEN
G{GN) = GFAULT
F = .NOT.({G(10) .AND. G(ll) .AND. G({i2) .AND. G({13) .AND.
G(l4) .AND. G(15) .AND. (.NOT. (G(7) .AND. ¥Y(14}))
.AND. G{17) .AND. G(18))
ELSEIF (GN .EQ. 8) THEN
G(GN) = GFAULT
F = .NOT.(G(10) .AND. G(1ll) .AND. G(12) .AND. G(1l3) .AND.
G(14) .AND. G(15) .AND. G(16) .AND. (.NOT. (G(8) .AND.
Y(16}}} .AND. G({18})
ELSEIF (GN .EQ. 9} THEN
G{GN) = GFAULT
F = .NOT.(G({10} .AND. G(1l} .AND. G{1l2) .AND. G(13) .aND.
G(14) .AND. G(15} .AND. G(16)
AND. G(17) .AND. (.NOT. (G{(9) .AND. Y(18)}))
ELSEIF ((GN .EQ. 10) .OR. (GN .EQ. 11) .OR. (GN .EQ. 12) .OR.
(GN .EQ. 13) .CR. (GN .EQ. 14) .OR. (GN .EQ. 15) .CR.
{GN .EQ. 16) .OR. (GN .EQ. 17) .OR. (GN .EQ. 18}) THEN
G(GN) = GFAULT
F = .NOT.(G(10]) .AND. G(1ll) .AND. G(1l2) .AND. G(1l3) .AND.
G(14) .AND. G(15) .AND. G(16) .AND. G(17) .AND. G(18})
ENDIF
RETURN
END
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A.15. Program Listing for "C880"{Table 7.10)

vaqvtt'ﬁ"..t'-""...'-'..-.-w-wwv'...o--ttt-qcho..'.-ttqcvt'.cqq--u.

€ XNITA GOEL

C

C EZXNAMPLE ¥ 4

c

C 3SENCEMARX CIRCUIT "CBE0". A SUBCIRCUIT THAT HAS 13 INPUTS AND 9

C OUTPUTS IS5 CONSIDERED. CIRCUIT DESCRIPTION IS GIVEN IN APPENDIX B.
C (TESTING FOR INTERNAL NODE FAULTS)

c
c*-"'*"t'i""'ﬁt"'"‘..----".‘ﬁt"'t".'.'-"C.Q*..tﬁ."-...'..tttﬁtt
c THE FOLLOWING PROGRAM DESCRIBES HOW TO GENERATE EXHAUSTIVE TEST
C PATTERNS GIVEN THE NUMBER OF INPUTS. IT THEN CALCULATES THE FAULT-
C FREZ SYNDROME AS WELL AS THE FAULTY SYNDROME OF THE FUNCTION. IF
C THEE FAULT-FREE SYNDROME IS DIFFERENT FROM THE FAULTY SYNDROME THE
C CIRCUIT IS 'SYNDROME TESTABLE'; OTHERWISE, IT IS NOT AND IT THEN
C PROCEEDS FOR THE ‘'SYNDROME SIGNATURE®' TESTING.

C THE PROGRAM NEXT CALCULATES THE ‘SYNDROME SIGNATURE' OF THE FAULT-
C FREE CIRCUIT AND THE FAULTY CIRCUIT. IF THE TWO SIGNATURES ARE

¢ DIFFERENT, THE CIRCUIT IS 'SYNDROME SIGNATURE TESTABLE'AND IF NOT, WE
C HEAVE TO TRY SOME OTHER TESTING METHOD.

C THE FOLLOWING NOTATIONS ARE USED IN DESDCRIBING THE PROGRAM:

C N NUMBER OF INPUTS

C R TOTAL NUMBER OF INPUT COMBINATIONS

c cC NUMBER OF COLUMNS IN INPUT ARRAY

C IN NUMBER OF INTERNAIL NODES

c XN CNE INPUT COMBINATION OUT OF 2* N COMBINATIONS

C XNEW(N) NEW INPUT ARRAY (TEMPORARY ARRAY ONLY)

¢ I,J.M.K,L COUNTERS

C GN FAULTY INTERNAL NODE

C GFAULT FAULT IN INTERNAL NODE (STUCK-AT 0 OR 1)

c F QUTPUT FUNCTION

C PF(K) PRIMARY OUTPUT ARRAY FOR MULTIPLE-OUTPUT CXTS

C CALF SUBROUTINE TO CALCULATE OUTPUT FUNCTION F

C ASUM ACTUAL (FAULT-FREE) SYNDRCME

c FSuM FAULTY SYNDROME

C DsuM DIFFERENCE IN ACTUAL AND FAULTY SYNDROMES

C ASUBS(N) ARBAY OF ACTUAL SUBSYNDROMES

C FSUBS(N) ARRAY OF FAULTY SUBSYNDROMES

C DSUBS (N} ARRAY OF DIFFERENCE IN ACTUAL AND FAYLTY SUBSYNDROMES
C AF ACTUAL(FAULT-FREE) OUTPUT

c FF FAULTY OUTPUT

PROGRAM TP7NN

INTEGER R.C.GN.ASUM.FSUM.DSUM.ASUBS(IE).FSUBS(IB).DSUBS(IBJ.I.J.M.
1 L.N.IN

LOGICAL X({13),XNEW(13),GFAULT, AF,FF

OPEN(UNIT = 5)
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CPREN(LUNIT = 7, = "TPTNN.DAT", STATUS = '0LD")
OPEN(UNIT = 5, = 'TPUINN.OUT', STATUS = 'QLD')

READ(7,2100) N
READ(7,200) Ix

C =X
R = 2"*N
WRITE(6.200) N,R,C,IN
200 FORMAT(* *, 'N =', I2, * R =", Ii0, ' € =', I2, ' INTSRNAL NODES
1 =*, I3}
DO S L = 1,2°IN
READ{7,100) GN,GFAULT
140 FORMAT (I2,L1)
c
C STATEMENT BELCW IS USEFUL FOR LARGE INPUT CIRCUITS.
IR = R/100
C
WRITE(6.210)GN,GFAULT
210 FORMAT(/® *, *INTERNAL NODE G', I2,' IS STUCK AT °*, L1)
c
C INITIALIZE INPUT ARRAYS
<
DO 10 I =1, N
X(I) = .FALSE.
10 XNEW(I) = .FALSE.
ASUM = 0
FSUM = 0
DO 20 M = 1.N
ASUBS(M) = 0
FSUBS(M) = 0
20 CONTINUE
c
C MAIN CALCULATION LOOP
<
DO 1000 I = 1.R
IF(((I/IR)*IR - I).EQ.0) WRITE(S,220) I/IR
220 FORMAT(' *,I5,*' % PROGRAM COMPLETE')
C GENERATE NEW INPUT ARRAY XNEW
c
IF {I.EQ.1) GO TO 90
DO 303 =1, N
IF (J.EQ.1l} THEN
XNEW(J} = .NOT.X(I)
ELSE
IF ({.NOT.XNEW(J-1)}.AND.X{J-1)) XNEW(J)=.NOT.X(J)
X{J-1} = XNEW(J-1)
ENDIF
30 CONTINUE
50 X(N} = XNEW{(N)
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CALL CALT(XN,X,C,GFAULT, AT)

CALL CALF(N,X,GN,GFAULT,TF
C
C CALCULATION OF FAULT-FREE AND FAULTY SYNDROMES
C

IF (AF} ASUM = ASUM+L

IF (FF} FSUM = FSUM+L
<
C CALCULATION OF FAULTY-FREEZ AND FAULTY SUBSYNDROMES. SUBSYNDROMES
C CAN BE OSTAINED BY SETTING THE ith VARIABLE IN F EQUAL TO b
C (C OR 1). HERE IT IS DONE BY SETTING IT 0.
c

DO 40 M = 1N

IF (.NOT. X(M) .AND. AF) ASUBS({M) = ASUBS(M) +1

40 IF (.NOT. &(M) .AND. FF) FSUBS(M) = FSUBS(M) +1
1000 CONTINUE
C
c
c DIVISION OF FINAL ASUM AND FSUM BY 2+**N (ACCORDING TO THE
C DEFINITION OF SYNDROME) IS NOT NECESSARY HERE, AS WE ARE DOING
Cc COMPARISON OF THE TWO SYNDROMES. FOR LARGER VALUES OF N DIVISON
c BY 2**"N WILL INTRODUCE ROUND OF ERRORS. THE SIMILAR REASON IS
c USED IN CACULATING THE SUBSYNDROMES IN WHICH ASUBS(N) AND FSUBS(N)
C HAVE TO BE DIVIDED BY 2+“(N-1}.
c

DSUM = ABS({ASUM - FSUM)

IF{ASUM .NE. FSUM) THEN
WRITE({6,260)ASUM, FSUM, DSUM

260 FORMAT(® ', 'ACT, FAUL AND DIFF SYNDRCOMES : ',3I12)
WRITE(6,265)
265 FORMAT(* ','THE CIRCUIT IS SYNDROME TESTABLE')
ELSE
WRITE(6,270)ASUM, FSUM, DSUM
270 FORMAT(* ', 'ACT, FAUL AND DIFF SYNDRCOMES : 'L3I12)
WRITE(6,280)
280 FORMAT(' ', 'THE CIRCUIT IS NOT SYNDROME TESTABLE, TRY',
1 ' SYNDROME SIGNATURE TESTING')

PO S0 M= 1,N

DSUBS(M) = ABS(ASUBS(M) - FSUBS(M))

50 WRITE{6,290)ASUBS (M}, FSUBS{M) ,DSUBS (M)

290 FORMAT(' ', 'ACT, FAUL AND DIFF SUBSYNDROMES: ',3I12)
ENDIF

5 CONTINUE
STOP
END

SUBROUTINE CALF (N, Y,GN,GFAULT. F)

INTEGER N,GN,U
LOGICAL Y(N),F,G{6},GFAULT, PFI(9)

- 177 -



anaoaonNnon

nNnonooon

c
c

CALCULATION OF ZNT:RMHD’%TE QUTPUTS. INPUTS 1 TC 13 REFFZR TO THE
PRIMARY INPUTS L, &, 1Z, 17, 28, 2%, 36, .42, t&%, 75, 80, 85, g5
RESPECTIVELY IN THE DESCRIPTION OF ~C 880" GIVEN IN APPENDIX B AND
G{1) TO G(6) REFER TO THEZ INTERNAL QOUTPUTS GATZAES,GAT270,GAT273,

GAT293,GART2585,GAT296 RESPECTIVELY.

G(l) = .NOT. (¥Y(1) .AND. ¥{(2) .AND. ¥ (3] .AND. Y(4))
G{2) = .NOT. (¥Y(1) .AND. Y(5) .aAND. Y(3} .AND. Y(4))
G{3) = Y(6) .AND. Y{7) .AND. Y(8}

G{4) = Y(9) .AND. Y(10) .AND. Y(11}

G(5) = ¥{9) .AND. Y(7} .AND. Y(11)

G{6) = ¥(9) .AND. Y{(7}) .AND. Y(8)

PF{l) TO PF($§) REFER TO THE
GAT391,GAT418,GAT419,GAT420,GATS
BUFFERED OUTPUTS OF GAT290,GAT2S
GAT353,GAT354.

PRIMARY OUTPUTS GAT388,GAT3I8S,GAT3S0,
T421,GAT422 RESPECTIVELY WHICE ARE THE
1,GAT292,GAT297,GAT342,GAT344,GAT351,

~m

IF (GN .EQ. 0) THEN

PF(1l}) = Y(6) .AND. Y(10} .AND. Y(8)
PF(2) = ¥Y(6) .AND. Y(7) .AND. Y{(11l)
PF(3) = Y(6) .AND. Y(7} .AND. Y(8)
PF(4) = ¥(12) .AND. Y(1l3)
PF(3) = .NOT. G(1)
PF(6) = G(2) .OR. G{3}
PF(7) = .NOT. G(4)
PF(8) = .NOT. G(5)
PF(9) = .NOT. Gl{6)

ELSEIF (GN.EQ.l1l .OR. GN.EQ.2 .OR. GN.EQ.3 .OR. GN.EQ.4 .OR.

1 GN.EQ.S .OR. GN.EQ.5) THEN
G(GN) = GFAULT
PF(l} = ¥(6) .AND. ¥(10) .AND. Y(8)
PF(2)} = Y{6) .AND. Y(7) .AND. Y(1ll)
PF(3} = Y(6) .AND. Y(7) .AND. Y({8)
PF(4) = ¥(12) .AND. Y (13}
PF{5) = .NOT. G{(1)}
PF(6) = G(2) .OR. GI(3)
PF(7) = .NOT. G({4)
PF(8) = .NOT. G{5)
PF(9) = .NOT. G(6)

ENDIF

NOW TAKE THE EXCLUSIVE-CR SUM COF ALL THE PRIMARY OUTPUTS DESCRIBED
ABOVE AS PF(l) TO PF({S}.

DO 96 U = 1,8
IF {{.NOT.PF(1)} .AND. (.NOT.PF(U+l))) THEN
F = .FALSE.
ELSE
IF (PF{l} .AND. PF(U+1l)) THEN
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Program

H
tny

Listing for "C880"(Table 7.11)

C"I‘""'"""."t""""t'-‘"'.t-...'t't.-tt".i"t.‘tttttwttititttit.

NITA GOEL

FAULTS)

nOonNnNOonNOoOOnon

N

R

c

IN

XN}
XNEW (N)
I,J.M.K,L
GN
GFAULT
F

PF(K)
CALF
ASUM
FSUM
DSUM
ASUBS (N)
FSUBS (N)

nNnononNnNnooaonNnnNNnNnNnoOonNn 0 NOoNnOOoOoOnNNON0

EXAMPLE # 5

BENCHMARK CIRCUIT ~C880".
THE LIMIT OF 20 INPUTS WE HAVE PUT) AND 1 OQUTPUT IS CONSIDERED.
CIRCUIT DESCRIPTION IS GIVEN IN APPENDIX B. (TESTING FOR INTERNAL NODE

A SUBCIRCUIT WHICH HAS I0 INPUTS{WITEIN

LA AR E R E L E RS EZ SR REAR SRR R Rl R SR AR RN ER Rl R R RSN RRRER R RENERNEENN]

TEE POLLOWING PROGRAM DESCRIBES HOW TO GENERATE EXHAUSTIVE TEST
PATTERNS GIVEN THE NUMBER OF INPUTS. IT THEN CALCULATES THE FAULT-
FREE SYNDROME AS WELL AS THE FAULTY SYNDROME OF THE FUNCTION. IF
THE FAULT-FREE SYNDROME IS DIFFERENT FROM THE FAULTY SYNDROME THE
CIRCUIT IS 'SYNDROME TESTABLE':; OTHERWISE, IT IS NOT AND IT THEN
PROCEEDS FOR THE 'SYNDROME S1GNATURE® TESTING.

THE PROGRAM NEXT CALCULATES THE °‘SYNDROME SIGNATURE® OF THE FAULT-
FREE CIRCUIT AND THE FAULTY CIRCUIT. IF THE TWO SIGNATURES ARE
DIFFERENT, THE CIRCUIT IS 'SYNDROME SIGNATURE TESTABLE'AND IF NOT, WE
HAVE TO TRY SOME OTHER TESTING METHOD.

THE FOLLOWING NOTATIONS ARE USED IN DESDCRIBING THE PROGRAM:

NUMBER OF INPUTS

TOTAL NUMBER QF INPUT COMEINATIONS

NUMBER OF COLUMNS IN INPUT ARRAY

NUMBER OF INTERNAL NODES

ONE INPUT COMBINATION OUT OF 2**N COMBINATIONS
NEW INPUT ARRAY (TEMPORARY ARRAY ONLY)
COUNTERS

FAULTY INTERNAL NODE

FAULT IN INTERNAL NODE (STUCK-AT O OR 1)
QUTPUT FUNCTION

PRIMARY QUTPUT ARRAY FOR MULTIPLE-OQUTPUT CXTS
SUBROUTINE TO CALCULATE QUTPUT FUNCTION F
ACTUAL (FAULT-FREE) SYNDROME

FAULTY SYNDROME

DIFFERENCE IN ACTUAL AND FAULTY SYNDROMES
ARRAY OF ACTUAL SUBSYNDROMES

ARRAY OF FAULTY SUBSYNDROMES
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C D3UEBS(X) ARPAY OF DIFFIRENCE IN ACTUAL AND FTAYLTY SUSSYNDROMES
C ~F ACTUAL{FAULT-FREE) OUTPUT
” FF FAULTY QUTPRUT

PROGRAM TPBNN

INTEGER R,C,GN,ASUM,FSUM,D5UM, ASUBS(10) ,FSUBS(10),D8USS(10),2,J,M,

1 L,N,IN

LOGICAL X(10),¥NEW(10),GFAULT,AF,FF

OPEN(UNIT = 5)

QPEN(UNIT = 7, FILE = 'TPENN.DAT', STATUS = 'OLD'})

QOPEN(UNIT = 5, FILE = 'TPENN.OUT', STATUS = 'QOLD'}

READ(7,100) N

READ(7,100) IN

cC =N

R = 2**N

WRITE(6,200) N,R,C,IN
200 FORMAT(® *, 'N =", I2, ' R =", I10, ' C =", I2, ' INTERNAL NODES

1 =", I3}

DO5S5L =1,2"IN

READ(7,100} GN,GFAULT
1¢o FORMAT (I2.L1)
C
Cc STATEMENT BELOW IS USEFUL FOR LARGE INPUT CIRCUITS.

IR = R/100
C

WRITE(6,210)GN, GFAULT
210 FORMAT(/* ', 'INTERNAL NODE G', I2,' IS STUCK AT ', LI1)

c
C INITIALIZE INPUT ARRAYS
c
DO 10 I =1, N
X(I1) = .FALSE.
10 XNEW{I) = .FALSE.
ASUM = 0
FSUM = 0
DO 20 M = 1,N
ASUBS(M) = 0
FSUBS{M) = 0
20 CONTINUE
c
C MAIN CALCULATION LOOP
C
DO 1000 I = 1,R
IF{((I/IR)*IR - I).EQ.0) WRITE(S,220} I/IR
220 FORMAT(® °,I5,' % PROGRAM COMPLETE')

c GENERATE NEW INPUT ARRAY XNEW



30
SQ

nnn

nNnNoon

40

000

NNDOONDONOO

260

265

270

50

LANDLXN{T~1) ) XNEW(J)=.NOT.X{(I)

CONTINUE
X(X) = XMEW(N)

CALL CALF(N,X,0,GFAULT,AR)
CALL CALF(N,X,GN,GFAULT, FF)

CALCULATION OF FAULT-FREE AND FAULTY SYNDRCMES

IF (AF) ASUM =
IF (FF) FSUM = FSUM+1

CALCULATION OF FAULTY-FREE AND FAULTY SUBSYNDROMES. SUBSYNDROMES
CAN BE OBTAINED BY SETTING THE ith VARIABLE IN F EQUAL TO b
(0 OR 1}). HERE IT IS DONE BY SETTING IT 0.

DO 40 M = 1I,N
IF (.NOT. X(M) .AND. AF) ASUBS(M)
IF (.NOT. X(M) .AND. FF) FSUBS(M)

ASUBS (M) +1
FSUBS (M)} +1

CONTINUE

DIVISION OF FINAL ASUM AND FSUM BY 2**N (ACCORDING TO THE
DEFINITION QF SYNDROME) IS NOT NECESSARY HERE, AS WE ARE DOING
COMPARISON OF THE TWO SYNDROMES. FOR LARGER VALUES OF N DIVISON
BY 2**N WILL INTRODUCE ROUND OF ERRORS. THE SIMILAR REASON IS
USED IN CACULATING THE SUBSYNDROMES IN WHICH ASUBS(N) AND FSUBS({N)
HAVE TC BE DIVIDED BY 2**{N-1).

DSUM = ABS(ASUM - FSUM)

IF{ASUM .NE. FSUM) THEN
WRITE{6,260}ASUM, FSUM, DSUM

FORMAT(® *,'ACT, FAUL AND DIFF SYNDROMES : ' ,3Il12)
WRITE(6,265)
FORMAT(' ','THE CIRCUIT IS SYNDROME TESTABLE')
ELSE
WRITE(6,270)ASUM, FSUM, DSUM
FORMAT(' *,'ACT, FAUL AND DIFF SYNDROMES : tL3I12)
WRITE(6,280)

FORMAT(' ', 'THE CIRCUIT IS NOT SYNDROME TESTABLE, TRY",

1 ' SYNDROME SIGNATURE TESTING')

DO 50 M = 1,N
DSUBS (M) = ABS(ASUBS(M} - FSUBS(M))

WRITE(6,290)ASUBS (M), FSUBS (M) ,DSUBS (M)
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QRMAT (" L3

ENDIF

CONTINUE

sToP
END

SUBROUTINE CALF(N,Y,GN.GF.ULT,F

INTEGER N,GN

LOGICAL Y(N},F,G(32},GFAULT

CALCULATION OF INTERMEDIATE OUTPUTS. G(l) TO G{32) REFER TO THE
INTERMEDIATE QUTPUTS GAT301,GAT302.GAT303,GAT304,GAT305,GAT306,
GAT307,GAT308,GAT357,GAT360,GAT363,GAT366,GATA04,GAT405, GATI 00,

GAT407,GAT408,GAT409,GAT425,GATA26, GATA60,GAT463 . GATA98, GATL99.
GATS00,GATS0L,GATS30,GATS33,GATSS0,GATS51, GATS52, GATSES
RESPECTIVELY AND INPUTS 1 TO 10 REFFER TO THE PRIMARY INPUTS 91.

130,

135 RESPECTIVELY IN THE

@6, 101, 106, 111, 1lls, 121, 12e,
DESCRIPTION OF “C B80" GIVEN IN APPENDIX B.
G(1l} = .NOT. (¥(1l) .AND. Y(2))
G(2) = Y(1) .OR. Y(2)
G(3) = .NOT. (Y¥(3) .AND. Y(4)}
G(4) = ¥Y(3} .OR. Y({4)
G{S) = .NOT. (¥{(5) .AND. Y(6})
G(6} = Y{(5) .OR. Y(§)
G(7) = .NOT. (¥(7) .AND. ¥(8))
G(8) = Y(7) .OR. ¥Y(8)
G(9) = .NOT. (G(l) .AND. G(2))
G(10}) = .NOT. (G({3) .AND. G(4};
G(1l1l) = .NOT. (G(S) .AND. G(&}))
G({l2) = .NOT. (G{7} .AND. G(8))
G{1l3) = .NOT. G(9)
G{l4) = .NOT. G(10)
G(15) = G(9) -AND. G(10)
G(l6) = .NOT. G(11}
G(17) = .NOT. G(1l2)
G(18) = G(1ll) .AND. G(12)
G{19) = G(13) .AND. G{14)
G(20) = G(16) .AND. G(17)
G(21) = .NOT. {G{15) .QOR. G(19)})
G{22) = .NOT. (G(18) .CR. G(20))
G(23) = .NOT. (Y(9) .AND. G(21))}
G{(24) = Y{9) .OR. G{21)
G{25) = .NOT. (G(22) .AND. ¥Y(10))
G(26) = G{22) .OR. ¥Y(10)
G(27) = .NOT. (G(23) .AND. G(24))
G(2B} = .NOT. (G(25) .AND. G(26})
G(29) = .NOT. G(27)
G{30) = .NOT. G(28)
G(31) = G{27) .AND. G(28)
G(32}) = G(29) .AND. G{30)

IF (GN .EQ. 0) THEN

F = .NOT.(G{31) .OR. G(32))
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ELSEIT {GN.EQ.L .CR. GN.EQ.2 _QF. GN.EQ.3 .0OR. GN.EQ.4 .OR.
~ o
(@
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—
W
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TLLLNOT(YF{2) LAND . { .NCT- {{.NOT.{G(1).AND.G{2) ) .AND.
(LNOT. (G(3) .AND.G(4)))) .CR.(.NCT. { .NOT. [G(1) .AND.G(2)) )
LANDL(LROT.(.NOT.(G(3) .AND.LG{S) )11} 1)) .ANG. (Y{2) .OR.
(.NOT.({.NGT.{G(1).AND.G{Z)}.AND.(.NOT.{G(3).AND.G(4))))
JOFRLLLNQTL{LNOTL(G(L) LAND.G{2) 1) .AND. (.NOT. (. NOT. (G{3)
LANDLGIS) )P ) ) ) LANDLG(28)

G(32) = .NOT.(.NOT.(.NOT.{(¥(9).AND.(.NOT.({.NOT.(G(1).AND.
G(2)i . AND.{.NCT.(S(3).AND.G(4}))).0R.{.NOT. (.NOT. {G(1)
LAND.G(2))}) LAND. (.NOT. (.NOT. (G(3) .AND.G(4)))}))}})) .AND.
(Y{9).0OR. (.NOT. {{.NOT.(G(1).AND.G(2)).AND. (.NOT.(G(3).ANT.
G({4))}).CR.{.NCT.{.HOT.(G(1) .AND.G(2})) .AND. ( .NOT. ( .NOT.
{G[3} .AND.G(4}))1)))) ) .AND. (. NOT.G(28))

F = .NOT.(G(31).0R.G(32}))

ELSEIF (GN.EQ.5 .OR. GN.EQ.6§ .OR. GN.EQ.7 .OR. GN.EQ.8 .OR.
GN.EQ.27) THEN

G{GN) = GFAULT

G{31) = -2(27)}.AND.({.NOT.(.NOT.(.NOT. ((.NOT.(G{5) .AND.G({6))
LAND. (.NOT. (G(7).AND.G{8))}).OR. (.NOT. (.NOT. (G(5) .AND.
G{6))) .AND.{.NOT.(.NOT. (G(7) .AND.G(8))})}}.AND.¥(10))
LANG. { NOT. { { .NOT. (G(5) .AND.G(6)) .AND. (.NOT. (G(7) .AND.
5(8)))).OR. (.NOT. (. NOT. (G(5) .AND.G({6))) .AND. (.NOT. (.NOT.
(G(7) .AND.G(E})}})).0R.Y(10}};)

G(32) = .NOT.G{27).AND. {.NOT.(.NOT.(.NOT.(.NOT. ({.NOT.(G(S)
LAND.G(6)) .AND. { .NOT. (G(7) .AND.G(8)))) .OR. (.NOT. ( .NOT.
{G(5) .AND.G(6))).AND. { .NOT. { .NOT.(G(7) .AND.G(8))}))) .AND.
Y(10)) .AND. {.NOT. { (.NOT. (G(5) .AND.G(6)) .AND. ( .NOT. (G(7)
.AND.G(8)))).OR.{.NOT.(.NOT.(G(5) .AND.G(&))) .AND. { .NOT.
(.NOT.(G(7).AND.G(8)})))).0R.Y{10})}})

F = .NOT.(G(31).0R.G(32))
ELSELF ({GN.EQ.9 .OR. GN.EQ.10) THEN

G (GN) = GFAULT

G(31) = .NOT.{.NOT.(Y(S).AND.{.NOT.{(G(9).AND.G(10)).OR.(.NOT.
G(9) .AND. (.NOT.G{10))1))) . AND. ({Y({9).OR. (.HOT. ((5(3) .AND.
G{10)}.0OR. (.NOT.G{9).AND. {.NOT.G(10}})})))) .AND.G(28)

G(32) = _NOT.(.NOT.{.NOT.({Y{9).AND.{.NOT.{{G(9).AND.G{10);.OR.

{.NOT.G(9) .AND. (.NOT.G{10)))})) ) .AND. (¥ (9} .OR. ( .NOT. ({G(S)

.AND.G{10}).0R.{.NOT.G(9) .AND. (.NOT.G(1C))}))})).AND.

(.NOT.G(28))

T = .NOT.(5(31).0R.G(32))
ELSEIF {GN.EQ.l1ll .OR. GN.EQ.1l2} THEN

GIGN) GFAULT .

G{31) G(27) .AND. {.NOT. (.NQT. (.NOT. ( (G(11) .AND.G{12)) .OR.
(.NOT.G{11) .AND. (.NOT.G(12)})) .AND.Y{10} ) .AND. (.NOT.
{(G{11}.AND.G(12)).0OR.{.NOT.G(11) .AND. (.NOT.G{12))})
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b+ pa pA

[ 3

[y

=P

)

. 27)LANDL(LROT. (LXCTL (LNOT. {.NQTL {({G{11Y . AND.
PYLORL(L.NOT.GIIL) LAND. (LNOT.G{12) 1 1) LAND. Y {20)) JAND.
T.{{G(I1) . AND.G(12)).CR. {.NOT.G(11) .AND. [.R0T.G(12v
SORLY(IONNIN)

o
QW

F o= (NOT.{G({31).0R.G({32)N

ELSEIF (GN.EQ.13 .OR. GN.EQ.14 .OR. GN.EQ.15) THEN

G(GN) = GFAULT
G{31) = .NOT.(.NOT. (Y (3).AND. (.NOT.(G({15}).0R.{G{13).aAND.

G{Ll41}) )} .AND. (¥ {3} .0R. (.NOT. (G(15) .OR. (G(13) .AND.
G(141)))1}1).AND.G(28)

G{32) = .NOT.(.NOT.{.NOT.(¥(9).AMD,{.NOT.\G(15).0R.{G{13}.AND.
G{14))})).AND.{¥Y(9).0R. (.NOT. (G(15}.0R. (G{13}.AND.
G(14)))1))) .AND. {.NOT.G(28))

F = NOT.(G{31).0R.G(32}))
ELSEIF (GN.EQ.16 .OR. GN.EQ.17 .OR. GN.EQ.18) THEN

G{GN) = GFAULT
G(31) = G{27) .AND. { .NOT.{(.NOT. (.NOT. (G(18}.0R. (G(16) .AND.

G{17))).AND.Y(10)}.AND. (.NOT. (G(18).0R. (G(1l6) .AND.G(17)})
OR.Y{10}))}

G{32) =.NOT.G(27) .AND. (.NOT. (.NOT. {.NOT. (.NOT. (G({18) .OR. {G(16)

AND.G(17})) .AND.Y (10} )} .AND. { .NOT. (G{18) .CR. (G(16) .AND.
G{17)}).0R.¥ (10} )

F = NOT.{G(31}.0R.G{32})
ELSEIF (GN.EQ.1S) THEN

G (GN) GFAULT

G(31) .NOT. (.NOT. (¥(9).AND. { .NOT. (G(15).0R.G(19})})
LAND. (Y (9) .OR. { .NOT. {G{15} .0R.G(19)}))).AND.G(28)

G(32) = .NOT.(.NOT.{.NOT.(Y(9).AND. {.NOT.{G({15).0R.G(19}})})
.AND. {¥{9) .OR. (.NOT. {G(15) .OR.G(19})}))) .AND. (. NOT.G(28))

F = .NOT.(G({31).0R.G(32))
ELSEIF (GN.EQ.20} THEN

G (GN) GFAULT

G(31) G(27) .AND. { .NOT. { .NOT. {.NOT. (G(18) .OR.G(20)}) .AND.
¥{10)).AND. (.NOT.(G({18).0R.G(20)).0R.Y{10})))

G(32) = .NOT.G{27).AND.(.NOT.{.NOT.{.NOT.{.NOT.(G(18}.0R.
G(20)).AND.¥(10)).AND. (.NOT. (G(1B).OR.G(20)).0R.¥(10)})))

F = .NOT.(G(31).0R.G(32))

ELSEIF (GN.EQ.21) THEN

G{GN) = GFAULT
G(31) = .NOT.{.NOT.(Y(S).AND.G{21)).AND. (¥{9}.0R.G{21)})
LAND.G(28)

G(32) = .NOT.(.NOT.(.NOT.({¥(9).AND.G(21)).AND.(Y(9).0R.
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G(22))1) AND.(.XNOT.G{23})

F o= NOT.(G{Z1).0R.G({32}]

7). AND. (. .NOT. {.NOT. {.NOT. (G{22) .AND.Y(10))
LAND. (G(22).0R.¥(210)1)))

F o= \NOT.(G(31).0R.G(32)})

ELSEIF (GN.EQ.Z3 .OR. GN.EQ.24) THEN

G(GN) = GFAULT
G{31) = .NOT.(G(23).AND.G({24)).8ND.G(28)
G(32) = .NOT.({.NOT.{G(23).AND.G(24))).AND.{.NOT.G{28})

F = .NOT.(G(31).0R.G(32}]

ELSEIF (GN.EQ.25 .OR. GN.EQ.26) THEN

G{GN} = GFAULT
G(31) = G{27).AND. (.NOT. (G(25) .AND.G{26)})})
G{32) = .NOT.G(27).AND.(.NOT.{.NOT.{G{25).AND.G(26)}])

F = .NOT.{(G(31).0R.G(32})

ELSEIF (GN.EQ.29 .OR. GN.EQ.30) THEN

G(GN) = GFAULT
G(31) = G(27).AND.G(28)
G(32) = G({29).AND.G(30)

F = .NOT.(G(31).0R.G(32))
ELSEIF (GN.EQ.31 .OR. GN.EQ.32) THEN

G(GN) = GFAULT
F = .NOT.(G(31}.0R.G{(32})

ENDIF

RETURN
END
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APPENDIX B

DATA SHEETS

$ci7 iscas example (to test conversion program only)

s ———————————————————————————————————————————————————
$

s

$ total number of lines in the netlist ............-. 17
$ simplistically reduced equivalent fault set size = 22
s lines from primary input gates ....... 5

$ lines from primary output gates ....... 2

$ lines from interior gate outputs ...... 4

$ lines from *~ 3 ** fanout stems ... &

s

S avg_£fanin = 2.00, max_fanin = 2

S avg_fanout = 2.00, nmax_fanout = 2

$

s

$

$

$

lgat .. primary input

S.
2gat $... primary input
3gat $... primary input
6gat $... primary input

S

Tgat ... primary input
$... primary input

S

s

22gat $... primary output

23gat $... primary output
$... primary output

$

$

$ Qutput Type Inputs...

5 ______ ) ———

l0gat nand lgatn 3gat
llgat nand 3gat €gat
légat nand 2gat llgat
l98gat nand llgat 7gac
22gat nand 10gat lg6gat
23gat nand i6gat 19gat
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wn Lk

)

7 nané 2 3

2 nand 1 7

% nand 4 7

10 nanéd 5 7

11 nand & B

12 nand 9 11

12 noxr 10 12

$ combinational logic example "c432"

S _____________________________________________________
$

$

$ total number of lines in the netlist .............. 432
$ simplistically reduced equivalent fault set size = 524
$ lines from primary inpuct gates ....... 36

s lines from primary output gates ....... 7

$ lines from interior gate outputs ...... 153

S lines from ** 89 ** fanout stems ... 236

$

$ avg_fanin = 2.10, max_fanin = 9

s avg_fanout = 2.65, max_fanour = 9

s

$

S

$

$

1 gat $... primary input
4 gat $... primary input
8 gat $... primary input
11 gat $... primary input
14 gat $... primary input
17 gat $... primary input
21 gat $... primary input
24 gat $... primary input
27 gat $... primary input
30 gat $... primary input
34 gat $... primary input
37 gat $... primary input
40 gat $... primary input
43 gat $... primary input
47 gat $... primary input
50 gat $... primary input
53 gat $... primary input
S6 gat $... primary input
60 gat $... primary input
63 gat $... primary input
66 gat $... primary input
69 gat $... primary input
73 gat $... primary input
76 gat $... primary input
79 gat $... primary input
82 gat $... primary input

187
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gat

not
not
not
not
not
not
not
ot
not
not
not
not
not
not
not
not
not
not
nand
nor
nor
nand
nand
nand
nand
nand
nand
nand
nand
noxr
nor
nor
ner

3. Drimarny
s. primary
3. primary
s. primany
$. primany
S. primary
3. primary
$... primary
$... primary
$... primazy

s. pPrimanmy input
$... primary
$... primary
$... primary
$... primary
$... primary
$S... primary
$... primary

$... primary output

4 gat

118 gat

119 gat

17 gat

30 gat

43 gat

56 gat

69 gat

82 gat

85 gat

108 gat

123 gat

123 gat

127 gat

127 gat
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203
213
223
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227
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233
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239
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246
247
250
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264
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gat 162 gat 165 gat 168 gat 171 gat

174 gat 177 gat 180 gat

224
227
230
233
236
239
243
247
251
227
230
233
236
239
243
247
251
260

gat
gat
gat
gat
gat
gat
gat
gat
gat
gat
gat

154
159
162
165
168
i71
213
174

gat
gat
cat
gat
gat
gat
gat
gat

11 gat

177

gat

24 gat

180

gat

37 gat
50 gat
63 gat
76 gat
89 gat

102
157
158
183
185
187
189
181
193
195
197
184
186
188
190
192
194
156
198
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gat 267 gat 270 gat 273 gat 276 gat

279 gat 282 gat 285 gat

263
288
289

gat
gat
gat
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319
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21
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47
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60
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73
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334
372
373
374
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gat
gat
gat
gat
gat
gat
gat
gat

371 gat
17 gat
30 gat
43 gat
S6 gat
69 gat
82 gat
95 gat
108 gat
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combinational logic

386 gat 383 gar 396
t 4l4 gat

416 gat

417 gat

353 gat 418 gatv 399
383 gat 418 gat

393 gat 407 gat 420
386 gat 422 gat 3%%
386 gat 425 gat 428
422 gar 425 gat 4{2¢
example "c880"

rotal number of lines in the netlist

simplistically reduced equivalent fault set si
primary input

lines
lines
lines
lines

avg_f£f
avg_f£

from
from
from
from

anin
anout

.........

gates .......

primary output gates .......

interior

e

1.90,
3.50,

gate outputs ......
125 ++ fanout stems

max_£fanin
max_fanout
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Gat
gat
gat
gact
gat
gat

gat

Output
269 gat
270 gat
273 gat
276 gat
279 gat
280 gat
284 gat
285 gat
286 gat
287 gat
290 gat
251 gat
2592 gat
293 gat
294 gat
295 gat
296 gat
297 gat
258 gat
301 gat
302 gat
303 gat
304 gat
305 gat
306 gat
307 gat
308 gat
309 gat
310 gat
316 gat
317 gat
318 gat
319 gat
322 gat
323 gat
324 gat
325 gat
326 gat
327 gat
328 gat
329 gat
330 gat
331 gat
332 gat

Type
nandé
nandé
and
andé
nand
nand
nand
nand
nand
and
and
and
and
and
and
and
and
and
or
nand
or
nand
or
nand
or
nang
or
and
not
and
and
and
nand
nor
and
nand
or
nang
or
nand
or
nand
or

$... Drimary ouriput
$... primary output
$... primary output
$... primary output
$... primary output
$... primary output
$... primary output
S... primary output
$... primary output
$... primary output

Inputs...

1l gat § gat 13 gat 17 gat

1l gat 26 gat 13 gat 17 gat

29 gat 36 gat 42 gat

1 gat 26 gat 51 gat

1 gat § gat 51 gat 17 gat

1 gat 8 gat 13 gat 55 gat

59 gat 42 gat 68 gat

29 gat 68 gat

59 gat 68 gat 74 gat

29 gat 75 gat 80 gat

29 gat 75 gat 42 gat

29 gat 36 gat 80 gat

29 gat 36 gat 42 gat

59 gat 75 gat 80 gat

59 gat 75 gat 42 gact

59 gat 36 gat 80 gat

59 gat 36 gat 42 gat

85 gat 86 gat

87 gat 88 gat

91 gat 96 gat

91 gat 96 gat

101 gat 106 gat

101 gat 106 gat

111 gat 116 gat

111 gat 116 gat

121 gat 126 gat

121 gat 126 gat

8 gat 138 gat

268 gat

51 gat 138 gat

17 gat 138 gat

152 gat 138 gat

S9 gat 156 gat

17 gat 42 gat

17 gat 42 gat

159 gat 165 gat

159 gat 165 gat

171 gat 177 gat

171 gat 177 gat

183 gat 189 gat

183 gat 189 gat

195 gat 201 gat

155 gat 201 gat

210 gat 91 gat

- 193

72 gat
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