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ABSTRACT

Testing of large scale integrated (LSI) Togic circuits is considered
from the point of view of automatic test pattern generation. A system
for automatic test patitern generation is described. A test generation
algorithm is presented that can be applied to both combinational and |
sequential Togic circuits. Also inciuded is a programmed impﬁementation
of the algorithm and sample results from the program. Recommendations

for continued study are also discussed.
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CHAPTER 1 ~ INTRODUCTION

Logic circuit testing as viewed in this report is the process of
examining a logic circuit to determine whether or not the circuit
correctly performs the desired Togic function. It will be assumed that
a correct logic design has been accomplished and that abnormal functions
are produced by failures called faults introduced during the manufactur-
ing process or at some time later in the Tife of the circuit. Logic
testing is often performed as one of the final stages in the manufacture
of a logic circuit. Also, logic testing is frequently used as an
acceptance test by a purchaser of 10§ic circuits. Logic testing is also
required during the checkout and maintenance of logic circuit assemblies
and logic systems. This report will be oriented toward the automated
testing of integrated circuits as they come off a manufacturing line.

The logic testing process is accomplished hy applying a sequence
of input patterns to a powered circuit and observing the corresponding
sequence of responses.+ A circuit is assumed to be fault-free if all the
observed responses are correct. Incorrect responses, on the other hand,
signal a circuit containing some fault condition. Observation of the
complete response sequence produced by a circuit containing a fault may
contain enough information to identify precisely the fault condition

present. However, the identification of the particular fault present in

+It is assumed that circuits are allowed to reach a stable state

‘before each input pattern is applied.
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a faulty logic circuit is usually not important for integrated circuit
testing since repair is usually not possible.

Fault detection testing is a term often used to identify the process

of testing a circuit to determine whether or not the circuit contains

a fault. Fault location testing describes the process of identifying

the fault present. A term that combines the meaning of the above is

fault diagnosis testing.

The input patterns that are applied during the t«-~ting process are

referred to as test patterns. Selection of the test patterns sequence

is one of the most difficu1t,aspecfs of the testing problem. The remain-
ing sections of this report will be concerned with test pattern selection
problem - often called test pattern generation (TPG).

The remainder of this chapter is devoted to a brief survey of
previous work on the sequential circuit TPG problem and on a discussion
of a practical TPG system. Chapter 2 contains a presentation of a logic
model and a circuit analysis procedure that can be used to generate test
patterns. Two methods of using the analysis procedure to generate test
patterns are described in Chapter 3. A deficiency of the analysis
procadure concerned with starting state specification is considered in

Chapter 4. Conclusions and recommendations for future work are given in

the final chapter. A brief bibliography is also included. Description

of a programmed implementation of the analysis procedure is contained in

an appendix.
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PREYIQUS WORK

Many papers and reports have been published that treat various
aspects of test pattern generation for sequential logic circuits.
However, much work remains to be done in the development of practical
automatic test pattern generation procedures.

Bouricius, et:al [ 31 have described an extension of the d-Algorithm
that can be applied to asynchronous circuits. The use of the Boolean
differsnce for sequential circuit test pattern generation has been
considered by Hsiao and Chia [ 2]. A random technique for test pattern
generation was described by Breuer [ 3 ]J. Use of random techniques in
a specific test application is presented in a paper by Agrawal and
Agrawal [ 4]. Testing for intermittent fault detection has been treated

by Breuer[ 5 ]. Chappell[ 6 Jhas described a test pattern generation

procedure for sequential circuits that was developed at Bell Laboratories.

The approach of[ 6 7 will be considered in much detail in the remaining

chapters of this report.
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TEST PATTERN GENERATION SYSTEM

A practical approach to test pattern generation is described in
this section. The following features are desirable if not necessary in
any useful test pattern generation system.

1. Accommodate both combinatienal and sequential logic circuits.

2. Handle circuits equivalent in complexity to five thousand
logic gates.

3. Produce test pattern sequences that detect greater than ninety-
five per cent of all single stuck-at faults.

4. Produce practical length test sequences.

5. Avoid test s@quences that induce races in asynchronous circuits.

6. Are cost effective in terms of computer costs and manhours.

71' Allow for easy upgrading of capability.

The system shown in Figure 1.lis designed to satisfy the above
criteria. Each component of the system 1s described in detail in the

paragraphs that follow. In gereral, the approach is to cobtain a "first

pass" test sequence using a fast TPG method then to evaluate the sequence

using fault simulation and finally to update the test sequence if needed

with the aid of a more sophisticated TPG procedure or manually.

Primary Test Pattern Generator

This step in TPG should produce a test sequence that will detect
approximately eighty-five to ninety per cent of the faults represented

by the fault model. This process should not require that fauits be

T
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separately identified during generation of tests and should be fast in
terms of computer time per fault detected. The procedure described in
Chapter 3 can be used in this mode of operation. Random methods
for generating test sequences may also prove ussful here although 1ittle

work has been reported on such approaches at this time.

Fault Simulation

The second step of the process is for the evaluation of the test
sequence produced above. Fault simulation is the most cost effective
means for providing this evaluation. The effectiveness and validity of
this step is determined by the accuracy of the simulator used for the
analysis. However, as simualtion accuracy is improved, the cost of
simulation is increased. A time-based event-driven simulator provides the
best accuracy, but a unit delay simualtor may be useful for some circuits.
Parallel or deductive fault simulators are needed for fault simulation

of practical sized circuits.

Sechndary Test Pattern Generator

The function of this step of the TPG process is to determine test
sequences for detecting those faults that would not be detected by the
sequence produced by the primary test pattern generator. Faults for
which iests are desired should be specified to the generator individually.
The test generator should be based on a circuit model close to that used
in Togic simulators. The procedure given in Chap ter 3 can also be

used for the secondary TPG.
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! 3
! Flexibility
E Flexibility is provided in the system described above by the ;
: independence of the major components. Therefore a system can be
é assembled with available test pattern generators and fault simulators.
g Components can be replaced with improved versions when they become

available. However, development of a common data base for all programs
} in the system is desirable.
|
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CHAPTER 2 - BACKGROUND

This chapter is devoted to a discussion of the logic circuit model
and analysis procedure that forms the basis of the test pattern generation
methods described in_Chapter 3. The model and procedure given here have
beer. adopted from the approach presented by Chappell {6 1. However,
major changes have been made in the race detection and prevention portion
of the analysis procedure. A program of the procedure is described in
the appendices.

Logic circuits will be assumed to be interconnections of NAND gates
with unit delay assumed as the propagation time of each gate. A generali-
zation to handle other types of logic gates can be accomplished in a

straightforward manner as given in [6].

LOGIC CIRCUIT MODEL '
Consider the NAND gate shown in Figure 2.1. Each input and output
of the gate is represented by an ordered pair of Boolean variables.

The meaning of each possible combination of a variable pair is given in

Table 2.7. A NAND gate truth table in terms of variable pairs is presented

in Table 2.2. Fyrom the truth table, the following pair of Boolean

equations can be obtained to represent a NAND gate.

¢! = a0 4 g0

Stiati. s —,
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A=(A',n0)

a-(s) 80) 70‘-_ c=(c’,c¥) |

Figure 2.1. THO-INPUT NAND GATE

a=(al, a0

C=(C1,CO)

‘ il w0
B=(B],BO) }3__ D=(D",D")

Figure 2.2. CROSS-COUPLED NAND GATE PAIR
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TABLE 2.1
Variable Pair Combination of Values

C'VARIABLEPAIR "~~~ INTERPRETATION
(0,0) Unknown Logical Value
(0,1) Logical 0
(1,0) Logical 1
(1,1) Undefined ~ not allowed
TABLE 2.2
NAND Gate Truth Table
(A% (8'.8%) (c'.c°)
(0,1) (0,1) (1,0)
(0,1) (1,0) (1,0)
(1,0) {0,1) (1.0)
(1,0) (1,0) (0,1)
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An important feature of the variable pair representation is that a
means exists to describe an unknown logical value as well as the usual
Togical 1 and Togical O values. However, the individaual variables are
related by the standard Boolean relationships OR and AND and therefore
can be easily manipulated. The Boolean complement is not utilized.

Sequential logic circuits are represented in a similar manner to
that described above for a NAND gate. The set of equations below

represent the cross-coupied NAND gates shown.in Figure 2.2.

¢! =A%+ 0
0 o Alp!
p' =80+ P
0_ 51l

D

CIRCUIT ANALYSIS PROCEDURE

The circuit model presented above will now be used as the basis
of a procedure for developing a set of time dependent Boolean equations
that describe all ways of placing the logic signals in a circuit in
each logical state at a given time. An illustration of the procedure
will be given following a discussion of the timing relationships of the
Togical variables.

Two time parameters are used in the timing model. One parameter

called input time and denoted by t describes the times at which circuit

input signals are changed. The other time parameter is called ripple time
and is designated by the symbol r. Ripple time represents the propagation

in time of signals through a circuit due to gate delays and is incﬁemented

in unit steps consistent with the unit delay assumption. Input time is




incremented only after a ¢ircuit has reached a stable condition. Hence
circuit inputs are functions of input times only, but gate outputs are
functions of both input time and ripple time. The following time

dependent Boolean equations result for the cross-coupled NAND gates of

- Figure 2.2.

¢l (t,r) = A%(¢) + 0°(t, r-1)
Ot,r) = Al(E) DY (t, re1)
ol tt.r) = B9(t) + cOt, r-1)
Ct.r) = B (t) cl(t, r-1)

A set of time dependent equations can be developed from the basic
set of equations that extend from t=0 to a specified time. Table 2.3
summarizes this process for the éross-coup1ed NAND gates. It should be
observed thaf each variable was initially assumed to be unknown in-this
example. Also notice that input time t=2 was established only after
the same equation set was obtained for two consecutive ripple times
which indicates that a stable condition was reached.

Interpretation of the equations in Table 2.3 is in order. Consider
the equations at t=1, r=3. These equations represent all ways of
controlling the outputs of the circuits in one input time step assuming
an unknewn starting state for the circuit outputs. More specifically,
61(1,3) = Ao(l) imp1iés that output C can be forced to a Togical 1 state
by applying a logical 0 to input A. Similarly, C0(1,3) = A1(T)BO(1)'

- states that C can be forced to 0 by applying 1 to input A and 0 to input

B. Discussion of the equations for t=2 will be deferred until Tater.

12
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TABLE 2.3

Equation Development for Cross-Coupled NAND Gate Pair

r C](t,r) O(t,r) D1(t,r) - p%t,r)
0 0 0 0 0
1 A%(1) 0 B~ (1) 0
A°(1) A (1)8°(1) B%(1) A°(1)8' (1)
Ao(1) aT(1)8%(1) B%(1) A°(1)8' (1)
A0(2) + A°(1)BY(1) Al (2)8°(1) BO(2) + A'(1)8°(1) A°(1)8' (2)

~N oy o1 B ™

2%(2) + A°('(2)
A%(2) + A%(msl(2)8! (1)
A%(2) +A%(1)B'(2)

al(2)8%(2) + al(2)al(1)8%(1)
al(2)8%(2) + al(2)80(1)
At(2)8%(2) + A'(2)AY(1)8°(1)

BO(2) + AV(2)B%(1)
89(2) + AN (2)A1(1)8°(1)
BO(2) + a'(2)8°(1)

A%(2)81(2) + A%(1)B'(2)81(1)
A%238'(2) + a°(1)B'(2)
n0(2)8'(2) + a°(1)8' (2)8' (1)

e SNCETIEREE SR S



Special steps may be necessary in order that stability be reached

in sequential circuits. As can be seen in Table 2.3 -the equation set starts

b TR

repeating at r=7. This oscillation is caused by the feedback present
in the circuit and by the fact that the equation development process
permitted unrestricted input changes. It is well known that a 00 to 11
input change causes a race condition in cross-coupled NAND gates. Race
conditions are manifested in the circuit model by osciilating equation
sets. However, race conditions can be avoided as discussed in the next

section.

RACE ANALYSIS

It is shown in [671 that a race condition is first indicated when |
both the equations for CG and D1 or DO and 61 change from the previous %
ripple time. When one of these conditions is detected, C0 and D0 can
be systematically modified so that input changes are restricted to b
prevent a race condition from occuring. Race analysis consists of the
detection and the prevention of race conditions.

For the circuit in Figure 2.2, Chappell [ 61 has shown that if the
equaﬁiﬂn for CO does not change from the previods ripple time then no
race will occur and it is not necessary to check for changes in other

equations. However, the author has found that race conditions can be over-

looked if this rule is applied to the circuit in Figure 2.3, Hence,
!

the race detection procedure adopted here is to check C0 and B plus
DO and 81 for changes in all cross~coupled NAND gates in a circuit under
analysis.

_—
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When a race condition is detected in a pair of cross-coupled NAND

1 and D0 or 01

gates, equations ¢ or D are modified in such a manner
to eliminate input sequences that would cause the race to occur. The
equation modification rules adopted here are given in Table 2.4. Rules
I.A and II.A are the same as those given in [6]. An explanation of
the rules in Table 2.4 will now be given.

Consider the possible combinations of outputs of the cross-coupled
NAND gates of Figure 2.1. The output combinations that do not indicate
a race condition are shown in Figure 2.4a. Possible race conditions
are indicated by those combinations given in Figure 2.4b.

As can be seen, the following functional relationships, hold when

no race condition is indicated.

0 (1a)

cl2 p
pl2 " (1b)
On the other hand, the functional relationships below are true for

the conditions that indicate a possible race.

1 0

D (2a)
ple @ | (2b)

0N

c

" Hence, it can be concluded from (1) and {2} that no race can occur
if the equations that represent the outputs of cross-coupled NAND gates
are forced to satisfy the relationships of (1) when at least one equation
of each pair is non-zero. The rules given in Table 2.4 modify the
equations so the desired relationships are satisfied. Table 2.5 shows
the application of these rules to the analysis of the cross-coupled NAND

gate circuit.

16
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II.

Modification of ¢ or D',

TABLE 2.4
Race Prevention Rules
1

A. I CO(t,r) # 0 and D' (t,r) # 0

Then €°(t,r)

B. If c%(t,r) #
" Then D](t,r)
C. If C%(t,r) =

Co(t,r)-D](t,r).
0 and D'(t,r) = 0,

c2(t,r).

0, then no change.

Modification of p° and c'.

A. 1 DO(t,r) #

Then D°(t,r)
B. If D°(t,r) #
c. If °(t,r) =

e e o Rt

0 and C(t,r) # 0,
Do(t,r)-ci(t,r).

0 and C'(t.r) = 0, then C'(t,r) = D°(t,r).

0, then no change.

17
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Logical Yatue Variable-~Pair Representation

c D el ¢l o p°
1. X 0 0 0 0
X 1 0 0o 1 c
0 1 0 1 1 O
1 X 1 0 g 0
i 0 T 0 ¢ 1
T 1 T 0 1 0
(a) Race-Free Conditions
Logical Value Variable-Pair Representation
c D ¢l 0 p! o0
X 0 0 0 0 1
0 X 0 1 g 0
0 0 0 1 0 1

(b) Possible Race Conditions

Figure 2.4 Analysis of Cross-Coupled NAND Gate Qutputs
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TABLE 2.5

Equation Development with Race Analysis

r ¢! (t,r) c%(t.r) D' (t.r) 0°(t,r)

0 0 0 0 0

1 A°(1) 0 B%(1) 0

2 A1) A (1)8°(1) 8°(1) 138/ (1)

3 A°(1) Al (1)8%(1) B(1) (1 (1)

s A%2)+a%e' (1) Al(2)8°(1) BO(2)+A' (1)8°(1) (18! (2)
IR Al(2)b0(2)8%(1)+ 2023800118 (2)+0(1)8 (208 (1)

Al A ()8°) i

5 A8l (2)8'(1) Al (2)8°(2)+8 (1)8°01) B2(2)al (28" (1)8°(1) ~ A°(2)8 (2)+A°(138" (208 (1)
BR_ A'(2)8%(2)+A' (1)8%(1) r°(2)8' (2)+2°(1)8' (2)8' (1)
6 A(2)°1)e0(2)8' (1) A'(2)8%(2)+A (138°(1) 8°(2)+A (20 (1)8°(1)  A°(2)(2)+R%(1)8! (2)8' (1)

19

——— e

e B .



Mow consider the interpretation of the equations in Table 2.5
for t=2, r=6. These equations represent all race-free ways of controlling

the circuit outputs in two input time steps. In particular, the equation
cli2.6) = A0(2) + A%(1)B! (2)8 (1)

indicates two ways of placing output C in the logical 1 state after

two input time steps. First, input A can be set to 0 at t=2. Second,
input A can be set to O and input B set to 1 at t=1 with B held at 1 for
t=2. A is a don't care condition for t=2, in the second case. Similar

meanings follow for the remaining equations.

OSCILLATION ANALYSIS

Equation oscillation may occur during the circuit analysis procedure
even if race conditions are prevented in cross-coupled NAND gates. This
non-race osciilation is caused by global feedback paths that lead to the
possibility of closed conduction paths that contain an odd number of
Togic signal inversions and an odd number of unit delays.

No immediate means of predicting a non-race oscillation condition
has been developed. However, such oscillations can be handled by
setting an upper Timit on the number of ripple times allowed for each
input time step. An oscillation would be assumed to exist if the equation
sets do not stabilize before the ripple time exceeds the established
limit.

Ripple time Timit should be set as a function of the circuit under
analysis and is probab1y related to the number of inversions in the
Tongest closed feedback path. Further study is needed to establish a

precise means for setting this limit.

20




Chappell [ 6] has suggested applying the rule given by the equations

1 0

below to oscillating equations such as F or F~ in an attempt to halt

the oscillation process.

Flt,e) = Fl(E,r) » F {t, r-1) (3a)
FOre,r) = Fo(e,r) - FOe, r-1) (3b)

DETAILED PROCEDURE

Let I], vees In correspond  to the primary inputs of a logic circuit,
and let Jn+1’ cves Jm correspond to the logic gate+ outputs of the
circuit. Let (I}, I%) and (J;, Jg) represent the Togic value of circuit
input 1ine i and gate output line j, respectively. Then for each j,

n+1<j<m, the following pair of Booiean equations follow.

ey = 3T+ T 90(t, v-1) (4a)
cK. gel.
3 3
Jg(t,r‘) I Il(t) R Jl(t, r=1) © (4b)
kt-:Kj EeLj .

where Kj = {Primary inputs that are inputs of gate j}
and Lj = {fate outputs that are inputs of gate j}

The circuit analysis procedure iTlustrated previously is flowcharted
in Figure 2.5 in terms of the notation used in (4). Also, cross-coupled
NAND gate outputs are denoted F and G in the race analysis procedure

Tlowchart.

TNAND gates are assumed.

21
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'(b) Race Analysis Procedure

Figure 2.5. (con't) 23




| AR )
Lt |

4

Q=

L. |
ey

et |

o

Berampnsd

-4

L=

)

o SR s

=

CHAPTER 3 - TEST PATTERN GENERATION

The analysis procedure deécribed in Chapter 2 can be used as the
basis of two approaches for test pattern generation. Both approaches

are taken from [ 6].

FAULT INSERTION

Faults are inserted in a logic circuit by modifying the equations
that represent the faulty gate. An ordered pair of Boolean variables
will also be used to represent faults. For example, let o correspond
to some fault. The variable pair (a], ao) will represent the fault where
(1, 0) means the fault is present and (0, 1) means the fault is not
present. This fault representation will be utilized in describing a
circuit with a fault.

Any single stuck-at fault in an all NAND gate Togic circuit is
equivalent to some gate input stuck-at-1, some gate output stuck-at-0,
or some gate output stuck-at-1. Let o represent input A stuck-at-1
for the gate in Figure 3.1, and let Yo and g represent the output C
stuck-at-0 and stuck-at-1, respectively. Table 3.1 summarizes the result-
ing equations for the fault free NAND gate and for each of the féults
described above.

Let By represent -a. stuck-at-1 fault on the B input of the
corss-coupled NAND gates shown in Figure 3.2. The faulty circuit is

described by the following basic set of equations.

24
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Figure 3.1, Two-Input NAND Gate with Fault

B

%

Figure 3.2. Cross-Coupled NAND Gate Pair with Fault




TABLE 3.1
Fault Insertion in Two-Input NAND Gate

Fault Free A Stuck-at-1 ¢ Stuck-at-0 C Stuck-at-1
¢! = p0 4 8° ¢! = A% o + B L ¢l =A% w8+
¢© = al! @ = a}[BT + a'g! ® = alg! 4 Y}) | c® =.A]B]~}‘]’
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¢l (e,r) = A%(x) + DO(t, r-1)
cOte.r) = Al ()0l (¢, r-1)

D' (t,r) = egp0(t) +
0%(t,r). = ggcl (e, r-1) + B ()C! (¢, r-1)

t, r-1)

Propagation of the above equations is sﬁown in Table 3.2 for two
input time steps. It should be emphasized that race and oscillation
analysis must be performed for the fault case in the same manner as for

the fault-free case.

DETERMINATION OF TEST SEQUENCES
Let F represent an output of a Togic circuit that has had fault ¢
inserted. The equation pair describing F in time can be written as

follows.

U+ V¢] + N¢0

-
i

= X + Yo! + Z40

-
I

where U, V, W, X, Y, and Z are Boolean expressions. All fault detection

test sequences of Tength t for ¢ are given by the following test function.

%=u+w | (5)

For an example consider fault By in the cross-coupled NAND gates.
The results will be shown for only output C even though similar results

can be obtained for 6utput D.

At t=T:
¢'(1) = 8%(1)e]
¢®(m) = %138’ (1) + A%(1)e;
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TABLE 3.2
Equation Development with Inserted Fault

r ¢! (t,r) cO(t,r) D! (t,r) D°(t,r)
0 0 0 0 0
1 A°(1) 0 BYB°(1) 0
2 AO(1) : A1(1)B?B°(1) B7B%(1) B}AO(T)+BT(T)A0(1)
3 80(1) AT (1)8%8°(1) B%8(1) BIA%(1)+81 (1)A°(1)
4 A0(2)+81A%(1)+8! (1)A%(1) Al 2E%s0() e3Pl (1)858(1)  BiA°(T e (2)A°(1)
4R A'(2)8%°(1)8°(2) + BIA°(1)+A°(2)B' (2)A°(1)
al(2)a'(1)8%°(1) + B1(2)8}(1)A%(1)
5 A28l (28 (1A%(1) ¢ AT(2)8%8°(2) + AL 2)AT(1)BBO(1) ¢ BIA(2)4B1A%(1)4A0(2)8  (2) +
B1A°(1) Al(2)a' (1)8%8°(1) 378°(2) B'(1)8' (2)°(1)
5R Al(2)a%8%(2) + B}A°(2)+A°(2)B‘(2)+B}A°fﬁ) ¥
Al (2)AT(1)8%(1) B1(1)B'(2)A°(1)
6 AO(2)+BA°(1) + AR AT(Z)A1(1)B°(1)B?+ B}(A)°(2)+B}A°(1)+A°(z)a‘(2)
B'(1)8' (2)8°(1) Al)a (0B°(1)8) 8°(2)p] + B (2)8' (1)A°(1)
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Therefore:

e = A%’
1

C
At t = 2:
c*(2) = 8236l + A" (@)1 (1)8%1)6
¢%¢2) = 8(2)a%2) + B'(2)8' (1)a%(1)
+ A%(2)8; + A%(1)eg
Therefore:
c; = a9(2)8%2) + a%(1)8%2)
TESTS FOR UNSPECIFIED FAULTS
Test sequences can be produced for individually inserted faults
by generating the equations for the circuit and then finding the corres-
ponding test functions using Equation (5). A more efficient strategy
will now be described. The approach taken in the efficient strategy is
to find test sequences for €ach primary input fault observed at each
circuit output. Chappell [ 6] states that this strategy yields tests
for 80-90% of the single faults in the circuit under consideration.
The remaining faults can be handied using the previously described
approach.
Generation of test sequences for faults on input I_i to be observed
at output Oj is performed as follows. Let the following equation pair

represent output Oj in terms of input I_i and other unspecified terms.

1 1 0
. = A+ .+ Gl
OJ A BI‘_J CI1
0 1 0
0, =D+ EI, +FI,
J | J F 1
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where A, B, C, D, E, F are Boolean expressions.

The desired test function is given below.

= (8F + CE) (13 + 1D) (6)

0 ;
j . i

I

It should be emphasized that fault-free circuit equations are used in
obtaining Equation (6).
The following test functions result for the cross-coupled NAND

circuit for faults on input A with observation at output C.

cy = B(1) 1Al (1) + A%(1)]

al)s%(1) + a%1)80%¢1)

I

2 = 89%2) + 'l mal(2) + a%2)

alr2)38%(2) + a0(2)8%(2) + al2) al(1)80(1)

+ 89¢2)a1(1)80(1)

Selection of tests from (6) should be such that the input is

‘exercised with both a logical 1 and a Togical 0 if possible. Hence,

two tests for each input-output pair are attempted. The shortest test

in terms of time should be chosen when more than one possibility exists.
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CHAPTER 4 - STARTING STATE SPECIFICATION

A major advantage of the logic model introduced in Chapter 2 is
that a representation exists for describing a logic signal in an unknown
state. This allows analysis of segquential circuits from an unknown
starting state. However, sequential circuit exampies have been found
that cause difficulties when applying the analysis procedure of Chapter
2 if the starting states are unknown. This chapter will be devoted to
a presentation of some of these difficulties. A possivie approach to

the solution of the problem is also given.

PROBLEM CIRCUITS

The circuit shown in Figure 4.1 is from [ 6] and has only one
stable starting state. Establishment of this state must be accomplished
manually before the analiysis procedure of Chapter 2 can be applied.
Hence, the unknown starting state will not yield meaningful resulis.

A possibly more important example of the inadequacies of the unknown
starting state approach for sequential circuits is illustrated by the
JdK flip-flop circuit in Figure 4.2. BAnalysis of the JK flip-flop does
not produce meaningful results when an unknown starting state is assumed
due to the global feedback in the circuit. Table 4.1 shows the result
of the analysis.

When a specific starting state is assumed ¥or the JK flip-flop,

the analysis procedure yields the proper results. Tables 4.2 and 4.3
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Figure 4.2.
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JK Flip-Flop Logic Circuit
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Table 4.1
for JK Flip-Flop with Unknown Starting State
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TABLE 4.3

Equation Summary for JK Flip-Flop with 1 Starting State
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summarize these results for a 0 starting state and a 1 starting
state, respectively.

The analysis of large sequential circuits cannot be accomplished
effectively unless the analysis procedure can start from an unknown
starting condition. An approach will be described in the next section

that holds promise for solving the starting state probiem for the procedure

given in Chapter 2.

.PRUPOSED PROBLEM SOLUTION

Consider the cross-coupied NAND gates shown in Figure 4.3. Ina
physical circuit, the state will either be C=0 and D=1 or C=1 and D=0
when stable. Hence, it is reasonable to assume that the starting out-
puts of any pair of corss-coupled NAND gates are complementary even
though they may be unknown. Therefore, it appears reasonable to use
a variable to represent the starting state of cross-coupied NAND gates.
In terms of variable pairs, the starting conditions would be specified

as follows.

¢t = x
c® =7
p! =X
o® = x

Table 4.4 shows the analysis of the NAND circuit in terms of the
above starting state. As can be seen, the results are compatible with

those obtained using constants to specify the starting state.
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TABLE 4.4

Equation Development Using Starting State Variables

[
13
[==]
> -
-
I

= 0

(o]
—t
H
=
-
o+
>

9
4
(v
o
e
>

(]
1}
=

o
—
I
juvi
+
=
—
e

n
=

1. Op 1 1
C, = Ap + ATBT + 31

1.0 v
+ ABy + ALK,

X,

o0 OO

[
—0 —~O

v J

]

1]

Ly}
—
1

44

=algl + A

- 2%

B e
=<

1.0 .1
1B1 ¥ A
0.1 . .1
187 * ByX

A X

A

1
171 1
1 1

187 + ByX

= A1BDBO + A

27271
0,1,0

X

1,1,0

N

oAiBy + AoAiX

1,0,1

Tl

= AgBahy *+ BaArBy ¥ BpByX

ind




DBREATT SR

Erarmensd ) W apnverneve |

 S——— L aad

02 = Az + BEATBl

1_40
D, =B, +A B1 + A2A1X,

u

L]

45

1,1.0
+ AEA]B1 + A2A1x

_ 1,0,1

1,1,0
+ AEA]B1 + AZATX

1,0,1
B, + BZA1B] + B

R i e e e e e A

g amgnap i s




timerd

{ A S A S SR S S

N

S

= =

The us2 of variables to specify the starting state of cross-coupled
NAMD gates appears to offer promise as a solution to the starting state
problem for sequential circuits. However, when using the approach on
the dK flip-flop circuit of Figure 4.2 a problem was encountered when
applying the race analysis procedure described in Chapter 2. More
specifically, as now organized the race analysis procedure eliminates
terms during equation modification that should be retained. Therefore,
the race analysis procedure must be revised to accommodate the new

approach.
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CHAPTER 5 - CONCLUSIONS AND RECOMMENDATIONS 3

An approach to test pattern generation has been described that can
be used with both combinational and sequential logic circuits. Two
strategies can be used to obtain test patterns for singie stuck-at faults.
One strategy is used to find test patterns for a specific fault that has
been inserted in the circuit. The other strategy is used to obtain a set
of tests for unspecified faults in an attempt to reduce the computation
time per fault. Combined, the two strategies provide an effective
approach to test pattern generation for large logic circuits.

The procedures presented in this report have been adopted from the
concepts outlined by Chappell [ 6}. A major modification has been
made in the race analysis procedure, however.

The major deficiency found in the approach presented is the problem
of starting state specification for some sequential circuits such as the
JK flip-flop. A possible selution to this problem has been suggested

but needs further work.

o AR ol st ¢ Srheaen = e e i e e o

It is recommended that future work on the test pattern generation

procedure first be directed toward finding a solution to the starting

- A 2 AU B

state problem. A production program of the procedure should be developed

W R RV AR

after this problem has been sulved. APL or FORTRAN should be considered

as the language for use in the program.
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Other probTlem areas needing attention are generalization of the
timing model and functional representation of circuit segments. The
Tatter is one approach that could possibly reduce computation time and
memory requirements of the procedure.

Further work on oscillation analysis is also in order. A means
for precisely setting an upper 1imit on the number of rippie time
steps per input time step is needed. The problem of immediate detection
of an oscillation condition is also worth of attention. Development of

a rule for halting oscillation is needed.
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APPENDIX
Description of SIMLOG

FUNCTIONAL DESCRIPTION

This appendix is devoted to the description of a computer program
calted SIMLOG that performs the analysis procedure described in Chapter 2.
A functional level flowchart of the program is given in Figure A.1. The
program has been written in Xerox BASIC for running under the CP-V
Operating System on an XDS Sigma 5 Computer. Evaluation of test sequences
produced by the TPG procedure and analysis of planned modifications of
the procedure have provided the impetus for writing the program.
Production runs of the program are not anticipated. However development
of a production version of the program is expected after completion of
the current evaluation and analysis studies.

Program Capabilities

Circuits consisting of NAND and NOT gates can be accommodated by
SIMLOG. The sum of the number of circuit inputs plus the number of gates
must not exceed twenty-six. Starting states of each logic signal may be
specified as 0 or 1 or may be left unspecified. Propagation of starting
conditions through a circuit must be accomplished manually.

The program generates the time dependent equation pairs for the
outputs of all gates in a circuit. Race analysis is performed on each
set of cross-coupled NAND gates as discussed previously. The race
analysis is performed interactively with the program performing all
computation and the user making decisions about equation changes upon
cue from the program. Ripple time is incremented automatically until a
stable set of equations is reached. Input time incrementing is under
user control but must not exceed a value of nine.

Fault insertion has not been incorporated in the program at this
time. However, a fault insertion capability will be added in the
immediate future. Oscillation analysis other than for races is also
currently lacking in the program. The addition of oscillation analysis
is also planned. Computation of fault functions is not included in this
program. Addition of this step is not anticipated since it can be easily
carried out manually for circuits of the size handled by the program.
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User Procedure

The steps Tisted below outline the procedure followed by a user 7
of SIMLOG for a typical logic circuit. 5?

1. Draw a logic diagram and label each circuit input and each
gate output with a unique letter of the alphabet.

2. call SIMLOG and enter RUN.

3. Enter the circuit description when requested by typing the
Tetter associated with each gate output followed by the letters
of the corresponding gate inputs. Letters corresponding to :
circuit inputs must be followed by a minus sign. Enter a 0 i3
when finished.

4. Enter each cross-coupled NAND gate pair. Terminate entry by e
typing 0. .

5. Enter starting states of each logic signal as desired. The
default condition is the unknown state. Again terminate

by typing 0.

6. Respond to the race analysis procedure by typing YES or NO as ié
appropriate., |

7. Select the next input time step by typing YES when requested. H
A NO response terminates program execution. i

8. Obtain a hard copy output of all equation sets by copying the 3
contents of file PRINTOUT to the 1line printer using the file iz
manipulation features of the CP-V monitor or PCL.

!
A sample computer vun of the program for a pair of cross-coupled ;%1
NAND gates is shown in Figure A.2. The equations produced by the program .
Eog a JK flip-flop assumed to be in starting state 0 are given in Figure o

Program Expansion

The following features will be added to the current program in
the near future. .

1. Fault insertion
2. Variables for representing initial conditions
3. Totally automatic race analysis

4. OQsciliation analysis
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DETATLED DESCRIPTION

SIMLOG s composed of a main program and nine subroutines. Each of
these components is discussed in detail below. A top Tevel flowchart of

the program is given in Fig.A.4.

Main Program

The main program pevforms input, bookkeeping, subroutine calls and
Togical control functions as required by the logic-circuit analysis
procedure. Fig.A.4 serves a flowchart of the main program. Array struc- ;
tures and variables used in the program will now be described. é ’

N{27,27) - This array represents the interconnection pattern of the logic
circuit. Columns 1-26 correspond to letters A-Z of the alphabet,
respectively. Column 27 contains the decimal equivalent of the EBCDIC
representation of the gate output symbol for the gate corresponding to
the row. Each gate is assigned to a row of the array in the same order 3
as the gate is entered during the circuit input operation. Gate inﬁuts
are indicated by a 1 or a-1 in the appropriate row and coiumn. An input
from another gate output is indicated by al. A circuit input is indicated
by a-1. End of data is indicated by an all zero r v.

M(5.,2) - Cross-esupled NAND pairs are indicated in this array. Each
pair corresponds to a column of the array. An all zero column is used %o
indicate the end of data.

F{100,27) - The time dependent equation set for rippie time r-1 is -
stored in this array. Location of each functioh is determined by pointers ﬁ
stored in array L to be discussed later.

Each product term of a function uses one or more rows in the array.

The presence of a variable in a term is indicated by a non-zero entry in

the corresponding cotumn of the array. A positive entry represents a

e e ) e
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one variable, while a negative entry represents a zero variabie. 7;
The input time associated with a variable is indicated by the absolute
value of the entry. Column 27vis used to indicate the end of term
or end of function. A 1 in column 27 indicates that the term is
continued in the next row. A-1 in column 27 indicates that a new
term starts in the next row. A number < = -390 indicates end of
function. The absolute value of the end of function number indicates
the funciion name in EBCDIC.
G(100,27) - This array stores :he time dependent functions
being computed at ripple time r. It has the same structure as F.
H(100,27) - This array has the same structure as F and is used
as a scratch pad during function computation.
T(100,27) - Contents of G are temporarily stored in this array
during the updating of functicns in G.
L{26,4)} - Pointers to the functions stored in arrays F and G
are kept in this array. Columns 1 and 2 point to F, while columns
3 and 4 point to G. One function pointers are contained in columns
T and 3. Zero function pointers are contained in columns 2 and 4.
Pointers are stored in the row corresponding to the function name.
Unused words contain ones.

A(10) - Used during input operations.

S D e S i S R L S e e e e T At B R e S e i T e AL T e T

E - Index used to sequence through M array during race analysis.
E1 - Pointer to function in F matrix to be displayed during race

analysis.

E2 - Pointer to function in G matrix to be displayed during race

analysis. PRECEDING PAGE BLANK NOT FILifm)

69 /




LQyrrorme=a

L S o e

LI ]

Lo |

o ]

[ el |

H - Index used during Toading of H matrix.
I -~ Flag used to indicate whether a one function (I=1) or a zero
function (I=0) is being formed;

J - Logical complement of I.

K - Flag used to indicate first pass {K=1) through equation forming
process for each equation.

L ~ Flag used to indicate one functions (L=1) or zero functions
(L=0) are to be compared during race analysis.

P - Index used to sequence through columns of N array.

R - Ripple time variable.

S - Index used to sequence through rows of N array.

I - Input time variable.

Z9 - Flag set {Z9=1)when F and & arrays are identical.

OR Subroutine

The functions of this subroutine is to perform the logical OR of
two Boolean functions. Functions to be OR'ed are placed in the H array by the
main program. The OR subroutine performs the OR operation and passes
control to the MIN subroutine if neither function is the identity, then
control is returned to the Main program without going to MIN. Control is
returned to OR from MIN. OR then returns control to Main program.
The function resulting is placed in H. v

A11 arrays used by OR have been previously described. The following
variableé have particular significance to OR.

X - Index for sequencing through rows of H array.

X1 ~ Variable indicating the number of rows in H array required to

describe the minimized function. Value is fixed in MIN.

H - H array index. Value after OR is one greater than number of
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rows of H array needed to describe minimized function.

AND Subroutine

The AND subroutine performs the Togical AND of two Boolean functions.
The functions to be AND'ed are placed in the H array by the calling

program. Results of the ANDing opzration are placed in the top of the

H array for return to the calling program. Fig.A.6 gives a functional

flowchart of the AND subyoutine.
Arrays used in AND have been previously defined. A Tist of variables
used in the subroutine is given below.
A - Dummy index used in array element manipulation.
Al -~ Dummy index used in array element manipulation.
C1 - Counter used during meve of final product to top of H array.
X0 - Dummy index variable used during merging of terms and removal
of duplicate variables.

X1

Index for specifying terms in first functions.
X2 - Index for scanning rows of term indexed by Xi.

X3

Tndex for specifying terms of second function.
X4 - Index for scanning rows of term indexed by X3.

X5

Index for specifying terms of the product function.

X6 - Index for specifying rows of terms specified by X5.

X7 - Index used during removal of redundant variables from terms.

X8 ~ Index used during removal of redundant variable.

Y - Index used for scanning columns.

£3 - Variable indicating locations of the beginning of the first
term in second function.

Z4 ~ Index used during moving of final product to top of H array.

Z5 - Yariable indicating location of the beginning of the first
term of the product function. v
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MIN Subroutine

This subroutine performs Boolean minimization of the types below.
T+T=T |
T+S8T=T
where S and T are Boolean product terms. A functional flowchart of the
routine is given in Fig. A. 7.
The H array used in the routine is the same as described previously.
Variables with special significanée are defined below.
C ~ Counter used to indicate number of common variables shared
by two terms for a given column. ‘
C1 - Flag used to indicate when a match has been found among variabies
of two terms.

W1 - Flag indicating whether term one is zero (W1 = 0) or non-zero

W1 = 1).
W2 - Same as W1 for term two.
X1 - First row of first term.
X2 - First row of second term.
X3 - Index used to scan rows of first term.
X4 - Index used to scan rows of second term.

Y - Index used to scan columns of terms being compared.
Z « Mode of comparison of terms.
0
1

[

Terms not comparable

Term one is redundant

(33

2 : Term two 15 redundant

3 : Terms are equal
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QUTPUT Subroutine

The purpose.of this subroutine is to format the functions stored
in the F arvray into a character string and to print thé input time,
ripple time, and set of functions. Fig. A.8 shows the flowchart of the
subroutine. |

Arrays not previously encountered are described below.

P(500) - Functional information stored in F is translated into
decimal character codes { EBCDIC) equivalents and storad in P.

Q{72) - Each individual function stored in F is transferred one-
at~a~time to Q. The contents of Q are changed to character format and

“then is printed.

FUNCTION IDENTITY CHECK Subroutine

This subroutine is used during race analysis and performs the
function of acquiring a time r-1 function from F and the corresponding
time r function from G. The subroutine calls another subroutine to
QUTPUT the functions. The subroutine then queries the user about

equality of the two functions and returns control to the main program.

FUNCTION IDENTITY CHECK-OUTPUT Subroutine

Performs output of functions to be checked for egquality during race

analysis. The subroutine is a modification of the PRINTOUT subroutine.

FUNCTION MODTFICATION Subroutine

The purpose of this routine is to perform equation modification as
specified in the race analysis procedure when a possible race condition

has been detected. Called by Main program.
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