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Test generation for sequential VLSI circuits has remained a difficult problem to solve. The difficulty arises because
of reasoning about temporal behavior of sequential circuits. We use temporal logic to model digital circuits.
Temporal Logic can model circuits hierarchically. A set of heuristics is given to aid during test generation. A
hierarchical test generation algorithm is proposed.
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1. INTRODUCTION

igital circuits are tested during manufacture
and field operation by application of a sequence

of test vectors. A failure is indicated if the circuit
response does not match the expected response of
the "good circuit." The quality of the produced cir-
cuit (which could be a chip, a board, or a whole
system) is determined by "test escapes," that is, the
fraction of bad units which pass the test. These units
eventually cause field failures which are not only ex-
pensive to diagnose and repair but may also ad-
versely affect the image of the company in terms of
its product quality. Accurate measurement of test
escapes is very difficult for a variety of reasons, hence
manufacturers rely on "fault coverage" of the test-
vector sequence as an indirect measure of the quality
of the tested product. The fault coverage is the frac-
tion of all the modeled faults detected by the se-
quence. With increasing emphasis on product qual-
ity, the minimum required fault coverage values are
climbing into the 99% range. The purpose of test
generation is to develop a test vector sequence with
an acceptable fault coverage.
While the test generation problem is NP-complete

even for combinational circuits [11], there is some

evidence that the average-time complexity may not
be exponential [24]. This theoretical result is sup-
ported by recent advances in test generation algo-
rithms for combinational logic with impressive results
reported on benchmark circuits [21]. It is now pos-
sible to complete test generation for a combinational
circuit with several thousand gates in a matter of few
seconds on standard work stations. Comparable test
generators for sequential circuits do not exist because
of the inherent greater complexity of the problem.
For reasons of initialization, multiple-time-frames,
asynchronous nature, and problems of "hazards"
and "races," test generation for even a moderate size
circuit of a thousand gates could consume more than
24 hours of VAX-8650 CPU time [1].
We believe the formalism chosen to represent se-

quential circuits is an important factor that deter-
mines the complexity of the test generation problem.
A representation in which a circuit is just an inter-
connection of logic gates and latches is bound to
extract unacceptable time penalties in search prob-
lems related to circuit initialization and justification
of internal line values. In this paper we propose a
temporal logic [26] based representation which can
model the timing behavior of circuit elements of ar-
bitrary complexity in a uniform manner. We extend
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the linear time temporal logic [26] so as to be able
to reason about the likely past events causing the
known current events and develop specific heuristics
to accelerate the search process implied by such rea-
soning. Both synchronous and asynchronous circuits
can be represented by our formalism. Further, the
circuits could be built from arbitrary components de-
scribed by temporal logic formulas.

2. PROBLEM DEFINITION

We will first illustrate the test generation problem
for combinational circuits to introduce some basic
concepts in a simpler setting. The fault model we
choose is the stuck-at model [18]. According to this
model, faulty lines in a circuit have eternally constant
logical value. For example, in Fig. 1, the output of
gate H is permanently 0. This fault is represented as
sa-0mread stuck at 0. Faults can be either sa-0 or
sa-1. The test generation problem for combinational
circuits is to find an input vector that will detect a
given fault. A fault is said to be detected by a vector
if the faulty circuit and fault-free circuit have op-
posite logical values at the output. We have to choose
a vector that puts a logical value which is opposite
to the faulty value at the site of the fault--this is
called excitation of the fault--and the input vector
must also be able to propagate the effect of the fault
to the output. For example, in Fig. 1, for the fault
output of H sa-O, we need (A, B, C, D) (0, 0, 1,
1) to excite the fault and E has to be 0 to propagate
the faulty value to Z. If E is 1, then Z i regardless
of the fault on H. So E has to be 0. The output is 1
in the fault-free case and 0 in the faulty case. There-
fore the vector (0, 0, 1, 1, 0) detects output of H sa-
0. The vector that detects a fault is called a test
pattern. It is easy to verify that the vectors (0, 1, 1,
1, 0) and (1, 0, 1, 1, 0) also detect the fault output

of H sa-0. The above three test patterns can be writ-
ten as (0, X, 1, 1, 0) and (X, 0, 1, 1, 0), where X is
used to denote 0 or 1.
Though the test generation problem for combi-

national circuits is NP complete, there are many al-
gorithms that generate tests for combinational cir-
cuits efficiently [9, 10, 20, 21]. Some AI based
programs also have been developed recently [2, 22,
23].
The problem is more complicated for sequential

circuits. We need a sequence of vectors rather than
one vector to detect a fault. For example, in Fig. 2,
to detect Q sa-0, the sequence needed is [A, Clk,
B):(1, ’, X), (X, X, 1). The ’ is used to denote a
rising clock, that is, a 0 1 transition. Z will be 0
in the faulty case and 1 in the fault-free case. In this
case we need a vector to excite the fault and a vector
to propagate the effect of the fault. In general, we
will need a sequence of vectors to excite a fault and
a sequence of vectors to propagate the effect of the
fault.

Unlike for combinational circuits, effective test
generation algorithms for sequential circuits, have
yet to become a reality. However, recently various
new algorithms have been proposed [1, 8, 13, 14,
19]. The Iterative Test Generator (ITG) [19], that
transforms a sequential circuit into an iterative array
of combinational time frames, can be thought of as
an extension of combinational test generation. The
Extended Back Trace (EBT) [14] algorithm, that is
a deliberate single path sensitizer, is also an exten-
sion of the classical D-algorithm. CONTEST (CON-
current TEST generation) [1] uses simulation to gen-
erate test sequences. As faults are simulated in a
concurrent fault simulator [15], a cost function is
simultaneously computed. The input vector is then
modified to reduce the cost function until a test is
found. BACK [8] algorithm is similar to EBT with
different heuristics. Ma et al. use state transition
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FIGURE A simple combinational circuit. FIGURE 2 A simple sequential circuit.
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graphs for test generation [13]. The drawbacks of
this algorithm are excessive storage requirement for
the state transition graph, and long fault simulation
times for all the potential set up sequences.
Our goal is to develop an efficient scheme for test

generation for sequential circuits. We choose tem-
poral logic as a formalism for describing sequential
circuits. We also give some heuristics to guide the
search for test sequences. Temporal logic can be used
for multilevel specification of digital circuits [17].
Since our algorithm works on temporal logic speci-
fication, it is possible to to hierarchical test genera-
tion.

concepts of discrete time and transition that
occurs between subsequent instants of time.
It is important to note that the transition times
of circuits are short compared to the time in-
tervals of C) operator. This means that the next
transition of the input signals occur only when
output signals have assumed stable value. For
example, in Fig. 2, the temporal behavior of Q
can be expressed as

(A 1/ Clk)D(C)(Q 1)

(A 0/ Clk) D(C)(Q O)

3. REVIEW OF TEMPORAL LOGIC

In this section, we give a brief description of temporal
logic [26]. Traditional logic uses operators such as
V, /, --n, D, which stand for logical AND, OR,
negation and implication. Temporal logic introduces
additional operators for dealing with temporal se-
quences. While expressions in traditional predicate
calculus specify properties of the system state at some
given instant of time, which we will call the present
time, temporal logic formulas specify properties of
possible sequences of states that may evolve from
present time. Temporal logic retains the logical con-
nectives of predicate logic mentioned above and uses
the following temporal operators.

1. Always Operator[5]
The expression to means that the formula to

is true at the present time and at all future
times.

Example: B D (A/ C)

The above formula means that if B is true, then
A and C are true eternally in future.

Sometimes Operator
The formula oJ is used to specify that o will
be true some time in future. In the literature
this is treated as a primitive temporal operator.
However, we note that can be derived from
[--] operator as below.

3. Next OperatorC)
This is the most useful operator for test gen-
eration applications of temporal logic. The for-
mula C)w means that o will be true in the next
instant of time. This operator introduces the

Until Operatorq
(’ll.q means that A is true till the time instant
B is true. This operator can be used for spec-
ifying asynchronous behavior of digital circuits.
For example to specify that the interrupt ac-
knowledge signalINTACKdoes not rise till
an interrupt request signalINTREQrises,
we write

-( ’ INTACK)q( ’ INTREQ)

Temporal logic in various formslinear [3, 26],
interval [17] and branching time [6]has been used
for specifying digital hardware and also for formal
verification of digital circuits [3, 6, 7]. Our research
is the first attempt of using temporal logic for test
generation.

3.1 Modeling Sequential Circuits in
Temporal Logic

Temporal logic can be used to model circuits at mul-
tiple levels. We give examples in this section that
illustrate modeling at gate level and functional level.

Consider Fig. 3. The circuit can be specified as a
set of temporal logic statements, as below. There are
six combinational gates and two D flip-flops. Speci-
fications for combinational gates look like traditional
predicate calculus statements, since they do not ex-
hibit temporal behavior.
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Q0

FIGURE 3 An example sequential circuit.

8. (G1/ Q1/ Q0) D G3

9. (D/x, -nQ0) D G2

10. --nD D G1

According to the first formula, if the output of gate
G2 is 0, and the clock rises now, then the output of
the D flip-flop Q0 will also be 0, at the next instant
of time. The instant of time that is implicit is one
clock cycle. So the flip-flops are edge-triggered flip-
flops. The formulas 2-4 are similar to formula 1. The
remaining formulas, model combinational gates, and
hence their specifications look like boolean logic for-
mulas.

Consider Fig. 4. The figure is a serial adder. The
temporal specification for the two output ports are

1. ((A @ B @ Cin) 1) DSum 1

2. ((A @ B @ Cin) O D Sum 0
3. ((A B + B Cin + A Cin) 1) D Cout 1
4. ((A B + B Cin + A Cin) O) D Cout 0
5. Cout 1 D (C)(Cin 1)
6. Cout O D (C)(Cin 1)
The adder part of the circuit is strictly combina-

tional, hence the formulas 1-4 do not have any tem-
poral operators. However, the carry-in (Cin) for the
next time instant is the same as the carry-out for the
current time. Hence formulas 5 and 6 have the next
(O) operator.

B l C0

A serial adder.FIGURE 4

4. OUR APPROACH

Our approach to the test generation problem is based
on cause-effect type of reasoning. This technique is
used to solve the line justification problem. The line
justification problem is to find what inputs cause a
particular logic value to appear on a line in the cir-
cuit. The line justification problem is solved by solv-
ing a set of reverse temporal-A-formulas. To find a
test sequence, a path along which the effect of the
fault can be propagated is determined. This creates
several line justification problems. Then, we solve
the line justification problems. When all the prob-
lems have been solved, a test sequence is obtained.
For economy, we limit the search to solutions which
can be found by sensitizing a single path to a primary
output though this is not a fundamental limitation of
our technique.

4.1 Reverse Temporal Operators

Forward temporal logic operators, are useful in rea-
soning about future events in time. So, these oper-
ators are useful for simulation where we have to find
the response of digital circuits to input stimulus.
However, in test generation, we need tp reason
about the past events also. For example, to initialize
a line to a certain value at the present time, we need
to find what events in the past could have resulted
in the desired value on the line of interest at the
present time. Such needs in test generation lead to
the definition of two reverse temporal operators, that
are similar to the forward operators.

1. Previous OperatormA
This operator is the reverse of the (C) (next)
operator.
/(w)--read previous w is true if w was true in
the previous state/time interval.
An(w) is true if w was true in the nth previous
time instant. / is cumulative.

/i(lAxJ)(w) /i+J(w

We will show the utility of this operator in the
solution of the line justification problem.

2. Hither-to Operator A
This operator is the reverse of the (hence-
forth) operator. A(w)read hither to w is true
if w has been true in the previous k time inter-
val.
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i models the memory state of the flip-flops.
is also cumulative.

al(W)

We now illustrate the use of both the above
operators by writing the causal formula for the
D flip-flop. Reverse/Causal Temporal Formula
for the D-flip-flop in Fig. 2 is

(Q 1)
D (n >- 1/ A"(D 1/ " Clk)/ An_I(Q))

Explanation: If Q is i now, it was set to 1 due
to a rising clock and D 1 n instants of time
before the present one and has been stable for
the last (n 1) instants of time.

4.2 Modeling Rising Signals and Faults

poral operators. Now, we consider the same exam-
ples and model them by specifying reverse temporal
formulas for them.
The formulas below are the reverse temporal for-

mulas for the circuit of Fig. 3.

Reverse Temporal Formulas

1. (Q0 0) D A(G2 0/ ]’ Clk)
2. (Q0 1)D A(G2 1/ ]’ Clk)
3. (Q1 0) D A(G6 0/ ]’ Clk)
4. (Q1 1)D A(G6 1/ ]’ Clk)
5. G6D (G3VG4VG5)
6. 65 D (Q0/ -Q1)
7. G4 D (D/ Q1/ --nQ0)
8. G3 D (G1)/k Q1/k Q1)
9. G2 D (D/ --nQ0)

10. G1 D -D

The reverse operators can be used to model clock
signals and stuck-at faults very efficiently. We use
the A operator rather than the (C) operator to model
rising signals. Our definition of a rising signal is

T x (x

This way we can model signals that make transitions
in the present instant of time. Falling signals are
similarly modeled as

+ x =/x(x (x 0)

Some authors represent transitions using the O op-
erator, as

x=- (x o) A(C)(x

This way the signal rises in the next instant of time
rather than the present one. If the previous operator
is used, then the signal rises in the present instant.

Stuck-at faults can be modeled using A and IS] op-
erators. For example to model H sa-0, we write

,(/4 o)

A line which has a stuck-at fault has the same value
in past and future.

4.3 Modeling Circuits with Reverse
Temporal Formula

In the previous section, examples were given to show
how circuits could be modeled using forward tem-

The first four formulas are for the two D flip-flops
in the Fig. 3. We note that they look similar to the
forward formulas, except that these formulas are now
expressed so that one may reason about the past,
rather than predict the future, as in the case of for-
ward formulas. The reverse formulas-help us to do
causal reasoning. The above set of formulas are writ-
ten so that we find the cause for an event in the most
recent time instant. So they appear as A formulas.
For example if Q0 is 1, then we can infer that in the
previous time instant G2 was 1, and the clock rose.
If Q1 is 0, then in the previous time instant G6 was
0, and the clock rose. The combinational gates have
formulas which look like the traditional predicate
logic formulas. The reason is that they do not have
temporal behavior.
We also now model the serial adder, (with reverse

temporal operators), that is shown in Fig. 4. The
sum and carry output depend on the previous value
of the carry output. The previous value can be easily
represented using the A operator. The following for’-
mulas model the serial adder.

1. (A@B@A(C0)) DS
2. (AB + BA(Co) + AA(Co)) 9 Co

5. HEURISTICS FOR
TEST GENERATION

Since the test generation problem is NP-complete,
an optimal polynomial time solution does not exist.
Any solution that is obtained in polynomial time is
sub-optimal and will depend on heuristics to make
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decisions that will (hopefully) yield good average-
time solutions. In this section, we give heuristics that
can be used for test generation for sequential circuits.
The heuristics are given for both parts of the test
generation problem, namely, line justification and
fault propagation. The heuristics depend on tem-
poral parameters.
We classify the lines in a circuit into

1. State Lines
(a) Dependent State Lines
(b) Independent State Lines

2. Sequential Lines

3. Combinational Lines

State lines are outputs of sequential blocks viz.
outputs of flip-flops, registers, counters, etc. Depen-
dent state lines are those state lines that can be
reached by other state lines. Independent state lines
are state lines that are not reachable by other state
lines. So these state lines are directly controllable by
combinational logic blocks.

Sequential lines are all lines reachable by a state
line. In the subcircuit influencing these linescalled
the cone of influencethere is at least one sequential
block.

Lines of the circuit not reachable by any state line
are called combinational lines. The cones of influence
of these lines do not have any sequential block.
For example in Fig. 3, Q0 and Q1 are state lines,

D, output of G1, and CLK are combinational lines.
All other lines are sequential. Q0 is an independent
state line and Q1 is a dependent state line.
We also define two "depth" factors (corresponding

to the next (C)) and delta (/) temporal operators)
that indicate the sequential depth from the primary
input side and also in the reverse side, the primary
output side.
Next Depth of a line is defined as

formula that needs the state line to be set to
the same value.
To set a flip-flop to a 1, it may be wrong to
choose a A formula that needs the same flip-
flop to be set to 1! If a choice is not available,
then eventually the flip-flop may be set to 1,
using other heuristics, or, may be impossible to
set to 1, depending on the circuit structure, in
such cases the impossibility should be detect-
able. For example, in Fig. 3, to set Q1 to 1, we
have to make G6 equal to 1. G6 is 1 if at least
one of G3, G4, or G5 is 1. For G3 or G4 to
be 1, Q1 is required to be 1. So in order to set
Q1 to 1, we require Q1 to be 1 in the previous
state! This means that we must solve the same
A formula again. Instead, we choose to make
G5 1, which creates/ formula for Q1 0.

If a choice is available, choose to justify through
a combinational line.
This heuristic is very logical, since what can be
achieved with one vector is to be preferred to
that achievable by a sequence of vectors. In Fig.
5, to set the output of the AND gate to 0, we
can set any one or more of its inputs to 0. We
choose to set the combinational line to 0, be-
cause one pattern is needed to justify the 0 on
the combinational line. If we choose the se-
quential line we will need at least two input
patterns.
If a choice is available, choose a non-state line.
This may help us to find a shorter input vector
sequence which sets a desired value to a line.
If we choose a state line, it means we have at
least one more A equation to solve. If we
choose a non-state line, it is possible that we
may be able to avoid additional A equations,
especially if Heuristic 2 is applicable to the non-
state line.

rain{next depth of inputs of line i}
+ next exponent of Combinational Line

Similarly Delta Depth of a line is defined as

min{(delta depth + next exponent)
of all fanout elements}

The next depth of all primary inputs is 0 and the
delta depth of all primary outputs is 0.
We use the above classification of lines in devel-

oping the following heuristics.

1. If there is only one state line to be justified,
and if a choice is available, do not solve the A

Sequential Line
FIGURE 5 Heuristic 2.
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Hardest to set and easiest to set heuristics are
to be used whenever necessary and possible.
PODEM [10] also uses similar heuristics. How-
ever, here we use next depth instead of "dis-
tances" from primary input.

If an assignment to a state line is going to lead
to a "state"which is the vector of all state
linesbeing justified, do not make the assign-
ment, since this corresponds to a loop in the
state diagram of the circuit. If a choice exists,
choose another assignment or else backtrack to
the most recent decision and choose an alter-
native.
During the solution of / formulas, more /

formulas evolve. The set of/ formulas we have
to solve at a particular instant of time corre-
sponds to a state of the circuit at that instant
of time. The line justification problem is equiv-
alent to the question What state resulted in the
present state? In other words, what was the pre-
vious state that resulted in the present state?
So the / formulas give us a state which we
should visit in order to solve the line justifica-
tion problem. This heuristic helps us detect
loops in the visiting of states in order to solve
a problem. If the loop is inevitable, then we
conclude that the problem is unsolvable.

6. If multiple state lines have to be justified, then
justify in the sequence:
(a) Independent state lines.
(b) State lines, which are not dependents of a

state line, whose value is yet to be justified.
7. When we have to propagate the fault effect, we

propagate to the line of least delta depth. The
line with the least delta depth may help us to
propagate the effect of the fault to a primary
output quickly.

These heuristics are geared towards generating
short test sequences. To measure the effectiveness
of the heuristics, we have computed the temporal
logic parameters for sequential benchmark circuits
[5]. Table I lists the various parameters for the bench-
mark circuits. There is a considerable number of
combinational and sequential lines. The heuristics
that use the line classifications will help during line
justification. Most circuits also have a few indepen-
dent state lines. Justifying lines through independent
state lines is easy.

6. LINE JUSTIFICATION

In this section, we give the solution to the line jus-
tification problem. Consider the circuit in Fig. 3, and

TABLE
Temporal Logic Data for ISCAS-89 Benchmark Circuits

s298
s349
s382
s386

Input
Lines

Lines
Seq
Lines

12 116
10 171
14 153

159
8510 19 30 207
s526 3 13

35
18
35

8641
s820
s838
s953
s1238
s1423

9O
54
38
83
344
98

16
14

189
348
272
389
351
192
581

s1488 8 31 649
35
36

327
i327

s5378
835932

2536
15093

Ind. Dep.
State State
Lines Lines

3 11
0 15
2 19
0 6
0 6
3 18
0 1"9
0 5
1 31
3 26
12 6
2 72
0 6
33 146
0 1728

Ave.
Next
Depth
1.0775

Ave.
Delta
Depth
1.2606

0.7500 0.9183
0.851i 1.7074
0.2067 0.4805
0.6872 0.6461
0.9865 1’7309
0.1072 0.2604
0.2719 0.6344
0.2963 1.7i12
0.2786 1.1123
0.0523 0.1643
0.2337 1.0186
0.3513 0.3994
0.9602 0.3264
0.2736 3.0138
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TABLE II
Delta Table for Q1

A 01234
x 0 0

cm T T T T
G1
G2 1 0 0
G3 0 0
G4 0 0
G5 1 0 0
G6 1 0 0
QO o o

o o x

its temporal formulas as given in Section 4.3. We find
the input sequence that will set Q1 to 1, and construct
a A table for it. In this table, column number n gives
the line values in the nth previous time instant. Col-
umn 0 specifies the problem. Below we give the A
table for the problem Q0 1.

In order to set Q1 to 1, according to the reverse
temporal formula 2 (Section 4.3), we need G6 1
and a rising clock in the previous time instant. G6
can be set to 1 by setting Q0 to 1 and Q1 to 1 (using
heuristic 1) in the previous time instant. Thus we get
column 1 in the above table. We now need to solve
two A formulas viz. Q0 1 and Q1 0. The other
columns are similarly constructed. We stop when
there are no other/ formulas to be solved. In col-
umn 3, we need Q0 1. This can be achieved by
setting D 0, using heuristic 2. This does not give
rise to any more A formulas. So we stop. Reading
from right to left the rows which correspond to the
primary inputs, we get the input sequence needed to
set Q1 to 1. The sequence is

(D, Clk> (0, ’ )(0, T >(1, ’ >(x, ’
7. TEST GENERATION ALGORITHM
AND EXAMPLE

In this section, we describe the test generation al-
gorithm. For generating tests for faults in sequential
circuits, we first excite the fault. Then we find line
values that are necessary to propagate the effect of
the fault to a primary output. We use the (C) formulas
to determine the propagating line values. This will
create line justification problems spread over several
time instants. We create a (C) table similar to the A

table when we find the propagating line values. We
then solve all the line justification problems. The two
phase test generation algorithm may be described as

Excite and propagate the fault. In the process
we build a constraint table containing the line
justification problems that need to be solved in
different time frames. This table is built using
the forward temporal formulas and is called the
(C) table (read next table).
Transform the table into a A table, by copying
the table backwards. Set the line value for the
faulty line to 0 or 1, depending on the type of
fault, in all new columns of the A table. Using
the above heuristics solve the A formulas until
no more A formula exists. In case of failure,
choose a different path to propagate the fault,
by going back to step 1.

Consider for example the fault G5 sa-0 in the cir-
cuit of Fig. 3. In order to excite the fault, we need
Q0 1 and Q1 0. To propagate the fault effect,
we need G3 G4 0 and a rising clock. The effect
is propagated to the output Q1. The C) table for this
fault is shown below. The numbers in parentheses
indicate the faulty value. To find the test we have to
justify the state Q0 1 and Q1 0. We can do
that by constructing the A table as shown in Table
IV.
The test sequence is

<D, Clk> <0, ’ ><0, ’ )<1, ’ ><X, ’
Similarly, it is possible to generate test sequences

for other faults in the circuit. However, two faults
D sa-1 and G3 sa-1 are undetectable by ATPG pro-

TABLE III
Next-Table for G5 sa-0

D
Clk
G1
G2
G3
G4
G5
G6
QO
Q1

o
o

(0)
1
1
0

1
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TABLE IV
Delta-Table for G5 sa-0

A 0 1 2
D X i 0

T T T
G2 1 0
G3 0 0
G4 0 0
G (0)(0)(0)
G6 1(0) 0 0
Q0 o o

o o x

grams and our algorithm also fails to derive test se-
quences for these faults.

8. MULTI-LEVEL TEST GENERATION

The same algorithm can be used for test generation
at multiple levels of description of the circuit. At
higher levels of description, only input/output pin
faults are considered. Further, the pin faults are as-
sumed to be stuck-at faults. The modules at higher
levels can be described by functional specifications
as was done for the serial adder in Section 4.3. Hi-
erarchical specification can also be extracted from
the gate level description by using the state transition
information. The description thus obtained, uses as-
signed state values for the equivalent state machine.
This information can be extracted in a straightfor-
ward and mechanical way from the state table. The
same heuristics specified in the previous section also
apply at this level of description of the circuit. Later,
an example of deriving the high level description of
a circuit from its gate level description is given.
There have been some attempts in the past to de-

velop high level test generation. Breuer and Fried-
man have extended D algorithm to work at the level
of registers and counters [4]. They have defined a
set of functional operations for left shift, right shift,
loading the registers, etc. Using these functions as
operations, a calculus has been developed for test
generation. However, a main drawback is that they
have not done any computational feasibility studies,
and more importantly, no algorithmic method is used
for D-propagation through the constructs of the cal-
culus developed. Levendel and Menon have also ex-
tended the classical D-algorithm to work at a higher
level of description of circuits [12]. They use an equa-

tion method for finding tests for the simple examples
demonstrated in the paper. They have specified a
high level algorithm for test generation. But the com-
putational feasibility is unknown. Thatte and Abra-
ham have proposed a test generation method for
instruction level representations of hardware [25].
The operations of the hardware are mapped to graph
transitions, modeling register transfers. The main
limitation of this method is its restriction to instruc-
tion-level hardware descriptions. Min and Su also
have proposed a test generation algorithm based on
register transfer language description of hardware
[16]. This method is very similar to that of Thatte
and Abraham. The difference is that some of the
decoding fault classes are separated. For example,
the READ and WRITE faults are combined in
Thatte and Abraham’s method while Min and Su
consider them separately.
The method described in this paper is significantly

different from all of the above schemes. It uses a
new set of heuristics. The algorithm works at multiple
levels. The above algorithms all work at a high level
of description of the hardware.
High level information about circuits can be ob-

tained is a straightforward manner from state tables.
Consider the circuit in Fig. 6(a) that is-the same one
as in Fig. 3, except that it is now depicted as a func-
tional block. The state diagram corresponding to the
circuit is shown in Fig. 6(b). The following temporal
logic statements describe the functional behavior of
the circuit.

D
Q0

FIGURE 6

1/0 1

Black-box for circuit in Fig. 3 and state diagram.
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logic statements describe the functional behavior of
the circuit.

1. D O/k ’ Clk D O(QO O)
2. D- 1/k QO 1/k ’ Clk D O(QO O). D- 1/k QO O/k ’ Clk D O(QO 1)
4. D O /k QO O/k ’ ClkD(C)(Q1 O)
5. D-O/kQO- 1/k Q1- 1/k Clk D (C)(Q1

1)
6. D O /k QO 1/k Q1 O/k ’ Clk D (C)(Q1

1)
7. D 1/k QO O /k Q1 O/k T Clk D (C)(Q1

O)
8. D 1/k QO O /k Q1 1/k ’ Clk D (D(Q1

1)
9. D- 1/k QO 1/k ’ Clk D (C)(Q1- O)
The formulas are easily obtainable from the state

table description of the circuit. Consider the state
table for QO as given below.

State Table for Q0

QoQ

O0
O1
11
10

D=0 D=I

0 1
0 1
0 0
0 0

The first column gives formula 1. The first 2 rows
in the second column give formula 3, and the last
two rows in column 2 give formula 2. The procedure
of getting the temporal logic statements from the
state table is straightforward, and the minimum set
of formulas needed is also unique.

Consider the state table for Q1, given below.

State Table for Q1

Q0Q

O0
O1
11
10

D=0 D=I

0 0
0 1
1 0
1 1

Moore machine, from the state table description of
the machine.

It is evident that these formulas are similar in form
to the formulas describing the same circuit at the
gate level. The test generation at the functional level
can therefore be done the same way as it was at gate
level. The reverse temporal formulas (at functional
level) for the circuit are given below.

1. Q0 0DA(D 1/kQ0 1/k ’ Clk)
2. Q0 0 D A(D 0/k ’ Clk)
3. Q0 1 DA(D 1/Q0 0/ ’ Clk)
4. Q1 o A(D eo Ctk)
5. Q1 OD A(D 1/ QO 1/ el 1A

Clk)
6. Q1 0D A(D 1/kQ0 0/kQ1 0/k

Clk)
7. Q1 1 D A(D 0/kQ0 1/kQ1

’ Clk)
8. Q1 1 D A(D 1/Q0 1/01 0/

Clk)
9. Q1 1 D A(D 1/X, Q0 O/Q1 l/x,

Clk)
We will illustrate the functional level test gener-

ation for this circuit. At the functional level, we con-
sider only input/output faults. Consider the fault Q1
sa-0. We excite the fault, which gives us two delta
formulas to solve, Q0 1 and D 1 (from reverse
temporal formula 8). The faulty line Q1 remains at
0. Because of the fault, formulas 7 and 9 cannot be
used. These delta formulas, give rise to the delta
formula Q0 0 and D 1 (two time units in the
past). Solving until we no longer have any more delta
formulas, we get (0, 0, 1, 1) as the test sequence.
Table V illustrates the test generation at functional
level for the fault Q0 sa-0.

Test generation can be done when circuits are de-
scribed so that some modules are described func-
tionally while some of them are described at the gate
level. This kind of description may be useful when
test generation is being done for a fault at a particular
site. The module containing the fault is represented
at the gate level. The other modules can be repre-

The first two rows in the first column, give formula
4. The third row in column 1, gives formula 5. For-
mula 6, is obtained from the last row in column 1 of
the state table. The first row in column 2, results in
formula 7. The second row in column 2, defines for-
mula 8, and finally, the last 2 rows in the second
column, result in formula 9. It can be easily seen that
we can obtain a high level description of a sequential

TABLE V
Test Generation for Q0 sa-0

A 0 1 2 3 4

Q1 1(0) 0 0 X X
Q0 x
D o o
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sented at higher levels. Through an example, we
show how test generation can be done at mixed level;
when some components are described at higher level
and some are described at the gate level.

Consider the circuit in Fig. 7 which is constructed
by augmenting the circuit in Fig. 6 with a 4-bit shift
register and an AND gate. The temporal specifica-
tion for the circuit is augmented by the following
formulas for the lines S and Z.

1. O 1A ’ Clk O4(8 1)
2. D 0/ " Clk D 04(S O)
3. S 0 D /k4(O 0/ ’ Clk)
4. S OD A4(D 0/ ’ Clk)
5. QO / Q1/ S D Z

The next exponent is 4, because it takes 4 clock
pulses for the D input to be observable at S. We will
consider the input fault S sa-1 for the AND gate. To
excite the fault, we need a 0 on S, which forces that
we need a 0 on the input D 4 units of time before
the present one. And in order to be able to propagate
the effect of the fault to the output Z, we need prop-
agating values on Q0 and Q1, which are both 1.
These give rise to more delta formulas, which are
solved to get the complete test sequence. The test
sequence for this fault is (0, 0, 1, 0, 1, X). Table VI
shows the derivation of the test sequence for the fault
S sa-1. Similarly, the test sequence for S sa-0 can be
derived, which is (0, 0, 1, 0, 1, 1, 1, 0, 1, X).
As the last example, we consider the serial adder

of Fig. 4. The temporal logic formulas are repro-
duced here again.

1. (A ( B ( A(C0)) 23 S
2. (AB + BA(Co) + AA(C0))D C0
We generate test sequence for the fault S sa-0. To

excite the fault, we need a 1 on S, which will enforce
that one or all three of A, B and A(C0) to be 1. We
choose to make A 1 and B and A(C0) to be 0.
The requirement of C0 0 in the previous time
frame can be easily satisfied by making A or B (or
both) 0. So one test sequence(A, B) are the two
inputs of the adderfor S sa-0 is ((0, 0), (1, 0)). The

D ;.Q0

sa-1

FIGURE 7 A mixed-level circuit with a sa-1 fault.

TABLE VI
Test Generation for S sa-1

A 0 1 2 3 4 5
s o
Q0 0 00 x

0 0 x. x
D x 1 o o o

other test sequences are ((X, 0), (1, 0)), ((0, X),
(1, 0)), <(0, X), (0, 1)>, <(X, 0), (0, 1)), <(0, 0), (0, 1)),
((1, 1), (1, 1)). Table VII shows the derivation of the
test sequence ((0, 0), (1, 0)).
A test sequence that can similarly be derived for

A sa-1 is ((1, 1), (0, 1)), for A sa-0 is ((0, 0), (1, 0)).
Similar tests work for faults on B. C sa-1 has a test
vector ((0, 0)), which can be derived from formula
2 above. C sa-0 can be detected by the vector
((1, 1)).
At the gate level, the algorithm behaves like a

typical time-frame expansion algorithm. The advan-
tages however are, in the modeling aspects. As seen
by examples, it is possible to do hierarchical test
generation using the temporal logic model. Thus the
algorithm is able to work at multiple levels without
any change required in it. The added advantage is
that the various modules of the circuit can be spec-
ified at various levels; some of them at the gate level,
and others at the functional level. A unified formal-
ism has been presented and used for test generation.

9. CONCLUSION

In this paper, we defined two reverse temporal op-
erators. These operators are useful in reasoning
about the past. The finest clock cycle is the unit of
time for the temporal operators. Examples were
given to illustrate that circuits can be modeled using
the temporal operators. Each line has a temporal

TABLE VII
Test Generation for
a Full-Adder Fault

Izx "0
s
A i o
B 1 0
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specification. Their utility in line justification was
also demonstrated. A test generation algorithm for
synchronous sequential circuits based on temporal
logic was described. A set of heuristics were given
to guide the algorithm during line justification, and
fault propagation. The algorithm considers single
stuck-at faults. Faults on clock lines are not consid-
ered by the algorithm. The basic sequential block at
the gate level is a flip-flop. Since temporal logic can
model circuits at multiple levels, the test generation
algorithm works hierarchically. Examples were given
to illustrate hierarchical level test generation.
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