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Abstract

The work done here is inspired by the emergence of high performance, massively parallel
computers and distributed computing environments, which demands the development of
new parallel and distributed algoritms to take advantage of these technologies. Many
complex problems can be solved efficiently by massive parallelism.

On the other hand, Advancements in integrated circuit (1C) technology have made it
possible to fabricate digital circuits with a very large number of devices on a single chip.
IC technology namely, Very Large Scale Integration (VLSI) involves the fabrication of
millions of components and interconnections on a chip. The main advantages of VLSI are
reduced system cost. improved performance. and high reliability. These advantages
would be lost until the chips are economically tested. The availability of affordable
parallel machines and distributed network of idle workstations in most of the design and
test environments has prompted us for the development of efficient parallel and
distributed algorithms for the compute-intensive test generation problem.

Test generation is known to be hard i.e. NP-complete problem. While the test
generation for purely combinational circuit is challanging due to the high circuit
complexity of VLSI circuits, thus, there exists a critical need to develop efficient test
generation algorithms that can handle VLSI chips at a resonable computing cost and
provide high fault coverage. ?

Literature review of the existing approaches for test generation has been done.
The approaches have been classified into conventional and unconventional ones. The
conventional test generation approaches for combinational circuits are reviewed. The
most successful combinational test generation algorithms are found to be mainly based
upon two steps: First, create a change at the fault-site and second, search for consistent
value on all signal lines in the circuit such that the fault-effect is successfully propagated
to at least one of its primary output (PO). This is called the Path Sensitization approach.
Most of the work done by researchers is on Stuck-at fault models; we found that 95%
fault coverage was through stuck-at fault models. Then no body took concentration on

rest 5% fault. That faults was due to delay, memory, register problems. But with in



change in time, researchers took these 5% faults i.e. Delay Faults under consideration.
They added lot of research on this area. These delays are not due to logical problem of
input-output but due to presence of hazards (static as well as dynamic hazards), delay
defects like

¢ GOS defects

¢ Resistive shorting defects between nodes and to the supply rails etc.
Due to pressence of these delay faults, there was always performance degradation.
Researchers proposed different-2 techniques. approaches methods to solve these delay
faults. These delay faults are categorised as Path, Gate, Transition, Line, Segment, and
Functional delays. In this thesis we are focussing on Path delay faults. Various
approaches, methods used to solve path delay fault problem are described fully in
literature review. We are using here, Algebra for test generation of these delay faults. In
this thesis, we are focussing on ten-valued logic for robust tests and three-valued logic for
non-robust tests. From the earlier research as mentioned in literature, by using sequential
algorithm for path delay faults, we are not gaining efficient results. CPU utlization and
memory consumption is coming high.

To cop this problem, several parallelization techniques for test generation
problem have been investigated in the past. These techniques have been tried to
parallelize some of the portions of the conventional uniprocessor algorithms and execute
them in parallel. Although these techniques have shown some promising results, but
much work remains in this direction since no effective parallel or distributed system has
yet been found.

The thesis addresses to develop efficient parallel and distributed algorithms for the test
generation problem. The scope of this work is limited only to combinational circuits.
Here in this thesis, we develop a parallel algorithm for test generation of path delay faults
using I0-valued logic for robust tests and 3-valued logic for non-robust tests using
master-slave approach in parallel and distributed environment (PVM) on LINUX
platform.

We have successfully tested the prototype of the proposed solution for different
ISCAS'85 benchmark circuits as well as some example circuits. The experimental results

are encouraging. The plots of computational time vs number of processors, speedup vs.
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number of processors and the computation time vs. no. of tested paths are shown.
Average CPU time is coming low and memory utlization is less, speed-up is increasing as
the no. of processors increases. These results clearly demonstrate the effectiveness of the

proposed algorithm.
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Chapter 1 Introduction

1.1 Introduction to VLSI Testing
The origin of computing devices lies in computing problems. However. once a computing
device is built, it requires algorithms through which the problems would be solved. Since
the advent of electronic computers, the past decades have seen intense activity in the
development of algorithms. Through this activity have emerged a class of problems that
seem to require the cooperative use of multiple computers. Many problems in the design
of large digital circuits fall in this category.

A VLSI circuit consists of millions of components on a single chip.
The design process transforms abstract functional specifications into a manufacturable
assembly of known parts. Verification checks the correctness of design by analysing its
simulated performance. Efficient chip fabrication involves thorough testing in order to
make the chip fault-free. The testing process detects the physical defects produced during
the fabrication of a VLSI chip. Such a chip is tested by a sequence of input stimuli,
known as test vectors. which check for possible defects in the chip by producing
observable faulty responses at primary outputs. Test generation involves the generation of
test vectors to detect t‘ﬁilur&:s in the VLSI chip. A normal requirement of these tests is that
they detect a large fraction of the faults. The detected fraction of faults is called the fault
coverage. Also, since the same set of test vectors will be applied to a large number of
copies of the chip, short test sequences are desirable.

No effective parallel architecture or algorithm for test generation has
as yet been found. At least two possibilities exist, however. First, a conventional
uniprocessor algorithm can be parallelized by finding portions where it can be pipelined
or directly executed in parallel. Second the testing problem can be reformulated and new

parallel methods can be developed.

Terms Associated with VLSI Testing
Input Vector: Set of values for all primary input signals.

Fault: Fabrication-related failure. A typical fault is the stuck-at-fault.



Test Vector: Input vector that results in a faulty circuit being differentiated from a fault-

free one,

The Importance of Test Generation

The advantages of VLSI would be lost unless VLSI chips can be economically tested. An
obvious reason for testing is to separate the good product from the faulty one. The
dramatic increase in the ratio of internal devices to I/O terminal pins drastically reduces
the controllability (ease of producing a specific internal signal value by applying signals
to the circuit input terminals) and observability (ease with which the state of internal

signals can be reduced from the signals at the circuit output terminals) of the circuit.

1.2 Introduction to Delay Fault Models

We know that most of faults are detected by stuck-at fault model approximately 80%, but
remaining are delay faults, memory faults and bridge faults. For this work, we have
chosen delay fault models.

Failures that cause logic circuits to malfunction at the desired clock

rate and thus violate timing specifications are currently receiving much attention. Such
failures are modeled as delay faults. They facilitate delay testing [37]. The use of delay
fault models in VLSI test generation is very likely to gain industry acceptance in the near
future.
A stuck-at-0 fault on a signal means that the signal can be set to 0, but then cannot be
changed to 1. Alternatively, this situation can be described by saving that the signal will
take an infinite” amount of time to rise from 0 to |. Thus. a stuck-at fault is an infinite
delay fault and. indeed, a circuit that passes stuck-at fault tests is not likely to have any
infinite delay fault [74]. For digital systems that work at any appreciable speed, this is not
sufficient. The operation of such systems is usually synchronized by clock signals and it
is necessary that all combinational logic elements attain steady state within some
specified clock period. Application of stuck-at fault tests at higher speed can uncover
some delay defects. A number of defects that can cause delay faults:

o GOS defects

o Resistive shorting defects between nodes and to the supply rails



e Parasitic transistor leakages, defective pn junctions and incorrect or shifted
threshold voltages
e Certain types of opens
e Process variations can also cause devices to switch at a speed lower than the
specification.
However, at least four recent studies show that even that may not be sufficient and tests

specifically generated to detect delay defects may be necessary.

Delay Fault Problem

Figure 1.1 shows a schematic of a digital system. Some inputs and outputs can be state
variables connected to I/P-O/Ps (FF) (not shown) and others are primary inputs (Pl) and
primary outputs (PO.) All input changes are synchronized with a clock signal and all
outputs are expected to attain their final steady state values within one clock period after
the inputs change. Thus, for a correct operation the delay of the combinational logic
should not exceed the clock period [74].

Transent region
.

] ™ __ nn "
Combinationall 2
11— logic =
= e 1 ¥ nn
E nr = Time
— Clock penod ——
Fig 1.1 Delay Fault Problem Defined
Typical outputs of logic circuits contain transients as shown in Figure 1.1. There are

several observations:

® In order to examine the timing operation of a circuit we should examine signal
transitions. The input signal in Figure | consists of two vectors: 010 — 100. Delay tests
consist of vector-pairs.

B All input transitions occur at the same time in Figure 1.1. Thus, the duration of the
transient region at the input is zero. This, of course, is an idealized illustration though it

closely represents the real situation. The transient region at the output contains multiple



transitions that are separated in time. As we will see later on, the position of each output
transition depends upon the delay of some input to output combinational path.
B Test Definition:

e At time t,, the initializing vector of the two-pattern test. V,, is applied through the
input latches or Pls and the circuit is allowed to stabilize.

* At time ts, the second test pattern. V. is applied.

e At time t;, a logic value measurement (a sample) is made at the output latches or
POs.

o T =(t;-1t;)represent the time interval between the application of vector V ; at
the Pls and the sampling event at the POs The nominal delay of each of these
paths be defined as pd ;. The slack of each path be defined as sd,=T ¢ - pd;. This
is the difference between the propagation delay of each of the sensitized paths in
the nominal circuit and the test interval.

®  The right edge of the output transition region (grey shaded area in Figure 1.1) is
determined by the last transition. or the delay of the longest combinational path activated
by the current input vector-pair. Considering all possible input vector-pairs, the longest
delay combinational path of the circuit is known as the critical path. There can be more
critical paths than one if several paths meet the maximum delay criterion. The delay of
critical paths determines the smallest clock period at which the circuit can function
correctly.

B For a manufactured circuit to function correctly, the output transition region for any
input vector-pair must not expand bevond the clock period. Otherwise, the circuit is said
to have a delay fault. A delay fault means that the delay of one or more paths (not
necessarily the critical path) exceeds the clock period.

Digital system designers have traditionally maximized the frequency of
system clocks in order to obtain the highest performance from the hardware. The
maximum allowable clock rate is determined by the propagation delays of the
combinational logic block between latches [37]. Consider the circuit under test shown in
Figure 1.2. During the normal operation of the circuit, the input clock C; is the same as
the output clock C and the period (1.) of C; and C: corresponds to the system clock.

This period should be greater than the maximum propagation delay DP,,,. for the circuit.



However, during testing for delay faults, we use two separate test clocks, C, and Cs,
running at a frequency that is slower than the normal system clock. Thus, the period of
test clocks, T, is longer than T.. The two test clocks are skewed by the amount T.. The
activation of the output clock C, must follow the activation of the input clock C; by at
least DP time units (i.e., T, =tz - t; = DPy,). If the output clock is activated sooner,

then unstabilized and possibly incorrect logic values may be latched in output latches.

BN OLETFn
LATCH LATUH
UOMBINA TIORAL Ll HLOC K,
C Cy
Uk g 1
' ]
[ '
" '
" '
H '
Uk € - .
= [ 1 .
: N U
it e M
W us Lonslial W is bombod Chatput is sammphod

Fig 1.2 Hardware Model & Clock Timings

Since delay faults do not alter the logic function realized by a circuit and since the tests
for stuck-at faults are normally applied at a slow clock rate (due to the ATE limitation or
other reasons), they are inadequate for detecting delay faults. Special two-pattern test
vectors are required for detecting delay faults. The hardware model used in delay fault
testing is shown in Figure 1.2. Here the vector pair < V|,V > constitutes a delay test and
signals C; and C; are used to clock the input and output latches. respectively. At time t,.
an initializing input vector V is applied, and the circuit is allowed to stabilize under input
V. At time t;. the propagation vector V- is applied. and the outputs are sampled at time
1. where (t: - 1;) is the intended time interval between the input and output clocks, called

the rated clock interval T..



Exhaustive testing is quite impractical for delay faults since the total number of pattern-
pairs required will be (2")(2" - 1), which is of the order 2", for a circuit having n inputs.
One must derive suitable and reasonable delay fault models and devise algorithms that

can generate tests for the modeled faults.

Delay Fault Test Generation:
L Difficulties with delay fault test generation:
¢ ‘Test generation requires a sensitized path that extends from a Pl to a PO.
¢ Path selection heuristics must be used because the total number of paths is
exponentially related to the number of inputs and gates in the circuit.
* The application of the test set must be performed at the rated speed of the device.
- This requires test equipment that is capable of accurately timing two-vector
test sequences,
* The detection of a defect that introduces an additional delay. ad; along a
sensitized path is dependent on satisfying the condition:
- adi=sd;{orpd;+ ad; > T¢)
- Therefore, the effectiveness of the delay fault test is dependent on both

the delay defect size and the delay of the tested path.

Hazards

® A path sensitized by a delay test consists of on-path nodes and off-path nodes.

¢ The nodes along the sensitized path are referred to as on-path nodes.
B Static sensitization defines the case when all off-path nodes settle to non-controlling
values (0 for OR/NOR, 1 for AND/NAND) following app. of V..

e This is a necessary condition to test a path for a delay fault.
®  The gates along the sensitized path have exactly one on-path input and zero or more
non-controlling off-path inputs.

* Delay fault tests are classified according to the voltage behavior of the off-path

nodes.
e Such tests can be invalidated under certain conditions.

B Hazards can invalidate tests:



Static hazard: describes a circuit condition where off-path nodes change

momentarily when thev are supposed to remain constant.

Dynamic hazard: describes a circuit condition where off-path nodes make several

transitions when they are supposed to make a single transition.

Static Hazards

Glitch on output F

C 11 1

Gate delays are circled. - 3 )
Time line starting when vector
ABC = (101) is applied.

Fig 1.3 Static Hazards

Two-vector sequence is ABC=(111),{101).
e Gate G, introduces an additional delay of | unit.
L

Output E of gate G is driven to logic 1, one time unit behind D — 0.

e Produces a glitch on F.

Dynamic Hazards



F=(as B)+ (:g . 5) o CGiliteh on _output F

o \

Sa E Y

lested  path 0 { 2 3 4 -

Tune bhne starting when wector
AF = (i) is applied.

Fig 1.4 Dynamic Hazards

Two-vector sequence is AB = (01), (11).
e (Gate G: has a delay value of 3 time units, due either to a defect or a different

physical implementation of the NAND gate.

Hazards and Invalidation
e Static hazards can create dynamic hazards along tested paths and need to be

considered during test generation.

§ _

é I I I Fault-free

= |

%-, I I i Fault detected
=

-é. I__I | Test  invalidated
E P I L} Fault detected
'5' L Te —

.

WV, applied (t)) Output Sample Time (t3)

Fig 1.5 Hazards and Invalidation

o Note, unlike the previous example. the glitch occurs before the intended transition

in this case. and can invalidate the test (e.g. fault is not detected).



Delay Tests and Invalidation

s The critical path(s) of this circuit is 6 time units.

= Let's set the clock period T=7.

_F ----------------------- *‘r-*-----__,__

A oss il 1“;3.____________‘_':‘?-... *.I

! h % -
ai - ek . . 1\ i 6 K
’ P1: A-h-EK
o Pl: B-e-g-h-K
P3: B-c-g-j-K

Fig 1.6 Transitions along Paths

* Assume only one faulty path.
* No delay fault is detected if path delay along P3 is less than 7 units.
* This test will not detect single delay faults along paths P1 or P2,
* Assume there can be multiple faulty paths.
* Assume P2 and P3 are faulty and P2 extends the "static glitch” at the
output beyond 7 units, then it masks P3's delay fault.

e This test is called a non-robust test for delay fault P3.

An understanding of delay fault models is essential in today's VLSI design and test
environment. Various fault models used in delay fault testing. their classifications, and
coverage metrics are discussed in the following sections. The delay fault models. namely,
gate delay. transition, path delay. line delay and segment delay faults, shows their

benefits and limitations. The details of these models are written below: -

1.2.1 Path Delay Fault Model

The path-delay fault is an important fault model used in delay testing. The following
definitions characterize it.

Definition 1.1 Path-delay fault. The delay defect in the circuit is assumed to cause the

cumulative delay of a combinational path to exceed some specified duration. The



combinational path begins at a primary input or a clocked I/P-O/P, contains a connected
chain of gates, and ends at a primary output or a clocked I/P-O/P. The specified time
duration can be the duration of the clock period (or phase), or the vector period. The
propagation delay is the time that a signal event (transition) takes to traverse the path
[74]. Both switching delays of devices and transport delays of interconnects on the path
contribute to the propagation delay.

For each combinational path in a circuit, there are two path-delay faults corresponding to
rising and falling transitions. respectively. These faults for a path consisting of gates a. b,
and ¢ are specified as T a — b- ¢ and ¥ a- b-¢, where the arrow gives the direction of the
transition at the input of the path. The total number of path-delay faults is twice the
number of physical paths in the circuit. In general, any combination of paths can be
faulty. However, similar to the “single stuck-at" fault model™ we consider delay faults of
single paths. In practice, though. multiple paths can be faulty.

Definition 1.2 Non-robust path-delay test. A test that guarantees to detect a path-delay
fault, when no other path-delay fault is present, is called a non-robust test for that path. A
path-delay fault for which a non-robust test exists is called a singly-testable path-delay
fault [74]."

A non-robust path delay test applies a transition (two-vectors) at the input of the path and
measures the output value after a specified interval (clock period.) For the test to be an
effective measure of the path delay, the “expected or correct” output value must be
uniquely controlled by the transition propagating through the path. Consider the path-

delay fault L P3 shown with bold lines in Figure 1.7.
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Fig 1.7 An Example of Transition Propagation through Paths
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Signals B, E. G. J, and K are called the on-path signals. Signals that are not in the path P3
but feed the gates on the path are called oft-path signals. Thus, C and H are off-path
signals for P3. A non-robust test consists of a vector-pair V |3 Vs, such that:

(1) The change V; — V- initiates the appropriate transition at the beginning of the path
under test. For example, in Figure 3 the vector-pair (V: V2) = (010; 100) produces a
falling transition at B to test the fault 4 P3.

(2) All off-path input signals for the path under test assume non-controlling values (0
when feeding into OR/NOR gate, and 1, into AND/NAND gate) in the steady state
following the application of the second vector V.. This condition is known as static
sensitization of a path. We may point out that the static sensitization of paths should not
be confused with the “static timing analysis," which simply refers to a topological
analysis of physical paths without the application of any signals.

In Figure 1.7, transitions are applied to faults T Pl and 4 P3 but static
sensitization is achieved only for the latter. Therefore, only the fault 4 P3 is non-robustly
tested. The fact that the two conditions listed above indeed produces a non-robust test can
be easily verified. First, by the definition of non-robust test, only a single path is faulty.
Hence, all transitions arriving through other paths ending at the same destination must
arrive prior to completion of the clock period (shown as the grey region in Figure 1.8.)
This implies that by the end of the clock period, all signals other than the on-path signals
of the path under test must be in their steady state. Since the off-path steady-state signals
sensitize the entire path under test, the path destination signal is uniquely controlled by
the transition propagating through the path. If the path delay exceeds the clock period,
then the observed values at the path destination at the end of the clock period will differ
from the steady-state output due to Vi, which is the correct expected value. This is

illustrated in Figure 1.8.
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Fig 1.8 Non-Robust Path Delay Test Output for + P3 being Tested in Figure 1.7

Consider the example of Non-Robust and Robust Tests:

Non-Robust Test

Figure 1.9 shows a non-robust delay test for the path delay fault T A-B-C. The AND gate
has rise and fall delays of one unit each, shown as 1/1. The rise and fall delays of the
inverter are 2 units. A vector-pair (0; 1) is derived to satisfy the conditions of a non-
robust test and is derived without the consideration of the specific gate delays. The first
three waveforms are sketched for the fault-free circuit. The last two waveforms show the
signals for a delay fault caused by the inverter delay increasing to 4 units. We notice that
the test does not produce a steady-state signal change in the output, which is 0 for all
inputs. This logically trivial circuit is a pulse generator whose pulse width is controlled
by the inverter delay. If the position and width of the pulse have timing requirements with
respect to the clock period, then the delay fault in the inverter path may be important and
such a test would be useful. Since this is a non-robust test, it is not guaranteed to work
when other paths are faulty. For example. if an additional delay fault T A - C is present
(either due to increased routing delay or due to increase in the delay of the AND gate),
then the signal C may remain as constant 0. In some delay distributions the output pulse

will be produced but will be pushed to the right
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Fig 1.9 An Example of a Non-Robust Test

and out of the clock period (grey region.) In either case, the correct logic value 0 will be
observed at the end of the clock period. The presence of the fault T A - C, therefore,
\invalidates" the non-robust test for fault T A - B - C. We also observe that a non-robust
test is not possible for the fault T A-C, because when we apply the rising transition at A.
the off-path input B of the AND gate assumes the controlling value 0.

The notion of robust delay test, though implicit in Smith's 1985, was formally defined by
Lin and Reddy.

Robust Test

A robust path-delay test guarantees to produce an incorrect value at the destination if the
delay of the path under test exceeds a specified time interval (or clock period),
irrespective of the delay distribution in the circuit.

Figure 1.10 shows a hypothetical (though typical) output waveform
produced by Combinational logic when a vector-pair (V: V;) is applied at the input. If
this logic is a part of a clocked sequential circuit. the output value at the end of the clock
period T (Cy) is of interest. The initial value (0) is the steady-state output of V,; and the
final value is the steady-state output of V,. Each transition produced by the vector-pair
can potentially propagate through some path and produce a transition at the output at a
time determined by the delay of that path. The transitions propagating through paths
whose delays are smaller than T (Cy) are shown as “fast transitions" and those
propagating through paths with delays greater than T (Cy) are shown as “slow
transitions.” If the delay of a path increases, the corresponding transition at the output

will move to the right. If the delay reduces, the transition will move to the left. When two
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neighboring transitions form a pulse, the pulse width equals the difference between the
delays of the corresponding paths. If the pulse width is zero or negative (i.e.. falling edge
arrives earlier for a positive pulse), both transitions will disappear. In other words, the
position of an output event is determined by the delay of the path the event travels
through. while the existence of the event at the output depends upon the delays of other
paths. A robust test that measures the delay of a path should produce an event at the

output with following properties:
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Fig 1.10 Outputs Events produced by Combinational Logic
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Fig 1.11 Robust Path Delay Sensitization for Rising and Falling Transitions

I. 1t should be a “real event" defined as a transition from the initial value to the final
value. This is because a real event can exist without the help of any other event. For a
falling transition in Figure 1.10, to appear it must be preceded by another event (a rising
transition.) Notice that the falling event at the output in Figure 1.8 is not a real event.

2. It should be a “controlling event." A controlling event permits no other events to
appear prior to its own appearance. Thus, the output will remain at the initial value until
the controlling event occurs at the output.

Having set the requirements for the event the test must produce at the output, we

construct the test by recursively moving backward along the path under test. The on-path
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input of the gate contains the source of the output transition. It is a real transition of the
same or the opposite type depending on whether or not the gate has an inversion. If the
on-path event is a transition from the controlling value to non-controlling value, then it
will prevent any output events prior to its own occurrence.

50, there is no specific requirement for off-path inputs in V.
To ascertain that the output has a real event. all off-path inputs of the gate should have
non-controlling value in Vs, When the on-path event is a transition from non-controlling
value to controlling value. all off-path inputs must have a steady non-controlling value in
both V, and V.. This is because any transition (even a glitch) can be propagated to the
output from the off-path input. These conditions are illustrated in Figure 1.11 for AND
and OR gates. The reader can easily work them out for other types of gates. The grey
regions in waveforms are the times when “don't care” values or transients (glitches) can
occur. We notice that glitches are permitted in on-path signals (shown in bold lines.) This
is because these are fault detection tests and not diagnostic tests.” That means the output
will not change from the initial value (due to V) during an interval that equals the delay
of the path under test. However. an incorrect output at the end of the clock period can

also be due to some delayed transition or glitch propagating through off-path inputs.
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Fig 1.12 Five-valued Algebra for Path-Delay Test

The signal values shown in Figure 1.11 are due to Lin and Reddy. S0 and 51 are steady
(without glitch) 0 and | values for both vectors V; and V.. U0 and Ul specify the final
value as 0 and 1, respectively, and leave the initial value as don't care or X. FO and R1 are
falling and rising transitions on the on-path signals. For an off-path signal, FO and R1 are
treated same as UO and UL, respectively. In addition. XX is used to denote both vectors

in the don't care state. The value set (S0, U0, S1, Ul. XX) is a five-valued algebra. With

15



a careful examination, the reader can easily obtain the truth tables for AND., OR, NOT,
MNAND and NOR gates, the first three of which are shown in Figure 1.12.

Multi-valued algebras have useful applications in delay testing. Bose et al.
give a theoretical treatment leading to optimal algebras for specific cases of test

generation and fault simulation in combinational and sequential circuits.

Test Generation for Combinational Circuits

Generation of a test for a path-delay fault requires placing the appropriate transition at the
origin of the path and justifying the required off-path inputs of all gates on the path. This
is easily accomplished using the five-valued algebra.

Robust Test Generation Consider the path-delay fault 4 P3 in Figure 1.11. We proceed
as follows:

I. Place a transition at the path origin, B = F0.

It

. Propagate value FO to line E. from Figure 1.11, C = UO0) E = F0.
.G=F0)J=RI.
. FO) is interpreted as U0 for off-path logic, Q = UO.

3
4
5. Propagate value R1 from J to K, using Figure [.11 set H=50) K =R]1.
6. Justify H = S0, from Figure 1.12 set A = S0.

2

LTestis A=S0.B=F0,C=UQ:or V1 =01X, V2 =000.

We should remember that the value SO implies that input A should hold its value steady
for two vectors. We observe that this test is different from the one considered in Example
1. This test is robust and the reader can verify that it will not be invalidated irrespective
of the deiay of P2. The procedure of the above example can be implemented in many
ways. The path can be sensitized starting at the output, or all off-path signals can be set at
once and then justified. We chose to sensitize the path from input because if sensitization
becomes impossible at some gate, then we can immediately conclude that no robust test
is possible. This simple example has only limited choices. With increasing number of
inputs of a gate. justification choices also increase. In general. when the circuit has

reconvergent fanouts, the test generation procedure frequently has to use backtracks.



For some paths, robust tests are not possible and we must generate non-robust tests. As
discussed before, non-robust tests only require static sensitization. That means all signals
except the origin of the path under test can have arbitrary values in the first vector (V).
This condition is easily incorporated in the multi-valued algebra by simple substitutions.
50 « Uband S1 « Ul.

Non-Robust Test Generation To generate a robust test for path-delay fault T P2 in
Figure 1.7. We proceed as follows:

1. Place a transition at path origin, B=R1.

2. Propagate R1 to E, from Figure 1.11 set C = S0.

3. R1 is interpreted as U1 for off-path logic, G = UI) J = U0.

4. Q= RI, Propagate R1 to H, from Figure 1.11 set A=UI.

5. H=RI, Propagate R1 to K, from Figure 1.11, must set ] = 50) conflict since ] = U0 in
step 3.

6. Since no step has any alternatives. a robust test is not possible.

For a non-robust test we change S0 and S1 to UO and Ul, respectively (static
sensitization.) Now the Step 5 requirement becomes J = U0, which is consistent with Step
3. The non-robust test is A = Ul, B =RI1, C = U0 (changed from S0). or V| = X0X, V; =
110.

An alternative and simpler method for generating non-robust tests is to derive single
input change (S1C) tests. For a SIC test, the two vectors V¥V, and V; in the test differ in
exactly one bit. We first find V. to statically sensitize the entire path using any
combinational ATPG procedure. V,; is then obtained by just changing one bit in V- that
corresponds to the origin of the path. It can be easily shown that every non-robustly
testable path must have a SIC test.

The procedure of this example attempts to find a non-robust test only when a robust test
i5 impossible. In view of the fact that the reliability of non-robust tests is questionable
(see Example of Non Robust Tests), there is merit in finding as many robust tests as
possible. The presence of robust tests for some paths can improve the reliability of non-
robust tests for other paths. For example, in Figure 1.7 six path-delay faults,
TPLYPLTP3LIPL, TC-E-G-J-Kand{ C-E -G -J -K, are robustly testable.

Example of non-robust tests shows that Tr2 only has a non-robust test. By including the
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six robust tests we can ensure that if the circuit passes those, there will be no delayed
signal at off-path inputs of the path P2, We can conclude that in the presence of the other
four tests, the non-robust test for T P2isas good as a robust test. Such a test is called a
validatable non-robust (VNR) test,
Untestable Path Delay Fault
Consider the path-delay fault + P2 in Figure 1.7. A falling transition (F0) is placed at B
and is easily propagated to H by setting appropriate values on A and C. However, a
forward implication sets the off-path input of the output OR gate to Ul (i.e.. controlling
value in V2.) This path-delay fault has no test.

A path for which both (rising and falling) path-delay faults
(PDFs) are singly (i.e., non-robustly) testable is called a testable path. A path having one
singly testable PDF and one singly untestable PDF is called a partially testable path.
When no non-robust test exists for both PDFs of a path, that path is called a singly
untestable path. Such a path can be eliminated by circuit transformations that preserve the
logic function.
An untestable path is (and a partially testable path may be) associated with one or more
redundant single stuck-at faults. The function-preserving transformation such as
redundancy removal eliminates such paths.
The fault considered in this Example is on a partially testable path. We observe that the
fault Q stuck-at-1 in this path is redundant. Removal of this fault removes the AND gate
H feeding input A directly to the OR gate K. This eliminates the path completely. In
general, a partially testable path may not have a redundant stuck-at fault.
However, there are procedures for modifying the circuit to expose redundant faults that
can be removed. The resulting circuit always has fewer paths, a greater percentage of
testable paths, and lower overall delay, but can be larger in size.
A combinational circuit may have paths whose delays cannot affect the time of signal
change at the output. These paths are called false paths. The paths of singly untestable
PDFs are not always false paths. For example. a singly untestable PDF may be co-
sensitized (sensitized simultaneously) with other singly untestable PDFs and the timing
of the circuit would be affected if all co-sensitized paths have excess delays. These paths

belong to the classes of multiply testable PDFs and functionally sensitizable PDFs. That



is the reason why the delays of paths whose PDFs may be untestable are still taken into
account while determining the clock period of the circuit (a point in favor of the static

timing analysis.)

1.2.2  Gate Delay Fault Model

Carter introduced a quantitative model for delay faults. known as the gate delay fault.
They assume that delays through logic gates are known with some precision. The
characteristics (size and location) of likely delay faults are also known. The delays
through a gate are represented by intervals in this model. A fault is an added delay of
certain size (magnitude); say 8. in the propagation of a rising or falling transition from the
gate input to output. The set of faults considered includes numerical delay information.
An excessive delay of 3 nanoseconds at a point is not the same fault as an excessive delay
of 5 nanoseconds at that point. See in Figure 1.13.

Most of the recent research in this area has concentrated on the determination of fault
sizes detected by a given test. Given a particular fault of a fixed known size. Carfer
provides a method to determine whether a test T detects that fault. This is clearly a
painstaking and inefficient method, and it would be more desirable to find a certain
minimum fault size at a fault site such that given a test T for a fault at the above fault site.
T is guaranteed to detect any fault at that site with a magnitude greater than the

determined minimum size.
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Fig 1.13 Gate Delay Faults

+ Fault is associated with each gate.



e The transition and path delay fault model may fail to find the input sequence,
given in the figure. Is a test, if' delay at E is large. it is a test.

* Very time consuming because of too many parameters.

1.2.3  Transition Delay Fault Model

The transition fault model is considered as a logical model for a defect that delays a rising
or falling transition at inputs and outputs of logic gates. There are two kinds of transition
faults, i.e. slow-to-rise, slow-to-fall. The slow-to-rise (fall) transition fault temporarily
behaves like a DC stuck-at-0 (1) fault. A test for a transition fault is a pair of input
patterns, one (initialization pattern) to set up the initial state for the transition and another
(propagation pattern) to cause the appropriate transition and observe its effect at a
primary output. The propagation pattern is identical to a pattern that detects the
corresponding DC stuck-at fault. The transition fault coverage is a measure of the
effectiveness of the delay test in detecting large delay variations. Transition fault model
defects for which the delay is large enough to cause a logical failure when the signal
propagates along any path through the site of the fault. The main drawback of this model
is the assumption of a large gate delay defect. Also, it is difficult to tell how small a delay
fault can be, before it is not detectable. In practice. delay variations tend to be distributed
over many circuit elements. Thus, many small gate delay faults. each undetectable as a

transition fault, can give rise to a large path delay fault.

1.2.4 Segment Delay Fault Model
Heragu et al. have proposed a model that considers slow-to-rise and slow-to-fall
defects on segments [20], whose length L, can be chosen from available statistics about
the type of manufacturing defects. L can be as small as | (transition faults) or as large as
the maximum logic depth (path faults). Once L is chosen, the fault list will comprise of
all segments of length L and all paths whose entire length is less than L.
The segment delay fault model is an attempt to combine the advantages of the
classical delay fault models while avoiding their limitations. Unlike the path delay fault
model. this model can prevent an explosion of the number of faults to be considered. At

the same time, a defect over a segment may be large enough to affect any path through it.
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This assumption seems more realistic than the transition delay fault model that requires
the defect on a single line to be large enough to affect any path passing through it. Due to
process variations, every gate in the circuit is affected and their delays increase only by a
small amount. Again, randomly occurring defects are of very small sizes. Defects of this
nature may produce delay faults only on longest paths. The segment delay fault tests may

not be able to detect some of these defects.

1.2.5 Functional Delay Fault Model

In 1995, Pomeranz and Reddy proposed a functional fault model for delay
faults in combinational circuits and described a functional test generation procedure
based on this model [16]. The proposed method is most suitable when a gate-level
description of the circuit-under-test. necessary for employing existing gate-level delay
fault test generators, is not available. It is also suitable for generating tests in early design
stages of a circuit, before a gate-level implementation is selected. It can also potentially
be employed to supplement conventional test generators for gate-level circuits to reduce
the cost of branch and bound strategies. A parameter called A is used to control the
number of functional faults targeted and thus the number of tests generated. If A is
unlimited, the functional test set detects every robustly testable path delay fault in any
gate- level implementation of the given function. An appropriate subset of tests can be
selected once the implementation is known. The test sets generated for various values of

A are fault simulated on gate-level realizations to demonstrate their effectiveness.

1.2.6 Line Delay Fault Model

We can combine the relevant features of the transition and path delay fault models to
define a line delay model. A rising (falling) line delay test will test the longest
sensitizable path passing through a target line producing a rising (falling) transition on it.
With this model. the coverage is measured for all lines with two possible transitions.
Thus, the maximum number of faults (or tests) is twice the number of lines. (For
example, in c6288, we will consider only 12576 line delay faults whereas the total
number of possible path faults is = 1.98 * 10°" ) Yet, the test criterion is similar to path

delay fault. and not like gate or transition delay fault. In general, a test will cover several



lines. Conventional path delay test generators attempt to derive robust tests for a subset of
paths in the circuit, based on some path selection criterion such as the worst-case path
selection or a threshold-based path selection. However, a large number of these paths
may not be robustly testable and hence the test coverage of the targeted paths can be very
low. The new coverage metric [37] seeks to remove this deficiency by attempting to
derive a pair of line delay tests for each line in the circuit.

The basic idea of an iterative approach for generating a robust test was
first proposed by Park and Mercer. They have followed an approximate method where
the search space for test generation is biased to and a test along a path whose propagation
delay is greater than or equal to a predefined threshold value. Bose preselects paths in a
given range of lengths and shows that despite low path coverage. a high gate (or line)
coverage can be obtained. In that case, however, lines are not tested through longest
sensitizable paths. The method of Majhi et al., on the other hand, is an exact method for
generating a robust test for the longest testable path through each line. To facilitate the
simultaneous consideration of robust and non-robust tests, they use a 9-value logic
system.

A line delay coverage metric [37] proposed by Majhi and Agrawal in
1997, The motivation of defining the line delay test is to robustly detect the smallest
incremental delay defect associated with a rising or falling transition at any line. Suppose,
Ay is the incremental delay of a rising or falling transition through line L. Then, for
detection of this delay fault,

Ay +Tp>Te or AL=Te-Te (1}
Where T¢ = system clock period and Tp = nominal delay of the path P through which L is
tested. From relation (1), we determine that.the smallest incremental delay fault on L can
be detected via the path through L having the longest nominal delay (Tp) . i.€.

(ALY min= Te = (Te) max (2)
By sensitizing the longest path through L. we are able to detect the delay fault of the
smallest size. However, simultaneous delay variations are possible for other gates on P
due to correlation with L. Suppose, delays of other gates increase. Then the line delay test

for L will detect a delay fault of even smaller size. If the delay of other gates reduces
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while that of L increases, the sensitivity of the test reduces. Considering correlation of
delays, this later case is less probable.

The basic assumption associated with the line delay fault model is that the
delays of all gates are not reduced below their nominal values. Main advantages of this
fault model are that the number of faults is limited to twice the number of lines in the
circuit and almost all lines can be tested. Since the fault is tested along the longest
propagation path, the system timing failures caused by the smallest localized delay
defects or the accumulation of distributed delay defects can be detected. In transition fault
model, a delay test is obtained along any arbitrary path because the size of delay fault is
assumed to be large enough to be tested via any path through the fault site. For the gate
delay fault model one must specify exact sizes of delay defects. Difficulties arise when
accurate information on delays is not available. Transition and gate delay faults do not
model the distributed delay defects along a target path. The line delay model, on the other
hand, retains many advantages of the transition and gate delay fault models, while
alleviating the major drawback of the path delay model (viz.. too many paths to be tested
and the low fault coverage).

In order to derive a line delay test for a given line, we first target the longest
structural path. If that path is not robustly testable then we go for the next longest path
and soon, until we find a test for the longest robustly testable path. The limitation in this
approach is that in addition to this robustly testable path there could exist a nonrobust test
for some longer path through the target line. In such a case, the robust test would miss a
line delay fault that only causes the longer nonrobustly testable path to fail. To overcome
this limitation one may include any possible nonrobust tests for all paths that are longer
than the longest robustly testable path. Another limitation of this model is that in case of
certain distributed delay defects the derived tests will fail to detect some of the delay
faults that are not targeted. We consider only one path through any given line for
determining a line delay test. However. there may be some other paths of the same length
(or shorter) through the target line. with distributed delay defects exceeding the
permissible propagation delay. Consider the three paths shown in Figure 1.4. Suppose, all
three paths have the same delay. Let us assume that paths | and 2 are the longest

structural paths selected for testing lines A and B, respectively. Let us further assume that
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the smallest incremental delay that is detectable for each path is A (i.e.. A = T¢ - Tp),
where Tp is the nominal delay of each of the paths and T¢ is the clock period. If the
incremental delay of nodes A and B are A - £, where £ is small, then paths | and 2 will
pass their tests. However, path 3 has a fault that is not detected by the test vectors though

it is a detectable delay fault.
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Fig 1.14. Line Delay Faults Limitation
The basic assumption associated with the line delay fault model is that the delays of all
gates are not reduced below their nominal values. More than one faulty gate can occur in
practice due to correlation between delays of gates. In that case many gates in paths 1 and
2 will have increased delays and it is more likely that the tests for those faults will show
failures. There can be several ways of dealing with the situation depicted in Figure 1.14.
When there are several longest paths of equal length through a target line, we can
consider all such paths to increase the confidence level for the tests obtained. However,

this can lead to a potentially large number of paths to be tested in some circuits.

1.3 Hazard Algebra

The two elements Boolean algebra, B.. is the standard algebra for circuit analysis and
design. However, it is unable to directly detect hazards. Several other algebras have been
proposed for hazard detection. Certain of these hazard algebras can only represent static
hazards. while others are capable of representing dynamic hazards. Little attention has
been payed to the mathematical structure of these hazard algebras. There are several
hazard algebras and examines their completeness and usefulness for hazard detection.

The first hazard algebra was the three-valued ternary algebra, T;, introduced
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by Goto in 1949. It included a value to represent an unknown circuit state. A two-pass
algorithm for detecting static hazards using ternary algebra was developed by
Eichelberger. Metze described a four-valued algebra. M, for use in the design of
switching circuits. It had two non-binary values 0/1 and 1/0, which were introduced to
represent transitions. A five - valued algebra, Ls, was presented by Lewis. It includes a
value representing an unknown state and two values representing clean transitions. Lewis
gives an algorithm for detecting static and dynamic hazards. and race conditions. The
algebra is unable to directly distinguish which of the many types of hazards has occurred.
Fantauzzi gave a nine-valued algebra, Fo, with elements representing each of the static
and dynamic hazards and an unknown value.

Muth presented a nine-valued algebra for test generation. It’s elements
represented pairs of values, one from a good circuit and one from a faulty circuit. Hayes
presented two methods for producing new algebras from old ones. Using these methods,
he showed how to construct T; and L; from Ba.. In the same paper Hayes introduced the
idea that each value in the algebra should represent an initial state. a transition and a final
state. We follow the nomenclature used by Haves, with each algebra represented by the
first letter of the last name of the author who suggested it, subscripted with the number of
elements in the algebra. Using his generation methods, Hayes constructed a new six-
valued algebra. He. He showed that this algebra is useful in the analysis of static hazards.
Hayes also presented an eight-valued algebra, Hg. for detecting and distinguishing both
static and dynamic hazards. By adding an unknown value to this algebra and taking the
closure, he also showed a thirteen-valued algebra, H,;. for complete simulation. Breuer
and Harrison proposed a twenty-seven valued algebra for eliminating static and dynamic
hazards in test generation. It uses a madiﬂcﬂ D-algorithm to produce hazard-free tests on
sequential circuits.

Here is the brief introduction of the laws, which describe the properties of many of the
hazard algebras, the mathematical and hazard detecting properties of each of the hazard
algebras. The algebras are reviewed in ascending order by number of elements. It also

includes the generating new algebras by the methods of Hayes.

1.3.1 Laws of Hazard Algebras
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For a general algebraic system P=(A. +. *, 7, 0.1, d) where A is a set of elements,
+ and * are binary operations on A, - is a unary operation on A and 0,1 and @ are
constants in A, the following laws have been used to describe a variety of algebraic

structures which occur in the study of hazard algebras.
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Fig 1.15 Laws pertaining to Hazard Algebras

A semigroup is a system S=(A, +) where T3 is satisfied.
A bisemigroup is a pair of semigroups S,=(A. +) and 5;=(A. *) which have the same
element set A.
A semilattice is a semigroup where Tland T2 is satisfied.
A bhisemilattice is a pair of semilattices S;=(A. +) and S;=(A. *) which have the same
element set A.
A lattice is a bisemilattice such that T4 and T4' are satisfied.
A lattice is said to be bounded if T5. T5". T6 and T6' hold.
A lattice is said to be distributive if T7 and T7" hold.
A De Morgan Algebra is a bounded, distributive lattice such that T8, T9 and T9' hold.
A De Morean Algebra is a Boolean algebra if T10 and T10' hold.
A De Morgan Algebra is a ternary algebra if T11, T11"and T12 hold.
A binary relation on A which is reflexive, antisymetric and transitive is called a partial
order on A. an ordered pair (A. <) such that A is a set and < is a partial order on A is
called a poset, short for partially ordered set. For a pair of elements a and b in A we say

that ¢ in A is the least upper bound of aand b ifa < c. b < ¢ and for any d such that a < d



and b = d, we have ¢ < d. if the least upper bound exists for a pair of elements a and b,

then it is unique.

1.3.2 The Three-valued Algebra

The ternary algebra of Goto and Eichelberger has three values, 1,0 and X.
I and 0 represent logic 1 and logic 0 respectively, while X represents an unknown value.
Eichelberger gave an efficient two-pass algorithm for detecting static hazards. In 1986,
this algorithm was shown to be correct by Brzozowski and Seger. The operations of the
three-valued algebra are shown in Figure 1.16(a). As it's name suggests, the three-valued
algebra is a ternary algebra. ldempotence, Commutativity, absorption, identity, bounding,
involution and the self -complementation of X are all immediate from Figure 1.16(a).
Exhausting all possible cases can rapidly check all associativity, distributivity, De
Morgan’s Laws and ternary laws.
To verify that the three-valued algebra is not a Boolean algebra, simply note that X + X’
= X+X = X # |, which violates the complement law. The partial order for the three-

valued algebra is given in Figure 1.16(b).
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Fig 1.16(a) Operations of the Three-valued Algebra
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Fig 1.16 (b) Partial Orders for M, and T,
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Three-valued algebra is an excellent tool for detecting static hazards and its theory and
applications have been studied. Brzozowski, Lou and Negulescu gave a characterization
of finite ternary algebras as subset-pair algebras.
Eichelberger introduced a ternary simulation method for detecting static hazards. The
method consists of two algorithms, A and B. it makes the assumption that the circuit
begins in a stable state. though Brzozowski and Seger later generalized these algorithms
to a method that does not require the initial state to be stable.
Algorithm A uses the uncertainty partial order given below.

< X, 1<X,0<Q1<1X <X (1]
This partial order puts values with more uncertainty higher in the partial order, for
instance, X, being a more uncertain value than 1 is above it. At each step in the
algorithm, the output of a gate is set to the least upper bound under the uncertainty partial
order of the excitation of the gate and its current output. Hence any gate undergoing a
change between the two Boolean values would have its output set to X, since X=lub
(0.1). Since the output of a gate can only remain at its current value or change to X, this
procedure is guaranteed to terminate in n+1 steps, where n is the number of outputs of
gates in the circuit.
Algorithm B begins with the output of Algorithm A and repeatedly sets the output of
each gate to the value of its excitation. If algorithm B reaches a stable state and the
simulated value of an output is X then that output could have either a value 0 or a value
of 1. depending on the delays in the circuit. A static hazard is detected if an output has
identical values in the initial state of Algorithm A and the final state of Algorithm B, but
has value X in the final state of Algorithm A. Brzozowski and Seger proved that

Eichelberger’s algorithm was equivalent to the General-Multiple Winner method.

1.3.3 The Four-valued Algebra

The four-valued algebra of Metze consists of a set A = {0, 1/0, O/1, 1}, two binary
operations + and * with identities 0 and 1, respectively, and the unary operation ~. Figure
1.17 shows the entries for operators ~, + and * on the four-valued algebra, Metze notes

that the algebra is closed under these operations.
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Fig 1.17 Operations of the Four-valued Algebra

Metze observed that the four-valued algebra is idempotent, commutative and associative.
Hence, it is a bisemilattice, however the term bisemilattice was not invented until 1971,
so Metze did not use that nomenclature. Metze further observed that the distributive,
involution and De Morgan’s laws hold. By inspection of Figure 1.17 we can immediately
see that Metze's algebra follows the absorption, identity and bounding laws. Hence the
four-valued algebra is De Morgan Algebra.
The following counter example to the complement law shows that Metze's algebra is not
Boolean algebra.
0/ 1+0/1=0/1+1/0=0/14£1 20

Since the four-valued algebra does not have a self-complementary element, it is also not a
ternary algebra.
Metze believed that hazards were due, at least in part, to the simplification of Boolean
expressions. He writes

For feedback-free circuits, the problem is usually one of the “simplifying™ a given
Boolean Function. Noting that valid simplifications in Boolean algebra. which introduce
hazards in the related circuit, are sometimes not valid in logic algebras with more than
two elements. Metze's algebra is a least as powerful as T; since the homomorphism @:

M, — T, defined in (2), is surjective.

pill=1 <=0 «pll=al/0l=X i 3

This homomorphism preserves the algorithm for static hazard detection that was proved
correct for T;. The partial order for the four-valued algebra is given in Figure 1.16(b).
Under the interpretation that Metze gives, 0/1 represents “the transition of state 0 to state

1 of the two-valued switching algebra.” that is, a 0 to | transition. Similarly 1/0
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represents a | to O transition. This interpretation seems to be inconsistent with the
structure of the algebra. Having a 0 to | transition and a | to 0 transition on the inputs of
an OR gate should give a static |-hazard, but instead 0/1 + 1/0 =0/1, a 0 to | transition.

Metze suggested using sequences of values to detect hazards. If the output of a gate
vields one of the following sequences: ...1.1/0.0... or... 0.0/1.1... Then a transition
without hazards has occurred, but if instead one of the following sequences occurs then a

hazard is present.
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Metze states that the sequences in the first column represent hazards. However if we use
the method given by Eichelberger for ternary simulation, My correctly detects the static
hazards.
1.3.4 The Five-valued Algebra
Lewis introduced a five-valued algebra with values representing 0, 1, a 0 - to -1 transition
without hazards, a | - to - 0 transition without hazards and an unknown value. He denoted
these 0.1, 0/1, 1/0 and X, respectively. Figure 8 shows the entries for operations +. * and
~ on the hive-valued algebra.

Lewis claimed that his algebra detects all hazards and races in both combinational and
sequential circuits. He gave a detailed algorithm for doing this. The five-valued algebra is

not a lattice, since the absorption law does not hold. A counter example is
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Fig 1.18(a) Operations of the Five-valued Algebra

Distributivity does not hold in Ls either. The following is a counterexample.



0/L=(1/0+1)=0/lel=0/1% X =X +0/L = (0/1«1/0)+ (D/L=1) (5)

The laws of the five-valued algebra, given in Figure 1.18(a), are those for a DeMorgan
bisemilattice. The partial order for the five-valued algebra is given in Figure 1.18(b). De
Morgan bisemilattices were studied by Brzozowski and he provided a set-theoretic
characterization for locally distributive De Morgan bilattices.

Lewis developed the five-valued algebra from Metze's four-valued algebra and the three-
valued ternary algebra. My had no element to represent signals for which “neither the
actual value (*0” or “17) nor the direction of a transition (if there is one) is known", such
as race conditions. T3 had no values to represent transitions without hazards and so could
not differentiate between these and dynamic hazards. To be able to model these
situations, Lewis introduced the value X into Metze's algebra. He also changed the
operations so that 0/1 and 1/0 would only represent transitions without hazards. As with
Ts. the value X represents both an unknown signal and any hazard. However. unlike in
T;. X does not represent a transition without hazards, as these are represented by the
values 0/1 and 1/0.

The other major change that Lewis made with his algebra is to model device delays
and incorporate these into his hazard and race condition algorithm. Lewis used the
bounded delay model. where each device has a minimum and maximum number of time
steps of delay.

After introducing his algebra Lewis examines the hazard detection capabilities of T; and
M,. He concluded. “ The three symbols of the ternary algebra offer no distinction
between harzards. race conditions, and simple transitions.” And so “the algebra is
unsuitable for hazard detection by simulation™. This conclusion seems unfounded since
there is an algorithm for the detection of static hazards using the three-valued ternary
algebra, which has been proven correct. Lewis identified the inability of M, to represent

race and unknown conditions as a motivation to improve upon it.
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Fig 1.18(b) Partial Order for Ls

Lewis gave a quinary simulation algorithm for detecting hazards and races. He first
described a method for evaluating the output of a feedback-free device with n inputs
using the associative law. Second, Lewis gave a generalized model of a flip-flop and a
flow chart for evaluating the output of such a device. Third, Lewis described a queue like
structure for calculating the effects of the bounded delay model on the output. The final
part of the algorithm is the general control algorithm. which calls the three previous parts
as subroutines.

There are two reasons for which this proof cannot be taken as a guarantee that L; does
infact, detect all hazards and races. The first is that Lewis has not included two
sequences, which Metze has taken to represent hazards. The sequences ...0/1.1/0... Or...
1/0,0/1...0ccur where a hazard is generated in the simulation of a re-cycling counter. He
second reason is that Metze has not proved the correctness of his methods for hazard

detection and so any proof based on those methods is not rigorous.

1.3.5 Hazard Algebra Generation
Hayes described two methods for generating new hazard algebras from previous ones. He
called them the Product Set method and the uncertainty Set Method. We digress to
examine these methods here because the rest of the hazard algebras examined are
constructed using them.

The Product Set method creates a set A of elements by taking the cross product of
the sets of elements Ay, A oooooa. s A, from several algebras, and defining the operations

on A coordinate-wise from the operations on the other algebras. The set of algebras that



is used in the creation is called basis set of the new algebra.
This is the method that was used to create Hy. Hg and Hy:. A law holds for an algebra
created in this manner if and only if the law holds for every algebra in the basis set.
There are several interpretations for the Product Set method. Haves discussed
applications in fault simulation, where an ordered pair of values could have the first
coordinate representing the state if' a fault was present. In the context of hazard detection.
changes in the signal are the information we wish to track. Interpreting the coordinates as
a chronological sequence of signals seems to be appropriate. The three algebras
constructed using the Product Set method each have three coordinates representing the
signal at an initial, intermediary and final time.

The second algebra creation method given by Hayes creates a set of elements
by taking the power set of the original algebra. Each of the sets in the power set, or a
subset thereof, is an element in the new algebra. With A* ¢ 2, an n-ary operation @ from
A can also be defined on A" by

‘l'l'u"l pos oy ) = Ugcyr K10, | Flal] |

L=

This method is called the Uncertainty set method, because it has an interpretation
involving values of uncertain signals. An element, a" = {a;. a2, ....... a,) of A" can be
thought of as representing a signal in the circuit that is one of ay. a.. .... a, but it is
uncertain which.
An example of this method is the generation of T from B,. The value X in the three-
valued algebra represents a signal that is in either state 0 or state 1. but which of the two
is unknown. Thus, X can be represented as {0.1}. Hence we can generate T; from B in
the following manner. We note that

Ty = {{0},{1}.{0,1}} C 2B iTh
and define the operations on T; from those on B, as shown in Equation 6. Hayes similarly
shows that 1= = 2.
This method obviously does not have the nice properties of the product Set Method, as T;

follows a different set of laws than B-.

1.3.6 The Six-valued Algebra



The six-valued algebra of Hayes consists of a set of ordered triples A = {(0.0.0), (0.X. 0),
(0.X, 1), (1,X, 0), (1,X, 1), (1,1,1)}. two binary operations + and * with identities (0,0,0)
and (1.1.1) respectively, and the unary operation ~. The first and third coordinates of the
triple are from B and the second coordinate is from T;. The operations +, * and ~ are
defined coordinate wise by the corresponding operations from B-and T; Theset AcB- *
T3 * B: is closed under these coordinate wise operations.

The structure of the six-valued algebra and the laws it follows are much easier and faster
to discover than those of the four-valued algebra due to the construction of the six-valued
algebra using the Product Set method.

It follows immediately from this that six-valued algebra is De Morgan algebra, but not a
Boolean or ternary algebra, since B: is not a ternary algebra, T is not a Boolean algebra,

but both are De Morgan algebras. The partial order of the six-valued algebra is given in
Figure 1.19.
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Fig 1.19 Partial order for Hy

The six-valued algebra realizes the idea that a hazard is the possibility of a transient
signal between two static signals. The static signals are represented by the first and third
coordinates of H;, and the transient signal is represented by the second coordinate. Hayes
was the first to put forward this model and makes use of its explanatory power in the
eight-valued algebra as well.

Hayes noted that six-valued algebra explains the model used by many three-valued

simulators. Users of these simulators “supply binary input sequences...the simulator



automatically inserts the third value X between 0 and | in any O-to-1 or 1-to-0 transition
it encounters in the user-supplied sequences™. Unlike any of the smaller algebras, Hy has
distinet values for representing static 0- hazards and static |-hazards. This leaded Hayes

to conclude, “Hg represents the smallest algebra for analysis of static hazards™.

1.3.7 The Eight-valued Algebra

The eight-valued algebra of Hayes consists of a set of ordered triples A ={(0,0,0),
(1.1,1,), (0,0/1,1), (1,1/0,0), (0.X, 0), (1,X, 1), (0,X, 1), (1.X, 0)}, two binary operations +
and * with identities (0.0,0) and (1,1,1,) respectively, and the unary operation . The first
and third coordinates of the triple are from B; and the second coordinate is from Ls. As
with the six-valued algebra, the operations +, * and  are defined coordinatewise by the
corresponding operations from B> and Ls and the set A is closed under these coordinate-

wise operations. The partial order for the eight-valued algebra is given in Figure 1.20.
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Fig 1.20 The Partial Orders for Hy under + and *

B, is a Boolean algebra. and thus a De Morgan bisemilattice. Ls is a De Morgan
bisemilattice, but is neither a lattice. nor is it Boolean. It is therefore ensure that Hg i1s De
Morgan bisemilattice. Just as Hy, is the smallest algebra for analysis of dynamic hazards.
Haves explained the reason that Ls. though capable of detecting all hazards., cannot
analyze them. For the general element of Hs, (a;, a.. a;), Haves remarked that the
knowledge of a, alone is insufficient to identify a hazard condition; the associated static

values a; and a; must also be known. Indeed we note that the four values of Hg with
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second coordinate X each correspond to a hazard, and their static original and final states

clearly identify the hazard to which each value corresponds.

1.3.8 The Nine-valued Algebra
Two nine valued algebras have been introduced. One by Fantauzzi for hazard detection
and one by Muth for test generation.
1.3.8.1 Fantauzzi's Algebra

In 1974, a nine-valued algebra, Fy. was introduced by Fantauzzi. This algebra has
an eight-valued subalgebra isomorphic to Hg in which pairs of values of values represent
Boolean states, hazard-free transitions, and static hazards and dynamic hazards. To this,
Fantauzzi added a value to represent an unknown state. As the notation used by Fantauzzi
differs significantly from the notation of Hayes used throughout this section. Figure 1.21]
shows which values of Fantauzzi correspond to which values of Hayes, and the state to
which those values corresponds. We will continue to use the notation of Hayes for clarity.
Hayes argued that the set {Hg. X} is not closed under the operations * and +. When Fs is
viewed as 3 tuples it is easy to see that is indeed the case. While (1.X, 0) *(X, X, X)
should give (X, X. 0) this value is not among those in Fy. This leads to a variety of
difficulties. The * and + operations on Fg are not associative or distributive and the
absorption law does not hold. To deal with these problems, Fantauzzi introduced a
different pair of operations to represent gates with more than two inputs. This did not
solve the difficulty, as two AND gates can still be arranged so that associativity occur in
a circuit, but did not occur under Fantauzzi's model.
The failure of the associative law guarantees that Fy is not a semigroup under the binary

operations given and so is not any of the other structures described as above.

Fantawse: Value | Haves Value | State
F 00,0 Binary zero
t (0.0/1.1) | Hazard-free 0-to-L transiton
! (1.1/0.00 | Hazarlkfree Lto- transiton
N nX.m Static Hhazard
L (L.X.1) Staty L-hazard
f X, 10 Dvpamic 0-to-l lazard
(LX, 0 | Dvpamic 1-to-0 hazard
(X, XX | Unkuesrn state or race

Fig 1.21 Values of F,
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1.3.8.2 Muth’s Algebra

The nine-valued algebra of Muth M, is a Product Set Algebra such that My = T; * T;
Since Ts is a ternary algebra. it is immediate ensure that My is a ternary algebra. The first
coordinate represents the value of the signal in a good circuit. while the second
coordinate represent the value in a faulty circuit.

This algebra leads to a generalization o the D-algorithm for test generation, permitting

faults with multiple or repeated effects to be correctly handled.

1.3.9 The Thirteen-valued Algebra

The last hazard algebra which Hayes introduced consists of aset A LD T; * Ls * T;and A
is the closure of Hg U {X} under coordinatewise * and +. As with the other product
algebras, all operations are defined coordinatewise and the identities are (0,0,0) and
(1.1,1) for * and + respectively. Chakraborty, Agrawal and Bushnell seem to have
discovered the thirteen-valued algebra independently.

The laws for a ternary algebra are a superset of those for a De Morgan bisemilattice. The
three-valued algebra is a ternary algebra and the five-valued algebra is a De Morgan
bisemilattice. So thirteen valued algebra is also a De Morgan bisemilattice. A verification
of these facts is given by Brzozowski. The partial order under + for thirteen valued
algebra is shown in Figure 1.22.

The thirteen-valued algebra can represent all of the states represented by the
eight-valued algebra. In addition, there are values to represent a completely unknown
signal, (X, X, X), a signal starting at 0 and becoming unknown, (0.X. X), a signal starting
at | and becoming unknown, (1.X. X). a signal which begins in an unknown state and
changes to 0, (X, X, 0) and a signal which begins in an unknown state and changes to |,
(X. X, 1.
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Fig 1.22 The Partial Order under + of H,;

Chakraborty, Agrawal and Bushnell gave an alternate method of constructing the
thirteen-valued algebra. They examined all triples in T; * T;* B.. The first coordinate
indicates the initial signal, the second coordinate represents the final signal and third
coordinate indicates whether or not a hazard occurred in the transition. They reduced the
number of elements from eighteen to thirteen by noting that for signal with unknown
initial or final states, distinguishing hazards in not important and so any pair of signals (a,
b, 0) and (a. b, 1) are identified if either a or b or both is X.

This algebra seems to be most complete of the algebra. of those discussed, for analyzing
the circuits with respect to hazards and unknown signals where counting the number of

hazard pulses is not important.

1.3.10 The Twenty-Seven-valued Algebra

Breuer and Harrison introduced a twenty-seven-valued algebra for eliminating the static
and dynamic hazards in test generation. They built their algebra from T; * T; by attaching
a third coordinate containing one of {hf, hsu, hp} which means hazard free, hazard state
unknown. hazard present respectively. The operation tables for the algebra are rather
large.

The algebra seems flawed as (0.1.hp) * (1.1.hsu) should give (0.1.hp). but instead is
defined as (0.1.hsu). This leads to the algebra being non-associative, as shown by the

following counter example.
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(D, L, hphe (L1, heu)) s (O L, hmn) (5]

= [0 1, hea)« (0,1, sl R}
= (0, L h=n) i Lin
# (0 LAp) i11)
= ((0,1,hp«(0,1,hsu)) (12)
= (0L hp)e (il 1, heahe (DL, haahd (LF]

In addition, the algebra does not follow the absorption or distributive laws, both
of which have similar counter-examples. All other laws for a ternary algebra hold in the
twenty-seven-valued algebra. Hence the algebra is not a semigroup and so not any of the

other structures as described above,

1.4 Introduction to PVM

1.4.1 Parallelization

Three approaches to parallelizing a task are evident:
+ Fault Parallelism

+ Search Parallelism

+ FElement-level Parallelism

In case of fault parallelism. the fault list is partitioned for distribution among processors.
To avoid interprocessor communication, the processors may independently generate tests.
However, duplication of work occurs if the test generated in one processor can detect a
fault that is assigned to another processor. A close-to-ideal speedup occurs only if the
fault list is carefully partitioned and interprocessor communication delay can be
neglected.

In search parallelism all processors in the multiprocessing environment work in unison
to find a test for the same given fault. Every processor has a copy of the circuit. The
amount of memory on a single processor in a multiprocessor system limits the size of
circuits that can be tested by this method. The search space for this problem can be
divided into disjoint subspaces and each processor searches one subspace for a test
vector. If a processor finds a test vector it sends messages to all other processors to abort

further search. This is an obvious way to parallelize any branch-and-bound method but
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some ingenuity is required to isolate subspaces that have a higher likelihood of
containing a solution. By searching subspaces we have a higher chance of finding a test
vector quickly.

In element-level parallelism the gates of the circuit are distributed on multiple
processors. A recent study concludes that fault parallelism should be preferred over
element-level parallelism mainly because of the excessive inter-processor communication
required in the element-level parallelism.

Parallel processing, the method of having many small tasks solve one large
problem has emerged as a key enabling technology in modern computing. The
acceptance has been facilitated by two major developments: massively parallel processors
(MPPs) and the widespread use of distributed computing.

MPPs combine a few hundred to a few thousand CPUs in a single large cabinet
connected to hundreds ol gigabytes of memory.
The second-major development affecting scientific problem solving is distributed
computing. It is a process whereby a set of computers connected by a network are used
collectively to solve a single large problem.
Common between distributed computing and MPP is the notion of message passing. All
parallel processing data must be exchanged between cooperating tasks. The Parallel
Virtual Machine (PVM) system uses the message-passing model to allow programmers to
exploit distributed computing across a wide variety of computer types including MPPs.
PVM is a software system that permits a heterogeneous collection of Unix computers
networked together to be viewed by a user’s program as a single parallel computer. PYM
is designed to link computing resources and provides users with a parallel platform for
running their computer applications. irres.péclive of the number of different computers
they use and where the computers are located.
With heterogeneous network computing environment we mean heterogeneity in terms of

e Architecture

o Data format

¢ Computational speed

e Machine load

o Network load
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PVM transparently handles all message routing, data conversion and task scheduling
across a network of incompatible computer architectures. The user writes his application
as a collection of cooperating tasks. Tasks access PVM resources through a library of
standard interface routines. These routines allow initiation and termination of tasks across
the network as well as communication and synchronization between tasks.
Communication constructs includes those for sending and receiving data, structures as
well as high-level primitives such as broadcast. barrier-synchronization and global sum.
At any point in the execution of a concurrent application, any task in existence may start

or stop other tasks or add or delete computers from the virtual machine.

Other Packages
Various other systems with similar capabilities are also in existence. Among the most
well-known efforts are:

« P4

« MPI

« Linda system

* LExpress

1.4.2 The PYVM System
The principles on which the PVM is based include the following:
s User-configured Host Pool: the application’s computational tasks execute on a
set of machines that are selected by the user for a given run of the PVM program.
Both single CPU machines and hardware multiprocessors including shared
memory and distributed memory computers may be part of the host pool. The host
pool may be altered by adding and deleting machines during operation (an
important feature for fault tolerance). We used a heterogeneous host pool
comprising Sun Solaris, Windows and Linux platforms.
e Translucent Access to Hardware: application programs either may view the
hardware environment as an attribute-less collection of virtual processing
elements (which is the strategy employed by us): or may choose to exploit the

capabilities of a specific machine in the host pool by positioning certain
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computational tasks on the most appropriate computers. Our strategy has been to
let the PVM decide which processor to spawn the task to.

Process-based Computation: the unit of parallelism in PVM is a task (often. but
not always, a Unix process), an independent sequential thread of control that
alternates between communication and computation. No process-to-processor
mapping is implied or enforced by PVM: in particular. multiple tasks may execute
on a single processor.

Explicit Message-passing Model: collections of computational tasks. each
performing a part of the application’s workload, using data, functional or hybrid
decomposition, cooperate by explicitly sending and receiving messages to one
another. Message size is limited only by the amount of available memory. We
have used data parallelism, rather that functional parallelism. and the
decomposition is of the data.

Heterogeneity Support: the PVM system supports heterogeneity in terms of
machines, networks, and applications. With regard to message passing, PVM
permits messages containing more than one data type to be exchanges between
machines having different data representations.

Multiprocessor Support: PVM uses the native message-passing facilities on

multiprocessors to take advantage of underlying hardware.

1.4.3 Composition of PYM System

The first part is a daemon, called pvmd3 and sometimes-abbreviated pvmd that reside

on all the computers making up the virtual machine. Pvmd3 is designed so any user with

a valid login can install it on a machine. When a user wishes to run a PVM application,

he first creates a virtual machine by starting up PVM. The PVM application can then be

started from a Unix prompt on any of the hosts. Multiple users can configure overlapping

virtual machines and each user can execute many PVM applications simultaneously.

The second part of the system is a library of PVM interface routines. It contains a

functionally complete repertoire of primitives that are needed for cooperation between

tasks of an application. This library contains user-callable routines for message passing.

spawning processes, coordinating tasks and modifying the virtual machine.
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The PVM computing model is based on the notion that an
application consists of several tasks. Each task is responsible for a part of the
application's computational workload. Sometimes an application is parallelized along its
functions; that is, each task performs a different function, for example, input, problem
setup, solution, output, and display. This process is often called functional parallelism. A
more common method of parallelizing an application is called data parallelism (the
approach used by us). In this method all the tasks are the same, but each one only knows
and solves a small part of the data. This is also referred to as the SPMD (single-program
multiple-data) model of computing. PVM supports either or a mixture of these methods.
Depending on their functions, tasks may execute in parallel and may need to synchronize
or exchange data, although this is not always the case. An exemplary diagram of the
PVM computing model is shown in following Fig 1.23.

The PVM system currently supports C, C++, and Fortran languages. This set of
language interfaces have been included based on the observation that the predominant
majority of target applications are written in C and Fortran. with an emerging trend in

experimenting with object-based languages and methodologies.

The unit of parallelism is the task. The computation is divided into many tasks. All PVM
tasks are identified by an integer rask identifier (TID). Messages are sent to and received
from tids. Since tids must be unique across the entire virtual machine, they are supplied
by the local pymd and are not user chosen. Although PVM encodes information into each
TID the user is expected to treat the tids as opaque integer identifiers. PVM contains
several routines that return TID values so that the user application can identify other tasks

in the system.
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Fig 1.23 PYM Computational Model

There are applications where it is natural to think of a group of tasks. And there are cases
where a user would like to identify his tasks by the numbers 0 - (p - 1). where p is the
number of tasks. PVM includes the concept of user named groups. When a task joins a
group, it is assigned a unique ""instance” number in that group. Instance numbers start at
0 and count up. In keeping with the PVM philosophy. the group functions are designed to
be very general and transparent to the user. For example. any PVM task can join or leave
any group at any time without having to inform any other task in the affected groups.
Also, groups can overlap, and tasks can broadcast messages to groups of which they are
not a member.

The general paradigm for application programming with PVM is as follows. A user
writes one or more sequential programs in C. C++, or Fortran 77 that contain embedded
calls to the PVYM library. Each program corresponds to a task making up the application.
These programs are compiled for each architecture in the host pool, and the resulting
object files are placed at a location accessible from machines in the host pool. To execute

an application. a user typically starts one copy of one task (usually the "~“master” or
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“initiating" task) by hand from a machine within the host pool. This process
subsequently starts other PVM tasks. eventually resulting in a collection of active tasks
that then compute locally and exchange messages with each other to solve the problem.
Note that while the above is a typical scenario, as many tasks as appropriate may be
started manually. As mentioned earlier, tasks interact through explicit message passing,

identifying each other with a system-assigned, opaque TID.

1.5 Problem Specification

Effective testing is an essential part of any development process and VLSI is no
exception. In VLSI circuits probabilities of occurring the faults is significantly high due
to the smaller size and higher complexity of the circuits. Therefore chip testing is very
difficult and essential. WLSI Testing is the broad area. there are various testing
techniques used to test the chip. from one of them is Automatic Test Pattern Generation
(ATPG).

The ATPG technology. in addition to generating high-quality tests for various fault
models, offers efficient techniques for analyzing the logic networks. The technology has
been successfully applied in several other areas of electronic design automation such as
logic optimization, design verification and timing analysis. The problems of interest in
these applications are transformed and modeled as a search problem for a test of a stuck-
at fault or a delay fault. We know that most of the faults are detected by stuck-at fault
model (approximately 80%). but remaining faults are delay faults, memory faults and

bridge faults as seen in Figure 1.24.
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Fig 1.24 Fault Distribution

In this thesis, our main concentration is on delay faults. These delays are not due to
logical problem of input-output but due to presence of hazards (static as well as dynamic
hazards) and delay defects like
e (GOS defects
* Resistive shorting defects between nodes and to the supply rails
e Parasitic transistor leakages, defective PN junctions and incorrect or shifted
threshold voltages
s Certain types of opens
e Process variations can also cause devices to switch at a speed lower than the
specification.
Research has been done on delay fault testing and is described in Chapter 2: Literature
Survey. We found that path delay faults are taking more attention. Various techniques
and methods being used for path delay faults have been described. In this thesis, we have
used 10-valued logic for robust tests and 3-valued logic for non-robust test. But from
literature research we found that path delay faults are taking more CPU time and memory
consumption for detecting test vectors. So a parallelized approach is needed. Some
parallel approaches have been reported earlier. In this thesis, we propse a new

parallelized (master-slave) approach for path delay faults. The proposed algorithm has
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been implemented in parallel and distributed environment using Parallel Virtual Machine
(PVM).

1.6 Organisation of Thesis

The Chapter | INTRODUCTION, describes VLSI Testing, delay fault models like path,
gate, line, segment, line, transition, functional, various hazard algebras like three-valued.
four-valued, nine-valued, ten-valued. thirteen-valued, parallel and distributed

environemnt i.e. parallel virual machine (PVM).

The Chapter 2 LITERATURE SURVEY describes the research or work done on various

delay fault models, and which delay fault model is taking more attention.

The Chapter 3 PATH DELAY FAULTS describes introduction to path delay faults,
robust test generation using five-valued logic, seven-valued logic. nine-valued logic and

ten-valued logic and non-robust test generation using three-valued logic.

The Chaper 4 PARALLELIZATION OF TEST GENERATION FOR PATH DELAY
FAULTS, describes other methods for paralleization of path delay faults and a new
approach i.e. Master-5lave approach in parallel and distributed environment (PVM). It
also includes sequential algorithm. parallel algorithm, and comparision between two

algorithms, implementation and experimental results.

The Chapter 5 CONCLUSIONS conclude the thesis followed by highlighting the future

scope of path delay faults.
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Chapter 2 Literature Review

2.1 Introduction

Digital system designers have traditionally maximized the frequency of
system clocks in order to obtain the highest performance from the hardware. The
maximum allowable clock rate is determined by the propagation delays of the
combinational logic block between latches [37]. Consider the circuit under test shown in
Figure 1. During the normal operation of the circuit, the input clock C) is the same as the
output clock C: and the period (T.) of C, and C; corresponds to the system clock. This
period should be greater than the maximum propagation delay DP,,. for the circuit.
However. during testing for delay faults, we use two separate test clocks, C; and C.

running at a frequency that is slower than the normal system clock.
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Fig 2.1 Hardware Model & Clock Timings

Thus, the period of test clocks, T, is longer than T.. The two test clocks are skewed by
the amount T.. The activation of the output clock C> must follow the activation of the
input clock C; by at least DP,,,, time units (i.e., T. =tz - t; = DP,,,,). If the output clock is
activated sooner, then unstabilized and possibly incorrect logic values may be latched in
output latches.

Since delay faults do not alter the logic function realized by a circuit
and since the tests for stuck-at faults are normally applied at a slow clock rate (due to the
ATE limitation or other reasons), they are inadequate for detecting delay faults. Special

two-pattern test vectors are required for detecting delay faults. The hardware model used
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in delay fault testing is shown in Figure 2.1. Here the vector pair < V. V> > constitutes a
delay test and signals C; and C; are used to clock the input and output latches,
respectively, At time to. an initializing input vector V; is applied, and the circuit is
allowed to stabilize under input V. At time t;, the propagation vector V is applied. and
the outputs are sampled at time t;, where (t: - t;) is the intended time interval between the
input and output clocks, called the rated clock interval T, [37].

Exhaustive testing is quite impractical for delay faults since the total number of pattern-
pairs required will be (2")(2" - 1), which is of the order 2", for a circuit having n inputs.
One must derive suitable and reasonable delay fault models and devise algorithms that
can generate tests for the modeled faults. Various fault models used in delay fault testing

are discussed in following sections.

2.2 Delay Fault Models

There are three classical fault models that have been developed in recent past to represent
the delay defects (i.e.. transition fault, gate delay fault and path delay fault). In recent
years two more fault models (i.e.. line delay fault and segment delay fault) have been
developed, which are basically derived from classical ones. Fach of these fault models
has their own limitations and advantages in various aspects that have been discussed in

detail in this chapter.

2.2.1 Path Delay Fault Model
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Smith first proposed the path delay fault model. This model has received greater
attention than the gate delay and transition fault models and has been quite extensively
studied in [6]. [10]. [11], [12]. [14]. [22]. [23]. [24]. [25]. [29]. [31]. [33]. [34]. [35]. [36].
[37]. [38]. [39], [41], [44]. [53]. [57]. [63]. [70], [75].

It includes considerable amount of research is being done on path delay faults. In path
delay fault model, any path with a total delay exceeding the system clock interval is said
to have a path delay fault. These models distributed defects that affect an entire path. See
in Figure 2.2, for each physical path P, connecting a primary input to a primary output of
the circuit, there are corresponding two delay paths. The rising path (falling path) is the
path traversed by a transition whenever it passes through an inverting gate. We present
the following definitions that are frequently used in path delay fault testing [74].
Definition 1: Let G be a gate on path P in a logic circuit, and let r be an input to gate G: r
is called an off-path sensitizing input if r is not on path P.
Definition 2: A two-pattern test <V, V.= is called a robust test for a delay fault on path
P. if the test detects that fault independently of all other delays in the circuit.
Definition 3: A two-pattern test <V, V,=> is called a nonrobust test for delay fault on
path P, if it detects the fault under the assumption that no other path in the circuit
involving the off-path inputs of gates on P has a delay fault.
As we mentioned above that most of the research is going on path delay faults. There are
various models, algorithms, methods, and procedures proposed path delay faults. Lets
take a survey on these faults.
The very first research has given by Smith in 19835, he invented firstly that why we didn’t
get 100% performance in automatic test pattern generation (ATPG), as we know that
95% of faults are covered by stuck-at fault model but no much concentration had been
given on remaining 5% faults, these faults are due to various delay defects known as
delay faults. Smith gave introduction about delay faults, different categories of delay
faults i.e. robust. non-robust tests, delay defects, hazards (including static as well as
dynamic) due to which these faults occur. Smith emphasis on the paths on which delay
occurs. He did the analysis to find out the paths where critical faults are more.

After that in 1990, Devdas and Kewtzer [1] developed necessary and sufficient

conditions for robust path-delay fault testability to develop synthesis procedures. which



produce two-level and multilevel circuits with high degrees of robust path delay fault
testability. For circuits, which can be flattened to two levels, they gave a covering
procedure. which optimizes for robust path delay fault testability. These two-level
circuits can then be algebraically factored to produce robustly path-delay-fault testable
multilevel circuits. For regular structures, which cannot be flattened to two levels, they
gave a composition procedure, which allows or the construction of robustly path-delay
fault testable regular structures. They also showed how these two techniques can be
combined to produce cascaded combinational logic blocks that are robustly path-delay
fault testable. They demonstrated these techniques on a variety of examples. It is possible
to produce entire chips that are fully path delay testable using these techniques.

In 1992, they added more modifications; they applied the same conditions to the less
restrictive gate-delay fault models to find out the performance comparison between two
models on the basis of testability [4].

In 1992, Girard gave a novel approach to delay-fault diagnosis |2]. he presented a
new method based on critical path tracing from a six-valued simulation. This method
showed the perfect experimental results, it does not require any timing evaluations and
can be very accurate.

Delay testing at the operational system clock rate can detect system-timing failures
caused by delay faults. However delay fault coverage in terms of percentage of the
number of tested faults may not be an effective measure of delay testing because. unlike a
stuck-at-fault, the impact of a delay fault on a proper system operation is dependent on its
delay defect size rather than on its existence. The effectiveness of a delay test is
dependent on the propagation delay of the path to be tested, the delay defect size, and the
system clock interval. Park. Mercer, Williams [5] proposed a quantitative delay fault
coverage model which provides a figure of merit for delay testing. System sensitivity of a
path to a delay fault along that path and the effectiveness of a delay test are described in
terms of the propagation delay of the path under test and the delay defect size. A new
statistical delay fault coverage (SDFC) model is established. A new defect level model is
also proposed as a function of the yield of a manufacturing process and the new statistical
delay fault coverage. They also proposed a new delay testing strategy driven by the

defect level for delay faults.
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In same year Fink, Fuchs, Schulz [6] proposed a simulation approach for path delay
faults. The distinct feature of the proposed fault simulation method consist in the
application of parallel processing of patterns at all stages of calculation procedure, its
versatility to account for both robust and nonrobust detection of path delay faults and its
capability of efficiently maintaining large number of path faults to be simulated, They
used the six-valued simulation. Approach.

In 1993, as the complexity of integrated circuits was growing rapidly, that lead to
spent more and more time and money spent on the test of these circuits. Fey, Shi,
Drechsler [9] gave a new approach, besides minimizing the logic needed for a given
function the testability of the resulting circuit become a major issue during synthesis. One
way to synthesize a circuit for a given function is to directly convert the Binary Decision
Diagram (BDD) of that function into a circuit. It is known that optimizations of the BDD
transfer to the derived circuit. Therefore they evaluated different optimization techniques
for BDD" s based on variable reordering with respect to the path delay fault testability of
the resulting circuit. They showed an optimization strategy that allows to compromise
during synthesis between logic size and testability.

In 1994, KraSniewski, Wrofiski [10] derived the relationships between festability of
path-delay faulis and gate delay faults. They used the theoretical results to develop a fast
procedure for comprehensive assessment of a given test sequence under the different
assumptions on what “detection of a delay fault by an input-pair” means and the
experimental results demonstrated that a fair comparison of different test strategies
requires several coverage metrics, corresponding to the different delay fault models and
testability requirements.

In same vear, Henfiling, Wittmann, .45!&#::#: [11] gave an efficient approach to path
delay fault simulation. They accelerated fault simulation by more than one order of
magnitude with a new speed-up technique called path hashing. An intelligent path
identification method is proposed that allows dealing with circuits containing two orders
of magnitude more paths than state — of the — art tools. Using these techniques large
circuits can be handled with a reasonable amount of time and memory.

In 1995, Majhi. Jacob, Pamaik and Agarwal [12] developed new iest pattern

generation system for path delay faults in combinational logic circuits considers robust



and nonrobust tests, simultaneously. In this system, once a robust test is obtained for a
path with a given transition, another test for the same path with the opposite transition is
immediately derived with a small extra effort. To facilitate, the simultaneous
consideration of robust and nonrobust tests, they derived a new nine-value logic system.
An efficient multiple backtrace procedure satisfies test generation objectives. They also
used a path selection method, which covers all lines in the logic circuit by the longest and
the shortest possible paths through them. A fault simulator in the system gave
information on robust and nonrobust detection of faults either from a given target set or
all path faults. Experimental results on ISCAS'83 and ISCAS'89 benchmark circuit’s
substantiated the efficiency of their algorithm in comparison to other published results.

In this year, Henfiling and Wittmann [14] adds more implementation in research on
path delay faults. They proposed a method to apply hir parallel processing at all siages of
robust and nonrobust test generation of path delay faults. Two different modes of bit-
parallel processing are combined: fault parallel test pattern generation (FPTPG) and
alternative parallel test pattern generation (APTPG). They discussed the problems that
appear while exploiting bit-parallelity and they also described how to overcome them.
Experimental results showed that a reduction of aborted faults and an acceleration up to a
factor of nine.

To improve the quality of delay fault testing [17]. they examined various delay
models used in VLSI Testing. Their study included electrical-level simulation
experiments with HSPICE. They showed the phenomenon which significantly affect the
actual delays. but which are not taken into account by the existing models used in testing.
Their analysis questions the test quality offered by test generation procedures used so far.

For the high performance systems. it is the requirement to do rigorous testing
for path delay faults, in this year Lam proposed a svmthesis algorithm [18]. which
produces a 100% path delay fault testable function with a minimal set of test pins.
Various test generation applications for delay fault models in described by Cheng, Krstic
[19].

In 1996, an algebraic method for delay fault testing is proposed by Sophie,
Mireille and Rene |21]. The aim of this method is to allow an accurate analysis of delay

Jfauldis. This method is based on the fact that some input values remain constant when two
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successive input vectors are applied. For a transition between two input states, the output
function is reduced to a function of few variables. An analysis of reduced function allows
obtaining the delay faults, which are detected by the corresponding transition. The
analysis allows knowing if a fault is robustly testable or non-robustly testable and
validatable, or weekly verifiable: in very case the corresponding tests are obtained. An
application of the results to random testing of faults allows observing that some
nonrobustly testable faults are easier to detect than some robustly testable faults.

In the same year, the problem involved in handling large numbers of path delay
faults were alleviated in previous work by developing a fault simulation and test
generation procedure that do not require paths to be explicitly considered by Pomeran:,
Reddy [22]. Thus the methods developed allow the set of all path delay faults to be
targeted during test generation and fault simulation. With the problems related to the
number of paths removed. a new limiting factor in test generation for path delay faults is
revealed, namely the number of test required to detect all path delay faults. They
investigated the problems related to the number of tests. A procedure for computing a
lower bound on the number of tests is described. and the methods for synthesizing
circuits with reduced lower bounds on the number of tests developed.

Conditions are derived for robust testing of a path delay fauli via a sequence of
test vectors applied at-speed. For that a simulator proposed by Hsw. Gupta [23]. This
simulator uses these above conditions along with the knowledge of paths that are robustly
tested by the previous vectors, to determine the fault coverage obtained by such testing.
The results show that existing fault simulators could overestimate robust path-delay fault
coverage by 5-15%.

In many designs a large portion of path delay faults is not robustly testable.
Krstic and Cheng investigated test strategies for robustly untestable faults [24]. They
showed that the quality of non-robust tests could be obtained by including timing
information into the process of test generation. A good non-robust test can tolerate larger
timing variations on the off-inputs. They also showed that not all non-robustly untestable
path delay faults might be ignored in high quality delay testing. Functional sensitizable
paths are non-robustly untestable but under some fault conditions. may degrade the

performance of the circuit. However, up till now, there was no strategy for generating



tests for such faults. They presented the algorithms for generating high quality non-robust
and functional sensitizable tests. They also devised an algorithm for generating tests for
validatable non-robust faults, which have a high quality in detecting defects but are hard
to be generated automatically. Their experimental results show that the quality of delay
testing increases if validatable and high quality non-robust tests, as well as tests for
functional sensitizable path delay faults are included.

A new formulation to generate robust tests for path delay faults in
combinational circuits based on Boolean Satisfiability is given by Chen, Gupta in 1996
[25]. Conditions to detect a target path delay faults are represented by a Boolean formula.
Unlike the other techniques described by other researchers for stuck-at faults, which
extracts the formula for each path delay fault, the proposed formulation needs to extract
the formula only once for each circuit cone. Experimental results show that tremendous
amount of time saving on formula extraction compared with other satisfiability-based
algorithms. This also leads to the low test generation time, especially for the circuits
having many numbers of paths and few outputs. The proposed formulation also modified
to develop other type of tests for path delay faults.

Luong described test generation for delay faults caused by global process
disturbances |26]. They represented structural and spatial correlation between path delays
is used to reduce the number of paths that must be tested.

A novel algorithm is proposed to rapidly identify untestable delay faults
using pre-computed static logic implications by Heragu, Patel |28]. Their fault-
independent analysis identifies large sets of untestable faults, if any, without enumerating
them. The cardinalities of these sets are obtained by using a counting algorithm that has
quadratic complexity in the number of lines. Since their method is based on an
incomplete set of logic implications, it gives only a lower bound on the number of
untestable faults. A post-processing step can list the untestable faults, if desired.
Targeting untestable delay faults for test generation by an automatic test pattern
generation (ATPG) tool can be avoided. The method works for the segment delay fault
model and its special case, the path delay fault model, and identifies robustly untestable.
non-robustly untestable, and functionally unsensitizable delay faults. Results on

benchmark circuits show that many delay faults are identified as untestable in a very



short time. For the benchmark circuit ¢6288. their algorithm identified 1.978*10™
functionally unsensitizable path faults in 3 CPU seconds.

A coverage metric and a two-pass tesi generation method for path delay faults
in combinational logic circuits proposed by Majhi, Jacob, Patnaik [29]. The coverage is
measured for each line with a rising and a falling transition. However, the test criterion is
different from that of the slow-to-rise and slow-to-fall transition faults. The test, called
“line delay test”, is a path delay test for the longest sensitizable path producing a given
transition on the target line. The maximum number of tests (and faults) is limited to twice
the number of lines. However, the line delay test criterion resembles path delay test and
not the gate or transition delay test. Using a two-pass test generation procedure, they
began with a minimal set of longest paths covering all lines and generate tests for them.
Fault simulation is used to determine the coverage metric. For uncovered lines. in the
second pass, several paths of decreasing length are targeted. They presented a theorem
stating that a redundant stuck-at fault makes all path delay faults involving the faulty line
untestable for either a rising or falling transition depending on the type of the stuck-at
fault. The use of this theorem considerably reduces the effort of delay test generation.
They gave results on benchmark circuits.

As we found that detailed circuit simulations have demonstrated that a
classical two-pattern robust test for a path delay fault may not excite the worst-case delay
of the target path. Chen, Gupta [31] in 1997 developed a new definition of robust test
that maintains the desirable properties of classical robust tests while incorporating fwo
additional considerations, namely side-fan-in transitions and pre-initialization, which are
shown to have a significant impact on the delay of target path. The associated test
generation problem was tformulated as a cuﬁstraim optimization problem, and an ATPG
system developed to generate three-pattern robust tests that excite the worst-case delay of
the target path. The ATPG works on a gate level model that is augmented to capture the
necessary switch level details. Experimental results shows that quality of robust delay
tests varies dramatically and that the proposed high quality robust delay tests are needed
for improving test quality.

To make path delay fault test generation memory efficient, a memory

efficient test pattern generator for path delay faults, DTPG, is presented by Long, Li,
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Yang and Min |34], which uses the efficient path identifier to represent a path. A compact
bit table, path information table, is proposed to store test information efficiently.
Furthermore, DTPG is capable of identifying functional sensitizable paths, which account
for large percent of paths in many circuits. The experimental result shows that DTPG is
memory efficient. It generates tests for ¢3540 with 57 million paths and preserves the
testability information for all paths. Experimental results show the influence of stepwise
mandatory sensitization, multiple backtrace. and backtracking limits on the CPU line
consumed by delay test generation process.

A recent method proposed by Kagaris, Tragoudas, Karaviannis in same vear
[35] that a lower bound on the number of path delay faults excited by a given test set can
be computed using a set independent lines that form a cut. For each line in the cut a sub
circuit consisting of all paths that contain the line is defined, and a lower bound to the
number of excited path delay faults can be obtained by working on the respective sub
circuits. A polynomial time algorithm is presented here for computing the maximum
cardinality set of independent circuit lines. Experimental results show that the more the
sub circuits the better the lower bound on the number of excited path delay faults is.
More sub circuits may be generated only in a heuristic manner. It was proposed to
consider two or more line-disjoint cuts C,. They proposed a technique where only one C,
must be a cut. This scheme is based on novel algorithms, and results in more sub circuits
than the previous one.

A method of identifving primitive path-delay faults in combinational circuits is
proposed by Tekumalla and Menon in 1997 [36]. They derived robust tests for all
robustly testable primitive faults. It uses the concept of sensitizing cubes to reduce the
search space. This approach helps identify faults that cannot be part of any primitive
fault. and avoids attempting test generation for them. Sensitization conditions determined
for primitive fault identification are also used in test generation, reducing test generation
effort. Experimental results on some of the ISCAS 'S5 and MCNC '9] benchmark circuits
indicate that they contain a fair number of primitive multiple path delay faults, which
must be tested.

A review on different delay fault models has been given by Majhi, Agrawal in

1998 [37]. They also discussed classifications and proposed fault coverage metrics.



At-speed robust path delay testing is more desirable than the commonly
employed slow-fast delay testing due to lower test application time. lower area overhead.
and increased possibility of detecting un-modeled faults that cause errors only during at-
speed circuit operation. However, it has been observed in practice that at-speed
application of tests generated by existing test generators can lead to their invalidation,
New techniques presented by Hsu, Gupta [38], and the aim is to modify tests generated
by existing test generators to avoid invalidation during at-speed testing. They also
presented a new procedure to generate tests suitable for at-speed delay testing of
combinational circuits, Experimental results show that (a) at-speed application of test sets
generated by existing generators leads to significant test invalidation, where the degree of
invalidation is approximately proportional to the degree of compactness of the test set,
and (b) the at-speed robust path delay tests generated by the proposed test generator are
significantly shorter than those obtained by modifying the tests generated by existing
generators.

Testing path delay faults (PDF’s) in VLSI circuits is becoming an important
issue as we enter the deep sub-micron age. However, it is difficult in general. since the
number of faults normally is very large and most faults are hard to sensitize. To make
delay fault testing and test synthesis easier, a model is proposed for path delay faults by
Cheng, Chih [39] known as Probabilistic Model for path delay faults. They investigated
probability density functions for wire and path delay size to model the fault effect in the
circuit under test. In their approach delay fault size is assumed to be randomly
distributed. An analytical model is proposed to evaluate the PDF coverage. They showed
that the fault size of undetected paths could be greatly reduced if these paths co joined
with other detected paths. Therefore, by their approach, path selection and synthesis of
PDF testable circuits can be done more accurately and for a test set, fault coverage can be
predicted by calculating the mean delay of the paths.

In 1998, Bose and Agrawal [41] presented an algorithm to derive logic systems
Jor various classes of path delay fault test problems. In these logic systems, the value of a
signal represents the relevant conditions that occur during a set of consecutively applied
vectors. Starting from a set of basic values for valid signals at primary inputs, a state

transition graph is constructed to enumerate all possible signal states relevant to path
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activation that are reachable by Boolean operations. These states include all incompletely
specified states, composed as combinations of basic values. A distinguishability analysis
then finds all state-pairs that need to be distinguished during test generation. The final
step minimizes the number of states. For forward and backward implications of test
generation in combinational or sequential circuits, the procedure provides optimal logic
systems. They defined optimality as the smallest set of logic states that provides the least
possible ambiguity in implications. Thus, an optimal set of logic states will minimize the
number of backtracks in test generation. A 10-valued logic described in the literature is
found to be optimal for generating tests for single path delay faults. They also addressed
other problems in include compact test generation through activation of many single path
delay faults, test generation for rated-clock test application, and test generation for
multiple path delay faults. The limitations and capabilities of various logic systems are
illustrated by examples.
A flexible path selection procedure for path delay testing proposed by
Pomeranz and Reddy [44] in 1999. This procedure selects target faults for path delay
fault test generation. Since large number of path delay faults may be untestable, the
proposed procedure does not select a fixed set of paths. Instead. it provides compactly
represented subsets of paths, referred to as super-paths, and allows the test generation
procedure to select one path out of each subset based on testability considerations.
To do the fault simulation of delay faults, Ravikumar and Mittal [47] proposed
a fault simulation technique i.e. Hierarchal Fault Simulation. As we know that
increasingly, VLSI systems are being designed using macro blocks and predesigned
cores. Since the clock rate at which these circuits operate is steadily increasing over the
years, it is important to perform delay testing on modern VLSI chips and systems.
Algorithms for delay test generation and delay fault simulation are known to be compute-
intensive. Many of these algorithms require gate-level descriptions of circuits. which are
difficult to generate. and may be even impossible to provide when the designer has made
use of predesigned cores. Hierarchical testing appears to be an attractive alternate in such
cases. Tests generated for logic blocks may be reused to generate tests for larger systems
comprising of the logic blocks, hence reducing the total effort in test generation. They

showed the computational effort spent in fault simulation could also be reduced using a
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hierarchical approach. The simulator HIDEFS described which exploits the modular
nature of the circuit to save on the memory requirement as well as execution time
requirement of fault simulation.

To improve the delay faults diagnosis, new adaptive techniques proposed by
Dastidar and Touba [51]. These techniques reduce the search space for direct probing
which can save a lot of time during failure analysis. For a given set of two-pattern tests
that resulted in faulty output responses, a procedure for deriving additional two-pattern
tests that will improve the diagnostic resolution of delay faults is described. They
presented two new techniques based on adjacency testing and delay-size bounding. These
techniques can be used to greatly reduce the number of suspect lines and thereby provide
a more precise diagnosis that is wvalid for either single or multiple delay faults.
Experimental results show that the number of suspects can be reduced dramatically for
both single and multiple delay faults.

In 2000 to deal with the problem of delay fault testing, Sosnowski, Wabia, Bech
[53] presented results obtained with newly developed test pattern generator. This
generator based on the use of binary decision diagrams (ROBDDs) and reveals many
advantages as compared with other ATPGs published in the literature. Their important
contribution was the analysis of various testability features of digital circuits in respect to
path delay faults. It was applied to ISCAS89 benchmark and other circuits. The proposed
testability measures are helpful in co designing deterministic and pseudorandom delay
tests as well as in improving circuit testability.

Many techniques has been implemented for path delay faults, from one of
them is Boolean satisfiability, The Boolean satisfiability problem (SAT) has various
applications in electronic design aL:mmatioﬁ (EDA) fields such as testing, timing analysis
and logic verification. SAT has been typically applied to EDA as follows: 1) formulation
of the given problem as a SAT instance 2) solution of the SAT instance. Joomoung,
Jeese, Joao and Karem [54] presented a method to simultaneously solve several closely
related SAT instances using incremental satisfiability (ISAT). In ISAT, the decision
sequence made for a “prefix” function is used to solve another set of functions, which
have a number of new constraints (extensions) added to the prefix function. Their

experiments show that they can achieve significant gains in total runtime when they use
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this methodology as opposed to resetting the decision sequences and solving each
instance from scratch. Application of ISAT to delay fault testing is presented by
formulating incremental path sensitization as an ISAT problem. Non-robust tests for the
combinational portion of ISCAS'89 circuits are generated using this method.

In 2001, the fault-grading problem formulated as combinatorial problem by
Padmanaban, Michael, and Tragoudas [57), [64], that amounts to storing and
manipulating sets on a special type of Binary Decision Diagrams (BDDs). called zero-
suppressed BDDs (ZBDDs), that represent sets in a unique and compact manner. A
simple modification of the basic scheme allows overcoming memory problems that may
arise by complex set representation. Experimental results on the 1SCAS s benchmarks
show considerable improvement over all existing techniques for exact PDF grading. The
main advantages of the proposed methodology are the simplicity of the approach, in
terms of it being expressed by a polynomial number of increasingly efficient BDD-based
operations, its organization, and its ability to handle very large test sets.

Noise effects such as power supply and cross talk noise can significantly
impact the performance of deep sub-micrometer designs. Existing delay testing and
timing analysis techniques cannot capture the effects of noise on the signal/cell delays.
Therefore, these techniques cannot capture the worst case timing scenarios and the
predicted circuit performance might not reflect the worst-case circuit delay. More
accurate and efficient timing analysis and delay testing strategies needed to be developed
to predict and guarantee the performance of deep sub micrometer designs. A new pattern
generation technigue for delay testing and dynamic timing analysis proposed by Krstic,
Jiang and Cheng [60] in 2000 that can take into account the impact of the power supply
noise on the signal propagation delays. In édditinn to sensitizing the selected paths. the
new patterns also cause high power supply noise on the nodes in these paths. Thus, they
also cause longer propagation delays for the nodes along the paths. Their experimental
results on benchmark circuits show that the new patterns produce significantly longer
delays on the selected paths compared to the patterns derived using existing pattern
generation methods.

We can also generate test pattern for path delay faults wsing stuck-at TPG,

an approach for generating test patterns for the path delay fault model based on a stuck-at
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TPG tool is implemented by Mever. Anheier and Sticht |62] which has been used for
industrial purposes for years. Furthermore, the constraints to the definition of non-robust
delay tests discussed. They showed that under some circumstances, the requirements
accepted in literature are not sufficient to derive non-robust tests due to possible test
invalidation. even in the absence of any additional faulty delay. They discussed possible
constraints that have influence on the test quality and showed that a test generation for
robust tests cannot be tackled if a stuck-at TPG tool is used without any delay fault
simulation.

In 2002, in current industrial practice, critical path selection is an
indispensable step for AC delay test and timing validation. Traditionally. this step relies
on the construction of a set of worse case paths based upon discrete timing models. The
assumption of discrete timing models can be invalidated by delay effects in the deep sub-
micron domain, where timing defects and process variation are statistical in nature.
Krstic, Liou, Cheng and Wang [63] studied the problem of optimizing critical path
selection, under both fixed delay and statistical delay assumptions. With a novel problem
formulation and new theoretical results, they proved that the problem in both cases is
computationally intractable. Then they discussed practical heuristics and their theoretical
performance bounds, and demonstrate that among all heuristics under consideration, only
one is theoretically feasible. They also provided consistent experimental results based
upon defect-injected simulation using an efficient statistical timing analysis framework.

Delay fault tests are classified regarding to their probability of
invalidation. Even if robust tests are preferred they exist only for a small number of
faults. Non-robust test are therefore also a matter of interest. Meyer, Sticht, Weigl and
Anheier |65] addressed the question how non-robust tests can be strengthen and how
compact test pattern generation affects the test quality.

In 2003, to improve more delay fault testing quality different ress
strategies implemented by Krstic, Liou, Cheng and Wang [68]. A structurally testable
delay fault might become untestable in the functional mode of the circuit due to logic or
timing constraints or both. Experimental data suggests that there could be a large
difference in the number of structurally and functionally testable delay faults. However,

this difference is usually calculated based only on logic constraints. It is unclear how this



difference would change if timing constraints were taken into consideration, especially
when using statistical timing models. Their goal is to better understand how structural
and functional test strategies might affect the delay test quality and consequently, change
their perception of the delay test results.

The known methods of transition fault diagnosis usually suffer from the
drawback of many candidates. The method presented by Majhi. Gronthoud and Valer
[69] whose aim was to reduce the number of suspects. The transition fault patterns were
generated by Philips in-house ATPG tool and applied on the tester. The fail information
from tester was subjected to fault diagnosis resulting in a small list of faulty candidates.
They then injected the delay faults into the golden net list of the test chip and confirmed
through simulation whether or not their behavior matched with the tester results. Upon
successful matching, they proceeded with the selection of few testable paths through the
suspect faulty node and created corresponding path delay patterns using the path delay
ATPG (a prototype at the University of Bremen. developed in cooperation with Philips
Semiconductors GmbH. Hamburg). Finally. they verified those path delay patterns on the
tester to increase the confidence level of the diagnosis method. The experimental results
show the effectiveness of their novel approach for improving diagnostic resolution.

As we said earlier that test pattern for path delay faults can be find by
using stuck-at fault test generation algorithms. A new rest generation method proposed
by Ohtake, Ohtani and Fujiwara [70] in 2003. This method is for non-robust path delay
faults using stuck-at fault test generation algorithms. The idea behind this method is, first
transform an originals combinational circuit into a circuit called a partial leaf-dag using
path-leaf transformation. Then they generated test patterns using a stuck-at fault test
generation algorithm for stuck-at faults in the partial leaf-dag. Then transform the test
patterns into two-pattern tests for path delay faults in the original circuit. They proved the
correctness of the approach and experimental results on several benchmark circuits show
the effectiveness of it.

Gupta, Hsiao [72] presented a novel technigue for generating effective
vectors for delay defects. The test set achieves high path delay fault coverage to capture
small-distributed delay defects and high transition fault coverage to capture gross delay

defects. Furthermore, non-robust paths for ATPG are filtered (selected) carefully so that
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there is a minimum overlap with the already tested robust paths. A relationship between
path delay fault model and transition fault model has been observed which helps us
reduce the number of non-robust paths considered for test generation. To generate tests
for robust and non-robust paths, a deterministic ATPG engine is developed. Clustering of
paths has been done in order to improve the test set quality. Implications were used to
identify the untestable paths. An incremental propagation based ATPG is used for
transition faults. Results for ISCAS'85 and full-scan ISCAS’89 benchmark circuits show
that the filtered non-robust path set can be reduced to 40% smaller than the conventional
path set without losing delay defect coverage. Clustering reduces vector size in average
by about 40%.

To calculate the delay fault probabilities in parallel manner, Ganz,
Taferishofer and Wittmann [73] presented an improved measure for the dynamic
functionality of a logic circuit, called delay fault probability (DFP). The new measure
reflects both the nominal delay of the paths and the fact that only few paths are critical
for path delay fault testing. An efficient distributed algorithm for computing DFP is
presented. The experimental results show that. in contrast to DFP. the conventional fault

coverage is an inadequate criterion to assure the dynamic functionality of a circuit.

2.2.2 Gate Delay Fault Model

Carter introduced a quantitative model for delay faults. known as the gate delay fault.
They assume that delays through logic gates are known with some precision. The
characteristics (size and location) of likely delay faults are also known. The delays
through a gate are represented by intervals in this model. A fault is an added delay of
certain size (magnitude): say 8, in the propagation of a rising or falling transition from the
gate input to output. The set of faults considered includes numerical delay information.
An excessive delay of 3 nanoseconds at a point is not the same fault as an excessive delay
of 5 nanoseconds at that point. See in Figure 2.3.

Most of the recent research in this area has concentrated on the determination of fault
sizes detected by a given test. Given a particular fault of a fixed known size. Carter
provides a method to determine whether a test T detects that fault. This is clearly a

painstaking and inefficient method, and it would be more desirable to find a certain

64



minimum fault size at a fault site such that given a test T for a fault at the above fault site,
T is guaranteed to detect any fault at that site with a magnitude greater than the
determined minimum size.

There are many implementations, research is going on gate delay fault model, and Lets

take a survey on this.

N Pi_.
D

Fig 2.3 Gate Delay Faults

Carter has given the very first research in /987, which introduced a quantitative model
for delay fault,
After that in /993, Mahistedt [7] presented an efficient approach to generate tests for gate
delay faults. Unlike other known algorithms, which try to generate a “good” delay, test
the presented algorithm is complete in the sense that if a delay test exists it will generate
an optimal delay test. An optimal delay test for a gate delay fault is a test that sensitizes
the longest functional path through the fault site. Especially the cone-oriented test
generation — each output cone is processed separately - and the delay graph - a new
method to keep track of all possible paths in a given situation - contribute to the
efficiency of the algorithm. Although it is an MP-hard problem to generate optimal delay
tests, experimental results show that it is tractable for a wide class of circuits. Close to
optimal delay test sets could be generated for most ISCAS benchmark circuits containing
up to 38.000 nodes.

In 1994, KraSniewski, Wrofiski [10] derived the relationships between
testability of path-delay faults and gate delay faults. They used the theoretical results to

develop a fast procedure for comprehensive assessment of a given test sequence under the
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different assumptions on what “detection of a delay fault by an input-pair™ means and the
experimental results demonstrated that a fair comparison of different test strategies
requires several coverage metrics, corresponding to the different delay fault models and
testability requirements.

In 1995, Takahashi, Watanabe [15] presented a test for small gate delay
faults in combinational circuits, called a tenacious test and described a method for
generating tenacious tests. They considered a single gate delay fault in a circuit on the
assumption of that each gate has some appropriate gate delay. First, They introduced a
tenacious test < V), V = for a small gate delay fault on line L. The tenacious test < V. Vs
= can propagate the effect of a small gate delay fault at line L to primary outputs by the
delay effect. Next, they presented a method for generating tenacious tests by using a
timed seven-valued calculus with consideration of delay of each gate in a circuit under
test. Finally, experimental results are demonstrated for gate delay faults on ISCAS'83
benchmark circuits. Experimental results show that they can obtain tenacious tests for
small gate delay faults with high fault coverage.

In same year, to improve the quality of delay fault testing [17]. they examined
various delay models used in VLSI Testing. Their study included electrical-level
simulation experiments with HSPICE. They showed the phenomenon which significantly
affect the actual delays, but which are not taken into account by the existing models used
in testing. Their analysis questions the test quality offered by test generation procedures
used so far. Various test generation applications for delay fault models in described by
Cheng, Krstic [19].

In 1998, a review on different delay fault models has given by Majhi, Agrawal
in 1998 [37). Takahashi, Boateng and Takamatsu [40] proposed a method of diagnosing
gate delay faults using delay fault simulation. In the method. suspected faults are deduced
by fault simulation and backward path tracing using diagnostic test-pairs with observed
faulty responses. Also, by fault simulation using diagnostic test-pairs with fault-free
responses, non-existent faults are deduced. and they are removed from the set of
suspected faults, They presented experimental results on the [SCAS'85 benchmark

circuits. The experimental results show that by simple processes of backward path tracing
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and fault simulation, this method achieves reasonable diagnostic resolutions in a short
time.

Most industrial digital circuits contain three-state elements besides pure logic
gates. A gate delay Fault simulator for combinational circuits was proposed by Pohl,
Walter [42] that can handle three-state elements like bus drivers, transmission gates and
pulled busses. The well-known delay faults -"slow-to-rise” and "slow-to-fall" -are
considered as well as delayed transitions from isolating signal state "high impedance" to
binary states '0' and 'l" and vice versa. The presented parallel delay fault simulator
distinguishes between non-robust, robust and hazard free tests and determines the quality
of a test. Experimental results for ISCASS3/89 benchmark circuits are presented as well
as results for industrial circuits containing three-state elements.

In 1999, A Chatterjee et al. proposed tests with linearity property for gate
delay faults to determine, at a required clock speed, whether a circuit under test is a
marginal chip or not. The latest transition time at the primary output is changed linearly
with the size of the gate delay faults when the proposed test is applied to the circuit under
test. To author’s knowledge no reports on algorithmic method for generating tests with
linearity property for gate delay faults. Takahashi, boating and Takamastu proposed a
new method to solve this problem [49]. The proposed method introduces a new extended
timed calculus to calculate the size of a given gate delay fault that can be propagated to
the primary output. The method has been applied to ISCAS benchmark circuits under the
unit delay model.

In 2001, to add more advancement in gate delay fault model, Chen, Gupta
and Breuer |58] presented a new model to capture the delay phenomena associated with
simultaneous to-controlling transitions. The proposed delay model accurately captures the
effect of the targeted delay phenomena over a wide range of transition times and skews. It
also captures the effects of more variables than table lookup methods can handle. The
model helps improve the accuracy of static timing analysis, incremental timing

refinement, and timing-based ATPG.

2.2.3 Transition Delay Fault Model
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The transition fault model is considered as a logical model for a defect that
delays a rising or falling transition at inputs and outputs of logic gates. There are two
kinds of transition faults, i.e. slow-to-rise, slow-to-fall. The slow-to-rise (fall) transition
fault temporarily behaves like a DC stuck-at-0 (1) fault. A test for a transition fault is a
pair of input patterns, one (initialization pattern) to set up the initial state for the transition
and another (propagation pattern) to cause the appropriate transition and observe its effect
at a primary output. The propagation pattern is identical to a pattern that detects the
corresponding DC stuck-at fault. The transition fault coverage is a measure of the
effectiveness of the delay test in detecting large delay variations. Transition fault model
defects for which the delay is large enough to cause a logical failure when the signal
propagates along any path through the site of the fault. The main drawback of this model
is the assumption of a large gate delay defect. Also, it is difficult to tell how small a delay
fault can be, before it is not detectable. In practice, delay variations tend to be distributed
over many circuit elements. Thus, many small gate delay faults, each undetectable as a
transition fault, can give rise to a large path delay fault.

A satisfiable research is also going on this fault model; lets take a survey on this.

In 7995, to improve the quality of delay fault testing [17], they examined
various delay models used in VLSI Testing. Their study included electrical-level
simulation experiments with HSPICE. They showed the phenomenon which significantly
affect the actual delays, but which are not taken into account by the existing models used
in testing. Their analysis questions the test quality offered by test generation procedures
used so far.

In /996, a new delay fault model. called double transition fault model
proposed by Pomeranz, Reddy and Patel [30]. Under this model, a fault is associated
with a pair of lines and a pair of transitions on these lines. The model captures the effects
of defects that increase the delays of two (or more) individual lines by an amount that
causes the circuit to fail when signals are propagated through both lines. It thus provides
a simplification of the path delay faults model that does not suffer from the exponential
behavior of this model. They proposed a test generation procedure for double transition
faults, based on reordering of a given test set for stuck-at faults. The procedure does not

require enumeration of all double transition faults, and is thus applicable to circuits with
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large numbers of lines. They presented experimental results of this procedure for several
benchmark circuits.

In 1998, a review on different delay fault models has given by Majhi,
Agrawal in 1998 |37]. The speed of new VLSI designs is rapidly increasing. Assuring the
performance of the circuit requires that the circuit be tested at its intended operating
speed. The high cost of high-speed testers makes it impossible for the testers to follow the
designs in terms of speed increase. This gap between the speed of the new circuits and
the speed of the testers is not likely to disappear. Krstic and Cheng [43] in 1999, focused
on at-speed strategies for testing high-speed designs on slower testers. Conventional al-
speed testing strategies assume that the primary inputs/outputs can be applied/observed at
the circuit rated speed. This requires a high-speed tester. Their assumption is that a fast
clock matching the speed of the designs is available. They described two classes of at-
speed strategies that can be used on a low speed tester. The first class consists of testing
schemes for which the test generation procedure is independent of the speed of the tester.
These methods apply multiple input patterns in one tester cycle and the test application
time for them can be long. The strategies in the second class of at-speed testing schemes
integrate the tester's speed limitations with the test generation process. Due to constraints
placed at the test generation process, these schemes might result in reduced fault
coverage. To increase the fault coverage and reduce the test application time, the slow-
fast-slow and at-speed strategies can be combined for testing high-speed designs on
slower testers. They presented preliminary experimental results for at-speed schemes for
slow testers for transition faults,

In 2002, Liu, Hsiao. Chakravarty and Thadikaran [66] proposed novel
algorithms for computing test patterns for transition faults in combinational circuits and
fully scanned sequential circuits. The algorithms are based on the principle that si
vectors can be effectively used to construct good quality transition test sets. Several
algorithms are discussed. Experimental results obtained using the new algorithms show
that there is a 20% reduction in test set size, test data volume and test application time
compared to a state-of-the-art native transition test ATPG tool, without any reduction in
fault coverage. Other benefits of this approach. viz. productivity improvement, constraint

handling and design data compression are highlighted.
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2.2.4 Segment Delay Fault Model

Heragu et al. have proposed a model that considers slow-to-rise and slow-to-fall
defects on segments [20], whose length L. can be chosen from available statistics about
the type of manufacturing defects. L can be as small as | (transition faults) or as large as
the maximum logic depth (path faults). Once L is chosen, the fault list will comprise of
all segments of length L and all paths whose entire length is less than L.

The segment delay fault model is an attempt to combine the advantages of the
classical delay fault models while avoiding their limitations. Unlike the path delay fault
model. this model can prevent an explosion of the number of faults to be considered. At
the same time, a defect over a segment may be large enough to affect anv path through it.
This assumption seems more realistic than the transition delay fault model that requires
the defect on a single line to be large enough to affect any path passing through it. Due to
process variations, every gate in the circuit is affected and their delays increase only by a
small amount. Again, randomly occurring defects are of very small sizes. Defects of this
nature may produce delay faults only on longest paths. The segment delay fault tests may
not be able to detect some of these defects.

A much research is going on this delay fault model; lets take a survey on this.

In 7995, to improve the quality of delay fauit testing [17], they examined various
delay models used in VLSI Testing. Their study included electrical-level simulation
experiments with HSPICE. They showed the phenomenon which significantly affect the
actual delays, but which are not taken into account by the existing models used in testing,
Their analysis questions the test quality offered by test generation procedures used so far.

In 1996, Heragu, Patel and Agrawal [27] proposed an efficient combinational
circuit simulation technigue for the recently proposed segment delay fault model [20].
After simulation of a vector pair, activated segments are traced using a depth first search.
A segment-numbering scheme finds the number of faults to be simulated. A labeling
technique generates edge labels to compute a unique label for each segment fault. The
use of labels avoids explicit storing of fault lists and allows efficient access to previously
detected segment faults. Experimental results demonstrate several advantages of the
segment delay fault model. First, the total number of faults remains manageable for small

segment lengths. Second, many segments. not included in any robustly testable path fault,
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may have robust segment delay fault tests. Generating tests for such segments may
increase the delay defect coverage.

In 1999, they proposed another simulation-hased technigue that uses a genetic
algorithm (GA) to generate tests for delay faults on segments of any given length [46]. At
every ling, they assumed that an upper bound on the number of testable segment faults
that originate there is known. Such a bound is efficiently computed by an implication-
based technique. The fitness function for the GA is derived from an objective function
that favors vectors, which might detect a large number of faults. This is accomplished by
a simulator used as abase engine, by dynamically identifying a line m with the highest
upper bound for the number of segments on which faults can and are vet to be tested. and
by ranking vectors according to their ability to target the simultaneous objectives of
invoking a transition on m and maximizing the number of signals that propagate robustly
in the fanout cone of m. Rather than limiting the number of generations of evolution in
the GA, they obtain improved results by using the diversity of the individuals in a
population as a stopping criterion. Results indicate that for small segment lengths,
reasonable robust segment delay test coverages can be obtained for most benchmark
circuits. Also, the tests generated using the segment delay fault model detect a large
number of transition and path delay faults. For example in the benchmark circuit ¢3540),
tests generated for faults on segments of length 5 had a transition fault coverage of 96.1%

and were able to detect 9,246 path faults.

2.2.5 Functional Delay Fault Model

In 1995, Pomeranz and Reddy [16] proposed a functional fault model for
delay faults in combinational circuits and described a functional test generation
procedure based on this model. The proposed method is most suitable when a gate-level
description of the circuit-under-test, necessary for employing existing gate-level delay
fault test generators, is not available. It is also suitable for generating tests in early design
stages of a circuit, before a gate-level implementation is selected. It can also potentially
be employed to supplement conventional test generators for gate-level circuits to reduce
the cost of branch and bound strategies. A parameter called A is used to control the

number of functional faults targeted and thus the number of tests generated. If A is
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unlimited, the functional test set detects every robustly testable path delay fault in any
gate- level implementation of the given function. An appropriate subset of tests can be
selected once the implementation is known. The test sets generated for various values of
A are fault simulated on gate-level realizations to demonstrate their effectiveness.

In 199Y, Michalel [45] proposed and evaluate two frameworks for functional
level ATPG for delay faults in combinational circuits. Although functional delay fault
models have been proposed in [16]. no systematic methodologies for ATPG have been
presented in the literature. The proposed frameworks apply to any proposed fault model
and utilize established techniques such as Reduced Ordered Binary Decision Diagrams
(ROBDDs) and Boolean Satisfiability (SAT).

They added the further implementation in this work and presented an ATPG
tool for functional delay faulis in combinational circuits in 2002, which applies to the
single-input transition (S81T) and the multi-input transition (MIT) fault models, and is
based on Reduced Ordered Binary Decision Diagrams (ROBDDs). Thev were able, for
the first time, to identify all faults that did not have any SIT tests. and generated all SIT
tests for nonredundant faults in combinational circuits. They also provided methodologies
for efficient generation of MIT tests. Their experimental results on the [SCAS'SS
benchmarks is by far superior to existing methods as well as a Satisfiability-based tool
that we have developed for comparative purposes. The presented tool, coupled with
advancements in path delay fault coverage. shows that both the SIT and MIT functional
models are very useful in ATPG for robust path delay faults for synthesized circuits.

Several functional delay fault models have been proposed before to allow
functional test generation for delay faults. Pomeranz, Reddy [52] extended these models
to accommodate functional descriptions where inputs and outputs are more naturally
represented by vectors carrying non-binary values. Such vectors are typical of high- level
functional descriptions. Experimental results show that using the vector-based models
does not result in loss of gate-level path delay fault coverage.

Existing gate-level fault models are not well suited to test generation for
circuits that contain modules whose logic implementation and timing behavior are
unspecified. A high-level fault model called the coupling fault (CF) model presented by

Hayes [61] in 200/, which aims to cover both functional and timing faults in an
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integrated manner. Intuitively. a (single) CF denoted x, |z ; exists between input x; and
output z of a module if x ; |z ; blocks any dynamic effect of x ; on z ; .The set of test
vectors CTS  ;; that detect x ; [z ; is represented by the Boolean difference of z | with
respect to X .A pair of adjacent vectors in CTS ., constitutes a coupling delay test.
They presented the basic properties of coupling faults and test sets, focusing on the
relationship between coupling tests and other high-level tests. A coupling test set
provides powerful, realization-independent coverage of stuck-at faults. Coupling delay

tests can detect all robust path delay faults in any realization of a function.

2.2.6 Line Delay Fault Model

We can combine the relevant features of the transition and path delay fault
models to define a line delay model. A rising (falling) line delay test will test the longest
sensitizable path passing through a target line producing a rising (falling) transition on it.
With this model, the coverage is measured for all lines with two possible transitions.
Thus, the maximum number of faults (or tests) is twice the number of lines. (For
example, in ¢6288, we will consider only 12576 line delay faults whereas the total
number of possible path faults is = 1.98 * 10™" .) Yet, the test criterion is similar to path
delay fault, and not like gate or transition delay fault. In general, a test will cover several
lines. Conventional path delay test generators attempt to derive robust tests for a subset of
paths in the circuit, based on some path selection criterion such as the worst-case path
selection or a threshold-based path selection. However, a large number of these paths
may not be robustly testable and hence the test coverage of the targeted paths can be very
low. The new coverage metric [37] seeks to remove this deficiency by attempting to
derive a pair of line delay tests for each line in the circuit.

The basic idea of an iterative approach for generating a robust test was
first proposed by Park and Mercer. They have followed an approximate method where
the search space for test generation is biased to and a test along a path whose propagation
delay is greater than or equal to a predefined threshold value. Bose preselects paths in a
given range of lengths and shows that despite low path coverage. a high gate (or line)
coverage can be obtained. In that case, however, lines are not tested through longest

sensitizable paths. The method of Majhi et al.. on the other hand, is an exact method for
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generating a robust test for the longest testable path through each line. To facilitate the
simultaneous consideration of robust and non-robust tests. they use a 9-value logic
Syslem.

A line delay coverage metric [37] proposed by Majhi and Agrawal in
1997, The motivation of defining the line delay test is to robustly detect the smallest
incremental delay defect associated with a rising or falling transition at any line. Suppose.
Ap is the incremental delay of a rising or falling transition through line L. Then, for
detection of this delay fault.

AL +Te = T or AL Te -Tp (1
Where Tc = system clock period and Tp= nominal delay of the path P through which L is
tested. From relation (1), we determine that the smallest incremental delay fault on L can
be detected via the path through L having the longest nominal delay (Tp) may i.e..

(AL) min = T = (Tp) max (2)
By sensitizing the longest path through L. we are able to detect the delay fault of the
smallest size. However, simultaneous delay variations are possible for other gates on P
due to correlation with L. Suppose, delays of other gates increase. Then the line delay test
for L. will detect a delay fault of even smaller size. If the delay of other gates reduces
while that of L increases, the sensitivity of the test reduces. Considering correlation of
delays, this later case is less probable.

The basic assumption associated with the line delay fault model is that the
delays of all gates are not reduced below their nominal values. Main advantages of this
fault model are that the number of faults is limited to twice the number of lines in the
circuit and almost all lines can be tested. Since the fault is tested along the longest
propagation path, the system timing failures caused by the smallest localized delay
defects or the accumulation of distributed delay defects can be detected. In transition fault
model. a delay test is obtained along any arbitrary path because the size of delay fault is
assumed to be large enough to be tested via any path through the fault site. For the gate
delay fault model one must specify exact sizes of delay defects. Difficulties arise when
accurate information on delays is not available. Transition and gate delay faults do not
model the distributed delay defects along a target path. The line delay model, on the other

hand. retains many advantages of the transition and gate delay fault models, while
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alleviating the major drawback of the path delay model (viz., too many paths to be tested
and the low fault coverage).

In order to derive a line delay test for a given line, we first target the longest
structural path. If that path is not robustly testable then we go for the next longest path
and so on, until we find a test for the longest robustly testable path. The limitation in this
approach is that in addition to this robustly testable path there could exist a nonrobust test
for some longer path through the target line. In such a case. the robust test would miss a
line delay fault that only causes the longer nonrobustly testable path to fail. To overcome
this limitation one may include any possible nonrobust tests for all paths that are longer
than the longest robustly testable path. Another limitation of this model is that in case of
certain distributed delay defects the derived tests will fail to detect some of the delay
faults that are not targeted. We consider only one path through any given line for
determining a line delay test. However, there may be some other paths of the same length
(or shorter) through the target line, with distributed delay defects exceeding the
permissible propagation delay. Consider the three paths shown in Figure 2.4, Suppose, all
three paths have the same delay. Let us assume that paths 1 and 2 are the longest
structural paths selected for testing lines A and B, respectively. Let us further assume that
the smallest incremental delay that is detectable for each path is A (i.e.. A = Te - Tp),
where Tp is the nominal delay of each of the paths and T¢ is the clock period. If the
incremental delay of nodes A and B are A - & where £ is small, then paths 1 and 2 will

pass their tests, However, path 3 has a fault that is not detected by the test vectors though

it is a detectable delay fault.

Fig 2.4 Line Delay Faults Limitation
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The basic assumption associated with the line delay fault model is that the delays of all
gates are not reduced below their nominal values. More than one faulty gate can oceur in
practice due to correlation between delays of gates. In that case many gates in paths 1 and
2 will have increased delays and it is more likely that the tests for those faults will show
failures. There can be several ways of dealing with the situation depicted in Figure 4.
When there are several longest paths of equal length through a target line, we can
consider all such paths to increase the confidence level for the tests obtained. However,
this can lead to a potentially large number of paths to be tested in some circuits,

In 2002, Krishnamachary and Abraham developed new techniques for
detecting both stuck-open faults and resistive open faults, which result in increased
delays along some paths. The improved detection of CMOS open defects is made
possible by a new delay fault model which combines the advantages of the gate delay
fault model and the path delay fault model. They develop a test generation methodology
for this fault model, which enables generation of test vectors that test a percentage of the
longest sensitizable paths in the design and also test each net for spot defects through
their longest sensitizable paths. Real delay values are used to determine the true critical
paths in the circuit. The high degree of effectiveness of this fault model under realistic
assumptions for process characteristics is first enumerated, and experimental results

demonstrate the improved coverage possible with the proposed approach.

2.3 Comparison of Various Delay Fault Models

A comparison is given in tabular form of all fault models that discussed
above: it includes the comparison according to their advantages and limitations. See in
Table 2.1:

‘Fault Models Advantages | Limitations
Path Delay Distributed failures are | Impossible to enumerate
considered. all possible paths.
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Gate Delay

All gates can be modeled.

Distributed failures not
considered.
Exact defect size not

possible.

Transition Delay

Easy to model all gates.

Distributed failures not

considered.

Segment Delay

Considers general delay

defect from spot to

distributed failures.

Longest delay path

may not be tested.

Functional Delay

Fault effect modeled at a

higher level than logic for

function modules.

Mo systematic
methodologies for
ATPG are efficiently

present.

Line Delay

All gates are modeled.
Distributed failures
considered.

Better coverage metric.
Additional fault
coverage by  using

multi-pass technique.

Existence of non-
robust test.

May fail for some
shorter  paths  (hard

constraint).

TABLE 2.1 Comparison of Various Delay Fault Models
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Chapter 3 Path Delay Faults

3.1 Introduction to Path Delay Faults

|'ﬂ_ = s )
n_r
2 | ] [ o
.T_
|
e e .
— - ) e o

Fig 3.1 Path Delay Faults

Smith first proposed the path delay fault model. This model has received greater
attention than the gate delay and transition fault models and has been quite extensively
studied in [6], [10], [11], [12]. [14]. [22]. [23]. [24]. [25]. [29]. [31]. [33], [34]. [35]. [36].
[37]. [38]. [39]. [41]. [44]. [53]. [57]. [63]. [70]. [75].

It includes considerable amount of research is being done on path delay faults. In path
delay fault model, any path with a total delay exceeding the system clock interval is said
to have a path delay fault. These models distributed defects that affect an entire path. See
in Figure 1.7, for each physical path P, connecting a primary input to a primary output of
the circuit, there are corresponding two delay paths. The rising path (falling path) is the
path traversed by a transition whenever it passes through an inverting gate. We present
the following definitions that are frequently used in path delay fault testing [74].
Definition 1: Let G be a gate on path P in a logic circuit, and let r be an input to gate G; r
is called an off-path sensitizing input if r is not on path P.

Definition 2: A two-pattern test <V, V= is called a robust test for a delay fault on path
P. if the test detects that fault independently of all other delays in the circuit.

Definition 3: A two-pattern test <V, V.= is called a nonrobust test for delay fault on
path P, if it detects the fault under the assumption that no other path in the circuit

involving the off-path inputs of gates on P has a delay fault.
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As we mentioned above that most of the research is going on path delay faults. There are
various models, algorithms, methods, and procedures proposed path delay faults. Lets

take a survey on these faults.

3.2 Robust and Non-Robust Path Delay Fault Test Generation

3.2.1 Five-valued Logic for Robust Tests and Three-valued Logic for Non-Robust
Tests

Generation of a test for a path-delay fault requires placing the appropriate transition at the
origin of the path and justifying the required off-path inputs of all gates on the path. This

is easily accomplished using the five-valued algebra [80].

input 1 Input 1
S0 UG 51 U1 XX B0 UD B1 U1 WX
sof sof sof sof sof s0 s0f 50| uo| s1f usfEx
||-
vl so] ve] ua| v ue wof ua| vo| saf o= ; s
4 o S50 UD 51 U1 X
8 siysojuolsi|u|xx] 3 osi)si|si|si]e] s
: 2 &1 [ ut] sof vo] xx
Ui S0 udl us| ut] xx wif Ut Ut s
A 50| vo| xa| xx] xx o x| wx| s ] xx
AND OR KOT

Fig 3.2 Five-valued Algebra for Path-Delay Test

Robust Test Generation Consider the path-delay fault 4 P3 in Figure 1.11. We proceed
as follows:

I. Place a transition at the path origin. B = F0.

2. Propagate value FO to line E, from Figure 1.11, C = U0) E = F0,

3.G=F0)J=RI.

4. FO is interpreted as U0 for off-path logic, Q = U0.

5. Propagate value R1 from J to K, using Figure 1.11 set H = S0) K =R1.
6. Justify H = S0, from Figure 1.12 set A = S0.

7. Testis A=S80, B=F0.C=U0; or VI = 01X, V2 = 000.
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We should remember that the value S0 implies that input A should hold its value steady
for two vectors. We observe that this test is different from the one considered in Example
I. This test is robust and the reader can verify that it will not be invalidated irrespective
of the delay of P2. The procedure of the above example can be implemented in many
ways. The path can be sensitized starting at the output, or all off-path signals can be set at
once and then justified. We chose to sensitize the path from input because if sensitization
becomes impossible at some gate, then we can immediately conclude that no robust test
is possible. This simple example has only limited choices. With increasing number of
inputs of a gate, justification choices also increase. In general, when the circuit has
reconvergent fanouts. the test generation procedure frequently has to use backtracks.

For some paths, robust tests are not possible and we must generate non-robust tests. As
discussed before, non-robust tests only require static sensitization. That means all signals
except the origin of the path under test can have arbitrary values in the first vector (V).
This condition is easily incorporated in the multi-valued algebra by simple substitutions,
50 « Ul and 51 « UI.

Non-Robust Test Generation To generate a robust test for path-delay fault T P2 in
Figure 1.7. We proceed as follows:

I. Place a transition at path origin, B = R1.

2. Propagate R1 to E, from Figure 1.11 set C = S0,

3. Rl is interpreted as U1 for off-path logic. G=U1) J = U0,

4. Q = RI, Propagate R1 to H, from Figure 1.11 set A = U1.

5. H=RI, Propagate R1 to K, from Figure 1.11, must set J = S0) conflict since J = UD in
step 3. _

6. Since no step has any alternatives, a robust test is not possible.

For a non-robust test we change 50 and S1 to U0 and Ul, respectively (static
sensitization.) Now the Step 5 requirement becomes J = UQ, which is consistent with Step
3. The non-robust test is A = U1, B = R1, C = U0 (changed from S0); or V| = X0X, V; =
1 10.

An alternative and simpler method for generating non-robust tests is to derive single
input change (S1C) tests. For a SIC test, the two vectors ¥V, and V- in the test differ in

exactly one bit. We first find V. to statically sensitize the entire path using any
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combinational ATPG procedure. V) is then obtained by just changing one bit in V, that
corresponds to the origin of the path. It can be easily shown that every non-robustly
testable path must have a SIC test.

The procedure of this example attempts to find a non-robust test only when a robust test
is impossible. In view of the fact that the reliability of non-robust tests is questionable
(see Example of Non Robust Tests), there is merit in finding as many robust tests as
possible. The presence of robust tests for some paths can improve the reliability of non-
robust tests for other paths. For example, in Figure 7 six path-delay faults,
TPLIPLTP3L, LIP3, TC-E-G-J-Kandd C-FE -G -J-K, are robustly testable.
Example of non-robust tests shows that T P2 only has a non-robust test. By including the
six robust tests we can ensure that if the circuit passes those, there will be no delayed
signal at off-path inputs of the path P2. We can conclude that in the presence of the other
four tests, the non-robust test for T P2 is as good as a robust test. Such a test is called a

validatable non-robust (VNR) test,

3.2.2 Nine-valued Logic for Robust Tests and Three-valued Logic for Non-Robust
Tests

In this system, we will consider three logic states 0, 1, X for two clock periods for three
intervals (initial, intermediate and final). So we have
3% =27 states
- The transition states from | - 4 and 10 - 13, in which the logic values are fully
specified are represented by unique values i.e. (S0, GO, FT) and (S1, GI, RT)
respectively.
- The composite states (transition states 5 - 9 and 14 - 18) are abosrbed together
and represnted by X0 and X1 respectively.
- The last 9 states (19 - 27) are collapsed to a single logic value XX since the final
logic value is X (don’t care).
GO and G1 represent the static () and static | hazard represented, as (-1-0 and 1-0-1 and
these are explicity used for Non-Robust Tests.

S0 and 51 represnts no Static Hazard represnted as 0 0 and | | respectively.
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FT and RT represents ne Dynamic Hazrad is present represnted as 1 0 and 0
respectively.
X0, X1 and XX represents that hazard is possible and represnted as X 0, X 1
X
State id Possible States Fully Specified Composite States
1 000 [S0] -
2 010 [GO] -
. 100 [FT] -
4 110 [FT] -
5 0X0 - [S0, GO]
6 X00 E [SO, FT]
7 XX0 - [S0, GO, FT]
8 1 X0 - [FT, FT]
9 X10 : [GO, FT)
10 Il [S1] :
I 101 [GI] 5
12 011 [RT] -
13 001 [RT] :
14 0X1 - [RT. RT]
15 1X1 - [S1. Gl]
16 X01 - [RT, G1]
17 XXI1 - [51,GI1, RT]
B 18 X11 : [RT.SI]
19 00X - -
20 X - -
21 X0X - i
22 XIX = -
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23 oXx | E :

24 IXX % T =
25 ox - - a
26 10X N - '
27 XXN ' : "

TABLE 3.1 Nine-valued Algebra

Test Generation Procedure:

First an implication w.r.t to transition (Rising or Falling) at the input of the path
and other inputs unspecified XX.

The oftpath. set to the suitable logic. according to their robust and non-robust
conditions, the main aim is to do path sensitization.

Then a backtrace from PO to PI, in breath first manner, so as to saisfy the
objectives.

During backtrace if we create a new objective on an input of gate G and this input
happens to be fanout branch, then we create the same logic on fanout stem.

After doing the implication all fanout branches as tried.

Hence before setting an objective on any fanout branch during backtrace, we

check whether or not it has already been tried by previous objective.

Generation of Test of Opposite Transition:

Once we find a robust test for a transition on a target path, instead of generating a
completely new test for opposite transition we derive from second test by
replacing X1 (X0) with steady values SI (50) in the already generated test and
reversing the transition at the input of the target path.

The principle is that since the second vector is a test for a stuck fault on the PI at
the source of the pathn, the opposite transition will always reach the destination of
the path if the sensitizing condition remains unchanged.

In most cases this modified vector pair will be a valid robust/nonrobust test for the

opposite transition.



= [f the implied logic values are a subset of (S0 and GO C X0 and S1 and G1 C X1)
of the primary objective logic values or are the same, then the derived test will be
a robust test.

* |f at least one of the primary objective logic values is S| (S0) and the implied

logic value becomes G1 (G0), then the derived test will be a non — robust test.

In the following figure:

2 51
: 1] r
3
[y 1 1
’ 1] Xt

Fig 3.3 (a) Generate Test with Opposite Transition —Rising Transition

For this robust test vector consist of these values.

Path = 4-5-7-8-10-12 with rising transition

L —elld ? =Pl
2 —Sl & =“5FF
2 —x L] 9 —ul
4 —RT 10 = RT
Y =2RE 11 — Ul
6 — U0 (Off path) 12 =3 FEF

Corrsponding to same path, we will check the falling transition for that test value set is:

bihid 6 — S0
2= T—RE
i3] E§—RT
4 —FT Y— U
5—FT 10— FT
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1 — 5] 12—=RT
In this test value set primary objective is 11=S1, so it is @ non-robust test.

Consider another figure,

Fig 3.3 (b) Generate Test with Opposite Transition — Falling Transition

In this case

Path is, 1-2-10-12. For Rising Transition, for robust test vectors consiting values:

| — U0 7 —=LH
2=+RT 8§ — Ul
3—uo 9 — Ul
4 — 50 LO—FT
3—50 1l —S1
& — 50 12—=RT

Consider the same path for falling transition, for that test value set is:

1 = Ul 1 =51
2—FT 8 —5l1
3—Uul 9 =5l
4 — S0 10 —RT
5—50 F==J]
6— L0 [2=x:FT

In this case for falling transition, there is robust test, as we know that S| and G1 ¢ X1.

3.2.3 Seven and Ten-valued Logic for Robust Tests and Three-valued Logic for
Non-Robust Tests



Based upon seven valued logic A; = {B7, C7} = [10S, 0S°, 18, 1S8°} 10X, 1X, XX}]
where as 0X, | X, XX consisting the subset of basic values 0S, 05°, 15, 15",

= (Js: stable 0

= |s: stable |

* (s: final value 0 but not stable at 0

* Is: final value | but not stable at |
MNote that Os' (1s) can represent a static-0) (static-1) hazard, or 1{0) to 0{1). transition
with or without the presence of dynamic hazards. Using this basic system, the following
composite values are included in L5 [80]. [B1]. [83].

= [J0={0s, 0s"}: final value 0 may or may not be stable

= [/l ={ls, I1s"}: final value 1 may or may not be stable

= X'=10s, 0s", Is, 18" }: an unknown value with no constraints

The Hasse diagram for this seven-valued logic is shown below:

Fig 3.4 Hasse Diagram for Seven-valued Logie

05" denotes the falling path, where as IS" denotes the rising path.
Consider the case of AND Operation on 15" and X.

B; (1S’ X)=B;(X)={0S, 08", 1§, 18"}

Rather than doing this manner it can be expressed as:

B,(1S") B;(X)=1S8" {0S.0S.1S,1S8°} = {08, 05", 1S}

So from here we found, B7 (18" X)£B; (1S} B7(X).

Consider the case of OR Operation on 05" and X,
B, (0S" v X) =B, (X) = {08, 08", 1S, 18"}

86



Rather than doing this manner it can be expressed as:
B, (08°) v By (X) =08’ v {0S, 0S". 1S, 1S’} = {0S", IS, IS’}

So from here we found, B; (057 v X) # B7 (057 v B7 (X).

Consider the case of XOR Operation on 05 and X.

B; (08" & X)=B;(X)={0§,08", 18, 18"}

Rather than doing this manner it can be expressed as:

B;(08%) ® B;(X)=08" & {0S, 08, 18, 18} = {0S’, 18"}

So from here we found, B7 (08" # X)#B;(05") ® B;(X).

Due to these inequalities, three more logic values proposed, that’s why generation of 10

valued logic.

A new ten-valued logic for ATPG for path delay faults has been proposed [80], [81],
[83].

A ten-valued logic is represnted as Ay = {Bg, Cio) =[085, 087, 15, 157}, 10X, 1X, XX,
XS, XS*', XS§'}] with

The Hasse diagram for this ten-valued logic is shown below:

o
( X! A 3 Ix
s El"-i' 5 %

Fig 3.5 Hasse Diagram for Ten-valued Logic

Bio (0X) = {08, 05"}

Bio (1X)={1S, 18"}

By (X) = {0S, 08", 1S, 18"}
B (XS7) = {0S", 1S}
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Biobis =108 085 185
Bio (XS8*") = {18, 08°, 18"}

is complete with respect to F= { A, v, ® —}.

(c) NOT-gate

PO S I O I O I P TR B S A I Vo[ | o] o | ts ] ot | olx | N | Xe¥Xet ] X
s | s [ 1k s i i 0 [ B lis iz ks’ Ix X5 x| o] x|
g s | Do n | 0" | s Uy [CS 0z I " LN S | 3 15" l= Xz X' | Xe
ix | 0w iy iy iy Oy [ [ Ox (1] 1% Mz | O | 0 M Ix 1s” I % My X5 X | X

1 i 0 ix I I Ix X | Kt | xel] X [ I= | I8 Ix I 1" 53 [£3 (53 = Ix
14" | B | M I ] 15 s Ne | Xe? | Xs | Xs? Is™ | =" | I8 [£3 15 Is' L3 [E3 [E3 [E3 ls"
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(a) AND-gate (b) OR-gate
Fig 3.6 Implication Tables of the 10-valued Logic for Robust Test Generation
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Logic Values needed for the Non-Robust ATG

In non-robust test we have to consider the final values only. So the test generation

reduced to propagation vector V3. But in case of robust tests it depends upon the static

values (initial values) also.
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{d) XOR-gate
Fig 3.6 Implication Tables of the 10-valued Logie for Robust Test Generation




So it can be represented as three-valued logic in which initial value. final value and

transition signal.

In this case 0X reprsents the falling value, 1X represents the rising value.

A i o - v | I X r| m I X
ix ix i I i i Ix X irg Ix [ X
I (s Ix X I It [E Ix Ix 1% s x
X L X X X X I X X % i X

(a) AND-gate {b) OR-gate (c) NOT-gate

@ | os | Is x |
Os Os Is 0s |
Is Is s
" EREAEAE:

e

(d) XOR-gate
Fig 3.7 Implication Tables of the 3-valued Logic for Non-Robust Test Generation

The Implication Procedure for 10-valued Logic
The performance of ATG approach depends upon the power of implication procedure.
¢  We found that, by maximizing the number of logic values, which can be uniquely
determined by the implication procedure, is vital to perform the determiministic
ATG process efficiently.
e This ATG Generator executes these both forward and backward implications.
e This implication procedure is restricted to 10 valued logic implications.
e This implication procedure follows the Completeness Criterion.

e Taking any path and assigning the appropriate values to the offpath inputs for

sensitization can do this. as shown in following table 3.2.
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Ciate Robust AT |Non-Rolwust ATC

Type Rising | Falling | Rising | Falling
ANDINAND] I s Lx ix
[OR/NOR i x 0 LIRS
NOR/ANOR] osls | o/l | 0x1x | Ox/1x

TABELE 3.2 Allowed Logic Values for Off-Path Sensitizing Inputs in Robust and Non-
Robust ATG

3.3 Proposed Logic for Robust Tests and Non-Robust Tests
In this chapter all types of logic like five-valued, seven-valued, nine-valued and ten-
valued logic for robust test generation and for non-robust test generation three-valued
logic for path delay faults has been fully described. From above we concluded that:

¢ We found that, by maximizing the number of logic values, which can be uniquely

determined by the implication procedure, is vital to perform the determiministic

ATG process efficiently.
e So |0-valued logic is efficient for robust test generation and 3-valued logic for

non-robust test generation.

e But Sequential algorithm is taking more CPU time and more memory
consumption.
s There is need of parallelized approach i.e. some parallel or distributed algorithm

is needed.,

The next chapter will describe parallelization of test generation for path delay faults.
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Chapter 4  Parallelization of Test Generation for Path
Delay Faults

4.1 Introduction
In earlier literature parallelization of path delay faults. parallelization is done by two
methods; one is Bit level Parallelism mentioned in [14] and second is robust and non-
robust path delay fault simulation by parallel processing of patterns [82].
Bit Parallel Test Generation
e This approach can only applied on Non-Robust Test Generation of PDF.
e In Non Robust Test Generation only final value will change, so three-valued logic
system is better. i.e. 0,1, X. It means logs 3 = 2 bits. If machine word length is L
then L no. Of logical values, can be store in 2 words.

« Each bit level represents one logic value.

Bitid |Logic value 0 — bit | 1-bit
0 0 1 1T &
1 l 0 |
2 X 0 0
3 Conflict I |

Fig 4.1 Non-Robust Test Pattern Generation

Fault Parallel Test Pattern Generation
e [n this we will take L no. of faults simultaneously.
s First L. paths will be sensitized and the resulting implications be performed.
e As long as there is at least one unjustified logic is there, a backtrace procedure is

performed and bit parallel implications are made from primary inputs.
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will be treated as parallel from bit level 0 to bit level 3.
Bit level 3 Bit level 2 Bit level 1 Bit level 0
It means four-bit level, in which each bit level represents one logical value consisting two

bits. 1 1(C) 0 0(X) 0 1 (1) 1 0(0)

e These show the resulting logic values of the four bit levels after sensitizing the
paths and performing the implications.

e The advantage of FPTG is that it is possible to treat multiple paths simultaneously
and not sequentially.

Alternative Parallel Test Pattern Generation (APTPG)

* In order to examine several alternatives of test patterms simultaneously, APTPG
is performed.

¢ If the result of backtrace indicates that at various primary inputs 0 and 1 is

required, L alternatives can be considered simultaneously.
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Fig 4.3 Performing APTPG

* In general we can consider all possible value assignments at Log.l. primary

inputs.

Combination of FPTPG and APTPG

e (Task 1) In order to treat casy-to-test faults as efficient as possible, we start with
FPTPG and identify a lot of testable and redundant paths: this leads to a speed-up
of test pattern generation.

s (Task 2) If backtracking is necessary. we dynamically pass over APTPG.

¢ (Task 3) The effort of resensitizing a target path by simply flattening the active
bit of a logical value to multiple bit levels.

e  With the help of APTPG, we will be able to Detect Hard to detect faults.

s Combination of these approaches helps for faster test pattern generation, and

faster redundacy identification.

To apply the same approach for Robust Tests, there are some differnces:
+ Rather than justifying the input only, we have to justify the stable values from the
primary inputs also.
For robust tests, there will be total Four Tasks.
Similarities:
e The technique to apply both FPTPG and APTPG is same.

e Path sensitization is same as by applyving bit levels.
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Another approach is Robust and Non Robust Path delay Fault Simulation by Parallel
Processing of Patterns [82].

e This approach is used every time at the time of calucating the paths, which have,

delay faults.

e This is useful, because there are a large number of paths where delay can occur.
For Robust as well as Non-Robust tests, six valued simulation and Four Valued
Simulation is used.

These six values represented by vector pair (fv, pds)

First vector consist of the final value of signal k under the two-pattern test (V,, V2).
Fv(k)e {0.1}.

Second factor path detectability status pds (k) £ {s, p, -}

s for if transition values remains stable.

p for any path is present, which is robustly detectable.

- Neither it is stable nor there is robustly detectable path.

For robust test six-valued simulation is used, but for nonrobust test, there will be only one
path, which will be faulty in circuit. So that’s why s and - reduced to p’.

S0 O0s*0- — Op

Iz* ]== |p’

A|Ds|Op|0-|1s | 1p]L-

Qe | Os | Qe [0s] 0e | Qs |0 A O (0P| 1p |1
Op|0Os |0 |0-|Op | Op |(Op Op [Op* |Op" | Op | Op
O J0s ({0 |0-{0 |0 |0 [ > Op' | Op' [Op" |Op" | Op°
ls |Os (Op |O-| Is | 1p | 1- Ip | |0’ |1p | Ip
lp|Os(Op |O-|1p|1p|lp lp" | Op |0 | 1p | 1f
1-|0s (Op|O-| 1- | 1p | -

) m)

Fig 4.4 Six-valued Simulation for Robust Tests and Four-valued Simulation for Non-Robust
Tests

Encoding Logic Values:

pds(k) = (s(k) . p(k))
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TABLE 1

Frousssss of Looie Varues (o) Six-Varven Loce, (b) Fove-YValuen Locre

s __[,,].g_ic i
Value of firlw) | sl piwl Value of | fuiw) | pia)
Signal x Sigral &

silx L) 1 L] Opip 01 I
Omelp o'l i | R 1 0
0-£1- LI ] ] {&)

@)

TABLE 4.1 Encoding of Logic Values (a) Six-valued Logic (b) Four-valued Logic

In order to support parallel processing of pattern pairs during fault simulation, we use

three L-Bit wide machine words in the case of robust fault simulation and two L-Bit wide

machine words in the case of non-robust fault simulation for representing logic values for

signal k, which usuvally corresponds to L pattern pairs.

<V, Vo <V, Vo=, <V). Vo= denotes the first word consisting final
value.

Vee [Iv (K)] = (v (K) 12 v (KD 2 £V (KD 3 oveeeeeenenneeeeens B (KD

Similarly

Vee [p(K)] =(p(k) . p (k)2 p(K) 3y coveeeeiinnennn. p (k) . denotes the p-word.

Similarly

Vec [s(k)] = (s(k) 1, s (k)2 s(K) 3 eovveenennrnnnnnnn. s (K)) . denotes the s-word.

Choose L=5

The set {1p. 0s, 0-, s, Op}

In this Vec [fv (k)] ={1.0.0,1.0}.
Vec [p (k)] = {1.0,0,0,1}

Vec [s (k)] = {0.1, 0,1,0}

Parallel Pattern Path Delay Fault Simulation

Consider the AND gate with input signal k; and k: and output signal n.
For Robust Path Delay Faults

v (n) = fv (k). fv (k)

sin) = fv (k)" . stky) + tv (ko). s(ka) + fv (ko) sk + B (ko). s(kz)

pin) = fv (k). tv (ka) . [p(k) + p(k2)] + tv (ko). ptky) . fv (ko). s(ka) + fv (ko). plka) . fv

(ki). s(ki)
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For Non-Robust Path Delay Faults

fv(n)="fv(k). fiv (k2)

p(n) = fv(ki) . p(ka} + Fv(ka) . p(ki)

It summarizes the binary operations, which are necessary for determining the final value
and the path detectability status by parallel processing of pattern pair in robust and
nonrobust path delay fault simulation for all gate types considered. By applying law of

associativity, these operations can easily be extended to gates with more than two inputs.

Bmary operatiore ﬁnrdﬂmmmgTﬁFPEE‘Lﬁmlﬁheinlﬂ)mtmd

nonrobust path delay fault simulation

Cale Binary Operations

Type Eobwet and Non-mhust Path Delay Fault Staulation

AND veclf vin]= vec[ v (k)] . vec[fv (ki)

HAND vee[fv(n]= vec[fvik)]. vee[fv (k]

OR. vee[fv(w)]= vee[f v(li)]+ vecfv (k)]

HOR vec[fv (1] = vec[fv (k)] + vec[fv (k]

BUF vec[fr(u]= veelfv(K)]

ik veclf (2] = veclfr (k]

ZO0R vec[fv(n)] = vec[fv (k)] * vec[fv (k]

ZNOER wo[fv(nl]= vee[fv(kl] * vec[fv ()]
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TABLE @I
Binary operatio ne for detersndn g thee path deksctal ity st i ook wel sl ssoccads wsed
paih delay Faull = Fwukalion

Cladbe Toype Binary Operdtio s -
Rohust Parh Delay F & Non- xub urt Path Dielay FS
ATD s [f (5] = TRC O ] . e o )] +TRc B gL
O A T R R s . R F i s el
recs (]

M AN vaclpini]= wec[fw (ko] mac e (k] (e [p (]

s [ (b B+ e (£ (o 3] me [ G 3] weclf w bad].

e[z (e ] +trm].vr.lb (b)) mec oo lo §.
e [z e

L1} 4 wece )] = mecFw kel  wec[s (k)] + wec [ {bha]
e fpin g = wecff v Joi )] wec fp (b)) +

wac o b B, wee b (]

mec[sie] +wecffw (orl] wec (ko] + mec [f gend]
e 5 (b

T e fpfnl = wec [ (e il e fEw @eal] | e cfp ()] .
e fp (b § ) e f (b §] e fp (b Y] v ecE T (B

wre [ o ]+ mec [Fo{bal] e fp (o)) FECE w0 A

bty C1 A |
BUE wac 5 (k)] = wacE (k)] wec fpr gl = wecp (e))
1.ty wecp il = wecfp (k]
X oR wec b ()] = wec [s (ko )] mec[s (el e fp (] = wec b (k6] + wec ip (ke ]

AMOR e fp ()] = xE&:)}j} e [5 (ha)] +wec fp ()]

Operations will be performed in table I, I1, 11I in such a way such that this parallel pattern
delay fault simulation should be minimized.
Path Delay Fault Detection
By using above formulas for parallel processing of Patterns, we can detect the both robust
as well as non-robust tests, in which L pattern pairs are simulated.
As we know that for robust path delay fault simulation, the identification of detected path
faults is a little bit more involved in non-robust path delay fault simulation.
We cannot simply extend our search for detected path faults over all inputs of g with
logic value Op or Ip. In this case we have to determine those gate inputs ki which have
pds (k;) = p and whose final value fv (k,) is observable at the gate output n.
i.e. for Local Path Sensitivity
Ips (ny)=p(k,).ng"=1:
' = v (n(ki)) + fv(n(k'))

Denotes the Boolean difference nki with regard to final value n and k,.
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Fig 4.6 ldentification of Non-Robustly detected Path Delay Faults

u,fj -~ (0Aalj®(1ALl -0

And pki=0. so Ips (nk)=0
Path P1 and P2 are non robustly detectable, as there local path sensitivity is |.
Path P3 is neither robustly detectable, nor non-robustly detectable, as their path
sensitivity is (.
In order to support parallel processing of patterns also during the path trace. there is vec
[po(n)] as the path observability mask of signal n. initializing the path trace at a distinct
PO o is given by:

veelpalm || = eecgia)].
We recursively proceed in the mentioned depth-first manner from a gate output nto a

gate input k by evaluating

veefpolx)| = T'{T'{Pﬂ{ Ik z-m’f!p:&[un 1I]
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Where vec [Ips (ny)] is determined by parallel processing of patterns as expressed by:

:'u-[f]'_,u:r[r;,]i = ’.'ELIUJ-!H!'E L'r.'r:ii;:?;.

4.2 Sequential ATPG Algorithm for Robust and Non-Robust Tests

Phase 1:

Assign input/ouput values to the circuit.

Phase 2:

Do path sensitization by assigning the appropriate values at oft-path inputs using 10-
valued logic for robust tests and 3-valued logic for non-robust tests.

(If" test generation is Robust and transition signal at on-path input changes from
controlling to non-controlling values, then set the vector V; of off-path input to non-
controlling value of corresponding gate associated.)

(If test generation is Robust and transition signal at on-path input changes from non-
controlling to controlling values, then set the vector V, and V; of off-path input to non-
controlling value of corresponding gate associated.)

(If test generation is Non-Raobust then all off-path input signals for the path under test
assume non-controlling values (0 when feeding into OR/NOR gate. and 1, into
AND/NAND gate) in the steady-state following the application of second vector V.. This
condition is known as static sensitization of a path.)

Phase 3:

Justify all input signals using 10-valued logic for robust tests and 3-valued logic for non-

robust tests. If a conflict occurs or redundancy occurs, do multiple path sensitization.

Following flow chart in Figure 4.7 describes that how CAD Tool works for Sequential

Automatic Test Pattern Generation for Path Delay Faults.
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Fig. 4.7 A CAD Tool for Sequential ATPG

4.3 Proposed Parallel ATPG Algorithm for Robust and Non-Robust
Tests

The mono-processor version of the algorithm spends most of its time in fault simulation,
which detects path delay tests using 10-valued logic for robust tests and 3-valued logic

for non-robust tests in sequential manner. So there was the need of parallelization. A
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parallel algorithm using master-slave approach has been proposed and implemented on
PVM (Parallel Virtual Machine) environment, which detects the path delay tests in
parallel manner, by passing faults and paths in a circuit in parallel manner. By
distributing the fault simulation task among the available processors we can exploit their
computational power. this reduces CPU time as well as memory consumption and with
result of increase in efficiency and performance and speed-up.

Master process executes thekernel of the overall algorithm on one
processor, while fault simulation is performed by slave processes, which are distributed
among all the other processors. Several techniques have been proposed in the literature
to perform distributed fault simulation: fault partitioning. test vectors and test sequences
partitioning ,paths partitioning we adopted a mixed approach, in which the most effective
technique is used in each phase,

Phase 1:

The faults, paths, on-path I/O. off-path 1/O, on-path vectors, off-path vectors to be
simulated are partitioned among the slaves.

Phase 2:

Each slave will do the path sensitization and path justification related to corresponding
data and different gates (AND, OR. NAND, NOR, NOT, EXOR, EXNOR) using 10-
valued logic for robust tests and 3-valued logic for non-robust tests and result will be
stored in a output file.

Phase 3:

If any conflict or redundancy occurs, then multiple path sensitization is done by slaves.
As a result, several fault simulation processes work in parallel in three phases.
Synchronization points are placed at the end of phase 1. at the end of each generation in
phase 2, and at the end of phase 3. When master reaches these points, it waits until all the
slave processes finish their work. thus guaranteeing the global correctness of the whole
algorithm.

The Master process:

1. Does all the I/O operations, towards both the user and the file system: it writes the
netlist, pathlist. and off-path values list. on-path values list. onpath vector list and off-

path vector list.
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2. Initially spawns the slave processes on the available processors.

3. Distributes a copy of the internal format of the netlist, faultlist, pathlist, off-path values
list, on-path values list, onpath vector list and off-path vector list to each slave process.
Loops through the three phases: as soon as a sequence has to be fault-simulated. it sends
an appropriate message to activate the slave processes, when the slavs finish their work,
the master receives the results and updates the global data structures (i.e., the global fault
list, pathlist, off-path values list, on-path values list. onpath vector list and off-path vector
list).

The Slave processes:

The slave memories store a local copy of the pathlist, off-path values list, on-path values
list. onpath vector list and off-path vector list. Each slave recieves data from master reads
data and do the computations as specified in all three phase. When it finishes its task. it
sends results to the master, and waits for a new job.

As faults and paths data is very large than number of processors, a very good load
balancing is obtained in all three phases. Updating each slave local fault list with the
detection information coming from other slaves is a critical problem in phase 1: it could

save time by preventing repeated simulation of faults already detected by other slaves.
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4.4 Comparision between Sequential and Parallel ATPG Algorithm

Type of Circuit Sequential Average Parallel Average
CPU Time (in sec) CPU Time (in sec)
~ Example Circuit 24.57 0.22
g7 6.23 0.18
C432 53.24 0.59

TABLE 4.4 Sequential vs. Parallel Average CPU Time

Type of 1 2 3 [ 4 |
Circuit
Example
Lt | a7 0.31 0.26 022
Cl7
- 0.25 0.21 0.21 018
C432
| 2.35 1.18 0.51 0.59
TABLE 4.5 Average CPU Time vs. No. of Processors
Type of 1 P 3 4
Circuit
Example - ]
e | 245 | 3 3.5
C1?
| 1.2 1.2 1.39
C432
I 2.78 3.45 _3.99

TABLE 4.6 Speed up vs. No. of Processors
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Type of No. of Tested Sequential Parallel Average |
Circuit Paths Average CPU CPU Time
& Time (in sec) (in sec)
Example
Circuit 28 24.57 0.22
C17 _
9 6.23 0.18
C432 -
1242 53.24 .59

TABLE 4.7 No. of Tested Paths vs. Average CPU Time

4.5 Master-Slave Approach

4.5.1 Composition of PVM System

The first part is a daemon, called pvmd3 and sometimes-abbreviated pvmd that reside
on all the computers making up the virtual machine. Pvmd3 is designed so any user with
a valid login can install it on a machine. When a user wishes to run a PVM application,
he first creates a virtual machine by starting up PVM. The PVM application can then be
started from a Unix prompt on any of the hosts. Multiple users can configure overlapping
virtual machines and each user can execute many PVM applications simultaneously.

The second part of the system is a library of PVM interface routines. It contains a
functionally complete repertoire of primitives that are needed for cooperation between
tasks of an application. This library contains user-callable routines for message passing.
spawning processes, coordinating tasks and modifying the virtual machine.

The PYM computing model is based on the notion that an
application consists of several tasks. Each task is responsible for a part ol the
application's computational workload. Sometimes an application is parallelized along its
functions; that is, each task performs a different function, for example. input, problem
setup, solution, output, and display. This process is often called functional parallelism. A
more common method of parallelizing an application is called data parallelism (the
approach used by us). In this method all the tasks are the same. but each one only knows
and solves a small part of the data. This is also referred to as the SPMD (single-program
multiple-data) model of computing. PVM supports either or a mixture of these methods.

Depending on their functions, tasks may execute in parallel and may need to synchronize
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or exchange data, although this is not always the case. An exemplary diagram of the

PVM computing model is shown Fig 4.9.

Intercomponent commumcation Tnput and Partition
and synchroms atiu::-n /

@ 3
Inter-instance /

communication and Cutput and display
synchromsabion

Fig 4.9 PYM Computational Model

The PVM system currently supports C, C++, and Fortran languages. This set of
language interfaces have been included based on the observation that the predominant
majority of target applications are written in C and Fortran, with an emerging trend in
experimenting with object-based languages and methodologies.

The unit of parallelism is the task. The computation is divided into many tasks. All PVYM
tasks are identified by an integer task identifier (T1D). Messages are sent to and received
from tids. Since tids must be unique across the entire virtual machine, they are supplied
by the local pvmd and are not user chosen. Although PVM encodes information into each
TID the user is expected to treat the tids as opaque integer identifiers. PVM contains
several routines that return TID values so that the user application can identify other tasks
in the system.

There are applications where it is natural to think of a group of tasks. And there are cases

where a user would like to identify his tasks by the numbers 0 - (p - 1). where p is the
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number of tasks. PVM includes the concept of user named groups. When a task joins a
group, it is assigned a unique “instance" number in that group. Instance numbers start at
0 and count up. In keeping with the P¥M philosophy, the group functions are designed to
be very general and transparent to the user. For example, any PVM task can join or leave
any group at any time without having to inform any other task in the affected groups.
Also, groups can overlap, and tasks can broadcast messages to groups of which they are
not a member.

The general paradigm for application programming with PVM is as follows. A user
writes one or more sequential programs in C, C++, or Fortran 77 that contain embedded
calls to the PVM library. Each program corresponds to a task making up the application.
These programs are compiled for each architecture in the host pool, and the resulting
object files are placed at a location accessible from machines in the host pool. To execute
an application, a user typically starts one copy of one task (usually the "“master” or
Uinitiating” task) by hand from a machine within the host pool. This process
subsequently starts other PVM tasks, eventually resulting in a collection of active tasks
that then compute locally and exchange messages with each other to solve the problem.
Note that while the above is a typical scenario, as many tasks as appropriate may be
started manually. As mentioned earlier, tasks interact through explicit message passing.

identifying each other with a system-assigned. opaque TID.

4.6 Implementation Details and Experimental Results

The proposed algorithm has been implemented in a distributed computing environment
consisting of workstations using Parallel Virtual Machine (PVM). A prototype of the
proposed solution has been developed by implementing master-slave architecture in
which the master processor first distributes the entire data to the available slave
processors and asks each slave to compute the the test vectors using |0-valued logic for
robust tests and 3-valued logic for nonrobust tests. The slave processors perform the
required processing and return the computational result to the master processor.

We have successfully tested the prototype of the proposed solution for different

ISCAS85 benchmark circuits as well as example circuits.
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4.6.1 Average CPU Time vs. No. of Processors

Average Time Taken vs No. of Processors
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Fig 4.100a) Average CPU Time vs. No. of Processors

4.6.2 Speed up vs. No. of Processors

Speed up vs No. of Processors
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Fig 4.10(b) Speed up vs. No. of Processors
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4.6.3 Parallel vs. Sequential Average CPU Time

Parallel vs Sequential Average CPU Time
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Fig 4.10(c) Parallel vs. Sequential Average CPU Time

4.6.4 Average CPU Time Taken vs. No. of Tested Paths

Average CPU Time Taken vs No. of Tested Paths
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Fig 4.10(d) Average CPU Time Taken vs. No. of Tested Paths
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The algorithm has shown good results as it has been tested by generating test patterns for
some of the practical example circuit as well as ISCAS'85 benchmark circuits and
example circuits. Memory consumption is also low. The experimental results reported in

the thesis show the effectiveness of the proposed algorithm.



Chapter 5 Conclusions and Future Scope of Work

5.1 Conclusions

On the basis of:

Study carried out on Automatic Test Pattern Generation (ATPG)
Survey on Various Delay Fault Models

Use of Hazard Algebra

Parallelization of Test Generation for Path Delay Faults

Implementation in PVM Environment

It can be concluded that

a)

In VLSI circuits. to solve computationally intensive problem, a lot of research is
going on. Especially on Automatic Test Pattern Generation (ATPG). The testing
process detects the physical defects produced during the fabrication of a VLSI
chip. Such a chip is tested by a sequence of input stimuli, known as test vectors,
which check for possible defects in the chip by producing observable faulty
responses at primary outputs. Test generation involves the generation of test
vectors to detect failures in the VLSI chip.

95% of fault coverage was done by stuck-at fault model. But to attain rest of fault
coverage, we anlayzed delay fault models, which are logically correct but output
come with delay. Path Delay Fault Model is gaining more attention to solve

delay faults.

Path delay fault model have advantage of that it considers distributed failures, which

can’t be easily found by other delay fault models.

c)

There are various approaches to solve path delay faults but Hazard Algebra/

Logic System has been found efficient.

Hazard Algebra/Logic System has been analyzed in detail in literature, we found 10-

valued logic is best for robust test generation and 3-valued logic for non-robust test

generation. Because, in view of the fact that maximizing the number of logic values,

which can be uniquely determined by the implication procedure, is vital to

performing the deterministic ATG process efficiently.
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d) There are some limitations of sequential algorithm. CPU time and memory

e)

consumption is coming more. No effective parallel architecture or algorithm for
this problem has as yet been found. At least two possibilities exist, however, First,
a conventional uniprocessor algorithm can be parallelized by finding portions
where it can be pipelined or directly executed in parallel. Second this problem can
be reformulated and new parallel methods can be developed.

An efficient and practical parallel solution to the VLSI test generation problem
has been proposed in this thesis. The proposed solution is based on the
distributed test generation for path delay faults using 10-valued logic for robust
tests and 3-valued logic for nonrobust tests. Computation in which the idle time of
the processors is found very low as the computational work is almost evenly
distributed among the available number of machines on the network. The parallel
algorithm, so developed, has been implemented by using Parallel Virtual Machine
(PVM) in a distributed computing environment mostly available for VLSI-CAD
related activity. The algorithm has shown good results as it has been tested by
generating test patterns for some of the practical example circuit as well as
ISCAS’85 benchmark circuits. Memory consumption is also low. The

experimental results reported in the thesis show the effectiveness of the proposed

algorithm.



5.2 Future Scope of Work

Proposed approach has certain limitations that for example circuits, if’ we
keep on adding the number of processors involved in the computation, there is an
increase in the speedup but the speedup starts decreasing beyond a certain limit due to the
large communication overheads. Thus the proposed approach recommends that number
of processors to be employed should be based on the size of the problem assigned to each
processor. Hence, the future scope of the work will be to implement the algorithm for
generating test patterns for larger practical circuits in a more general-purpose parallel

and/or distributed heterogeneous computing paradigm.
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Appendix A:

Parallelization of Path Delay Faults (Master-Slave Approach under
PVM Environment)
I. Robust Test Generation using Ten-valued Logic

for{el=0;el<7;el++)

rl=strompi(resultlell, "robust™);
r2=strcmp(result(el], "nonrobust"};

if (rl=mi)

1
for(el2=0;eli<?;elZ++)
{

ri=strompi{type_gate[el2], "AND");
ri=strcmp{type gatel[el2],"OR");
rS=strompltype gatelelz], "HOT");
ré=strcmp (type _gate(ell], "NAND");
ri=strcmpltype_gate(el2], "NOR") ¢
r3=strcmp(type gatelell],“"EXOR"};
r9=strcmp (type gatel=12], "EXNOR");

ifir3==0 || r&==0)
|

for{ell=0;ell<2liell++)

|
rli=strompiresult33[ell], "0s"");
rll=strcmpiresult33[el1],"1s"");

if{rl0m=0})
|
resulth5(ell]="1s";
Fi printf ("%shti%sh\n",result55(ell],, resultl3(ell]);
;

else if(rll==0)}
i
resultss(ell]="1x";
Iy printf{"%shtisin", resulth5[ell], resultii[ell]:;
|
resulthbhandrobust[ell]=results5[ell];

il
printf("sshtisitisin™, resultibhandrebust[ell], resultss(ell], result
33[ell]);

t
P printfi"sshtisi\n”, type gate(el2], resultel]);
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II. Non-Robust Test Generation using Three-valued Logic

for{el=0;el<l;el++)

{

rl=stromp(result[sl], "robust™);
r2=strcmp(resultfel], "nonrobust™);

if{r2==0}
i
for{elZz=0:el2<7;elZ++)
{

r3=strcmp{type gatelel2], "AND");
rd=strcmp{type_gate[el2],"OR");
ri=strcmp{type_gate(el2], "NOT");
ré=stromp (type gatel[elZ], "NAND™) ¢
ri=stromp (typa gatelelZ], "NOR") ¢
r=strcmp (type gate(el2],"EXOR"];
r9=stromp (type gatel[elZ], "EXHOR"};

LEindeetl || aubmsi)
{

foriell=0;ell<Zl;ell+t)
1
rll=strcmp (result33[ell],"0x");
rll=strcmp(result3ii(ell],"1x");
if(rl0==0)
1
resultss[ell]="1x";

t

else if(rl1l==0}
iesult555911]=“13“;
. LesultEEanannrDbust[ell]=result55[ell];
printfiihskt?sktiskn",rosulthﬂandnonrahust{ell],resultES[ellf,rea
ult3ifell]);

j
r printfi"ss\tis\n", type gatelelZ],resultlel]);
)
elge if{rd==0 || ri==0}
{
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foriell=0;ell<Zl;ell++)

!

rll=strompiresult33[ell], "dx");
rll=strcmpiresultid(ell],"1x");

if(rl0
{

o)

result55[ell]="0x8";

;

glse if(rll==0)

i

L1

rasult55[(ell]="0x";
resultSSornonrobust [&#ll]=result35[=ll];
r
printf {"¥shtishtis\n", resultiZornonrobust [ell] ,, resultbs[ell], resu
1t33[ell]);
]
it printf{"%s\tis\n",tyvpe gatelell],resultlel]]);

I, Output List of Test Vectors using 10-valued Logic for Robust Tests and 3-

1

valued Logic for Non-Robust Tests

Onpath Test Vectors | Offpath Test Vectors | Final Output for Robust & Non-
<V, V> <V, V> Robust Tests
0s s 0s
Os s 0s
s s lg'
(s 0s 0s
0s' Is 0s'
(s' 0x 0s'
0s' 0s' s
Ix . I x 1x
Ix Ox/1x Ix
Ix Ix _ x
Ix Ix Ix
Ix Ox/1x Ix
Ix o Ix 0x
Ox ix x
Ox Ox Ox
Ox 0x Ix
X 0x Ox
X 0x Ox
X Ox lg'




X (hx X

X 0x 1%

X Ox 1x ]
X 0x X -
X 0x X .
Xs'i 0x (x o
Xs'i Ox Xs'

Xs'i Ox B3

Xs'i 0x Xs'i

Ox Ix Ox

0x Ox Bx

Ox 0x 1%

Is' 1x Is'

s s s

1s' Is' 0s

X X X

X X X

X X x

X X X

X X X

X x X

X x X -
X X X

Ix B3 1x E
1% Ox/ 1% 1%

Ix Ix Ox

Ix Ix Ix

Ix Ox/1x Ix

Ix 1x (%

(s Xs'z (s

(s XNs'z Xs'z

s Xs5'Z Ix

L Xsz Xs'z

Is sl ¥

Is X' Ix

Is Xs'i X

Is Xl Xs'z
xs' X X
Xs'i x |5’
Xs'i X X

X' x X

Ix Ix Ix

Ix Ox/1x B

124



1% Ix Ox
~ Ox Ix 0x
x 0x 0x
Ox Ox Ix
Is' 1x 1s'
1s' Us Is'
15’ 1s' 0s
X 1x X
X 1x X
X Ix Is'
X 1x 1%
X 1x Ox
X Ix Ox
X 1% X
X 1x X
Ox 1% 0x
Ox Ox 0x
0x 0x T
Ix 1% Ix
1x Ox/1x Ix
1x 1x Ox
s Ix _._.,'J_S
0s Ix Ix
Os Ix Ox
(s 1x Ix
Ix Ix Ix
Ix Ox/1x 1%
1x [ (x
Xs'i X x
Xs'i X 1s'
Xs X x
X&' X X
Xs'z Xs'zZ Xs'Z
Xs5'z Xs'Z Is'
Xs'z Xs'z 1%
XSz Xs'z Xs'z
s’ Is s’
0s' Ox 0s'
0s' 0s' Is
(hx 1% (hx
x Ox x
Ox Ox 1x
Ix Ix Ix
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Ix
1% Ix 0x
I x Ix 1x
Ix Ox/1x Ix
1% 1% Ox
Ix 1% 1x
1% Ox/1x Ix
Ix Ix Ox
0s' 15 0s'
0s' Ox 0s'
0s' s 1s
Xs' 1x Xs'
Xg' Ix 1
Xs' Ix Ox
Xs' 1% Xs'
s 0s s
0s 0s 0s
0 Os £}
Os (s s
Is 0s s
Is Os s
1s Os s
s Os Is
xs' Os Os
Xs' (s xs'
xs' s Is'
Xs' 0s Xs'
(x Ix Ox
Ox Ox Ox
Ox Ox Ix
Ix 1% Ix
Ix Ox/1x 1x
1x Ix 0x
Xs' 0s (s
Xs' 0s xs'
Xs' s Is
xs' Os Xs'
s Os (s
(s Os 0s
Os 0s 1s'
s 0s 0s
Is (s (s
Is (s Is
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1% Ix Ox
X Ix X
X Ix X
X Ix 1s'
X 1% Ix
X 1x Ox
x Ix Ox
X Ix X
X 1x X
0s s 0s
s s 0s
s Os 18’
Os Os s
Ix Ix Ix
Ix Ox/1x Ix
1% % Ox
X Ox (x
pod Ox (x
x Ox Is'
X Ox X
X Ox Ix
X 0x Ix
X Ox X
X Ox X
ls Xs'i Xs'i
Is Xs'i 1x
Is Xs'i X
Is Xs'i Xs'z
1% 1% Ix
1% Ox/1x Ix
1x 1x O
X Xs'z Xs'z
X Xs5'z Is'
X Xs'zZ Ix
X Xs'z X
1% 1% Ix
Ix Ox/1x kX
1% Ix Ox
Ox Ix Ox
Ox Ox Ox
Ox 0x I %
X Is' Xs'z
x 1s' 15’
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X lg' s
X |’ Xs'
0x 1% Ox
Ox Ox Ox
Ox Ox 1x
Ix Ix 1%
Ix Ox/1x I x
|x 1x (x
x Ix X
X Ix X
X Ix Is'
X 1x Ix
X 1% Ox
X Ix x
X Ix X
X Ix X
X X x
X x x
x X X
X X X
x X x
X X x
x X X
X X X
Ix % 1x
Ix Ox/1x 1x
Ix 1x Ox
1x 1x Ix
1x Ox/1x Ix
1% 1x Ox
Ox Ix Ox
Ox Ox 0x
0x Ox Ix
x |x Ox
x Ox (x
Ox Ox Ix
Ox Ix (x
Ox Ox 0x
Ox O I %
1x 1x Ix
1% Ox/ 1% Ix
1% [ % (hx
Ix I x 1%
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Ix Ox/1x 1%
Ix Ix Ox
Ix x 1x
1% Ox/1x Ix
1x Ix Ox
Os 0s Us
0s Os s
0s 0s Is'
0s Os 0s
I's 0s Os
Is (s Is
Is s 1"
15 0s Is
Ix X o Ix
Ix Ox/1x Ix
Ix Ix Ox
Is 1% I x
s 1x Ix
15 1% Ix
15 1% Ox
15 I % s
1s' 0s Is'
Is' ls' 0s
Ox Ix Ox
Ox Ox Ox
Ox Ox Ix
0x 1% 0x
Dx 0x Ox
Ox 0x Ix
Ox Ix Ox
Ox Ox _Dx
Ox - 1x
X x X
X X X
X X X
X X X
A X X
x x x
x X X
x X X
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Papers Communicated

I. | have submitted paper on "Hazard Algebra for ATPG based on various Fault Models"
to Journal of Universal Computer Science (JUCS), Springer Publications.

2. | have submitted paper on "A Parallel ATPG Algorithm for Path Delay Faults" to
International Journal of Computational Methods (1JCM), World Scientific
Publications.

3. | have submitted paper on "Delay Fault Testing : Past. Present and Future” to Journal
of Electronic Testing : Theory and Applications (JETTA) . Kluwer Publications.

4. | have to be submit paper on "Use of Multi valued Algebra for Delay Fault Testing" at
“18" International Conference on VLSI DESIGN ™ will hold on January 3-7, 2005,

organized at Kolkata, India.
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