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Abstract

A mew space compaction technique for built-in self-testing (BIST) of VLSI circuits using
compact test sets with the primary objective of minimizing the storage required for the circuit under
test (CUT) while maintaining fault coverage information is presented in this dissertation. The
compaction technique utilizes the concepts of the Hamming distance and sequence weight. together
with the use of failure probabilities of the errors in tﬁc selection of specific gates for merger of a pair
of output streams from the CUT. The outputs coming out of the space compactor may eventually be
fed into a time compactor (syndrome counter) to derive the signature for the circuit. The proposed
technique guarantees a simple design with a very high fault coverage for single stuck-line faults, with
low CPU simulation time. and acceptable area overhead.

Design algorithms are proposed and the simplicity and easc of implementation are
demonstrated with numerous examples. Specifically. extensive simulation runs on ISCAS 85
combmational circuits with FSIM, ATALANTA. and COMPACTEST confirm the efficiency of the
suggested approach under conditions of stochastic independence as well as dependence of single line

and double line output errors.

A performance comparison of the designed space compactor with a conventional linear parity
tree compactor is also presented.
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CHAPTER 1

1. INTRODUCTION

As the electronics industry continues to grow. complex systems and high level of integration
continue to increase, better and more effective testing methods that ensure reliable operations of
chips. integrated in complex digital systems, are always needed. The concepts of testing have broad
applicability. Consider for example medical tests and diagnoses instruments, aeroplanc controllers and
other safety-critical systems that have to be tested before use (off-line testing) and during use (on-line
testing). Stnilarly. an application where failure can have severe economic consequences is real-time
transaction processing.

The testing process must be fast and effective to guarantee that such systems operate
correctly. Finding highly sophisticated testing techniques that ensure correct system performance has
become increasingly important for two main reasons [20.7.27]:

®Technology-based reason. The cost of testing integrated circuits (ICs) is expensive; it
ranges from 35% to 55% of its total manufacturing cost. Besides, testing a chip is time
consuming which may take up to one-half of the design cycle time [71].

®Market-based reason. The amount of time available for manufacturing, testing, and
marketing a product continues to decrease. Moreover, as a result of global competition,
customers demand lower cost and better quality products. Therefore, to achieve this higher

quality at lower cost, testing techniques have to be improved.



1.1 The Concept of Testing

The concept of testing systems consists of exercising a certain system (say. testing a PC card
or debugging a computer program) and observing its resulting response to ascertain whether it
behaves correctly.

Digital system denotes a combination of complex digital circuits, whereas 2 digital circuit may
represent 2 certam number of integrated circuits. Testing of digital systems can be done at different
levels of abstraction describing their operatiors (Table 1.1) [17]. The type of information processed
by the circuit characterizes the level of abstraction. At the system level (the higher level of
abstraction), the data processed by the circuit are of type: messages. Testing is often performed by
software: while an effective software test may suffice at this level. it may require too much time and
may be expensive to develop. At the transistor level (the lowest level of abstraction). the processed
information are voltage and current of analog types. Testing at this level deals with the detection of
ralfunctions in the operation of an integrated circuit (IC) which can be due to fabrication defects or
component wear-out. Faults, at this level, are of physical type such as discontinuities in polysilicon
gate connections, metal-to-metal shorts, or incorrect transistor threshold voltages. This type of faults
is difficult to analyze directly and it is more convenient to represent them by their effects on the

logical operation of the system,

LEVEL OF ABSTRACTION | CONTROL DATA

1. System level Messages Messages

2. Processor level Programs Data structures

3. Instruction set level Instructions Words

4. Register level Logic values Words

5. Logic level Sequences of logic values Sequences of logic values

6. Transistor level Voltage and current analog values Voltage and current analog values

Table 1.1 Levels of abstraction describing the complexity of digital circuits.

5 -



At the logic level. the information processed is represented by discrete logic values: binary values
(0 and 1). ternary values or any maltiple valued logic.

The concept of error has different meanings at different levels. At the logic level an error
usually means an incorrect binary value and represents the effect of physical faults on the logical
behavior of the system. The standard fault model is the single stuck-at fault model (SSF) and is the

most widely used logical fault model for the following reasons:

* It represents many different physical faults:
= The number of SSFs in a circuit is small cofnpared to other fault models;

* SSFs can be used to model other type of faults as well.

A signal line which is stuck at a fixed logic value v is symbolically represented by s-a-v where v ¢an
be either the logic value O or 1.

The conventional testing process of digital circuits consists of applying test pattemns generated
by a test pattern generator (TPG) to the circuit under test (CUT) and comparing the responses with
known correct responses. Therefore, testing digital circuits requires knowledge of the fault-free
response of the circuit to the test set. In practice, for large circuits, the large storage requirement for
the fault-free responses makes the test procedure very expensive, and so different methods have been
proposed for minimizing the amount of memory needed [46).

The quality of a test and its effectiveness (fault coverage) is determined by calculating the
ratio of the number of faults detected to the total number of faults injected into the circuit. To
determine the percentage of fault coverage, a circuit is simulated by applying test patterns, injecting
faults into the circuit under test, and observing the responses at the outputs of the circuit to identify
all faults detected by the applied test set. The above process is called fault simulation and is shown
in Figure 1.1.
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Figure 1.1 The fault simulation process.

An input pattern X, Xs ... X, wWhere n represents the number of primary input lines is called a
test for a certain fault y (s-a-0 or s-a-1) if it causes the effect of y to appear as an error at a primary
output z,of the circuit. This ts done by placing an appropriate value on the faulty line and creating a
path (sensitized path) along which an error due to a fault can propagate to an observable output.
Consider the circuit shown in Figure 1.2. An input pattern X, X, X, X, = X110 (where X represents an
input "Don't Care™ which can be either O or 1) can be used as a test to simulate the circuit, both
without and with the fault y (s-a-0) present. The results of the simulations are represented by v/v,
where v and v, are the corresponding signal values in the fault-free and fauity circuits. The fault y (s-a-
0) is detected since the output value v = 1 is different than v,= 0 shown at the primary output z, .

The created sensitized path from y to z,is shown in the figure below.
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Figure 1.2 Fault propagation and sensitized path.

Test generation depends on the cost of generating a set of test patterns, on the quality of the
generated tests, and on the cost of applying these test pattemns to test digital circuits.
Logic circuits can be tested exhaustively by applying all possible input combinations to combinational
logic circuits and by fully exercising the circuit's state table in the case of sequential logic circuits.
Figure 1.3 illustrates the concepts of exhaustive testing for the C17 circuit in the ISCAS 85
benchmark series [9]. It can be exhaustively tested by applying all 2° = 32 possible input patterns.
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Figure 1.3 The concept of exhaustive testing,

The cost of exhaustive testing is high because computational effort to generate tests grows
exponentially with the circuit size (number of primary inputs).
The amount of time needed for exhaustive testing can be reduced by partitioning the circuit under test
(CUT) into subcircuits with smaller number (less than 20) of primary inputs; each subcircuit is tested
exhaustively then by applying up to 2™ input patterns and the whole process is termed
pseudoexhaustive testing [49].

Random testing is another test generation method where input test patterns are generated
randomly [7], or pseudorandomly since no true random test exists.
Random testing is less expensive than deterministic (exhaustive) testing. However. it is a time
consuming process: to achieve a high fault coverage. a high random test length is usually needed.
In practice. low test length with high fault coverage is desirable for testing. As a practical industrial
example. the RISC System/6000 processor by IBM is tested randomly. Exhaustive testing,
pseudoexhaustive and pseudorandora testing are circuit-independent test generation methods.



Test generation methods can be circuit-dependent which in tum can be divided into two

categones:

= Fault-oriented

= Fault-independent

The goal of fault-oriented method is to generate a test for a specified target fauit. The
fundamental steps in generating a set of tests for a circuit are first to determine the initial set of faults
of interest, next to select a target fault. and then to maintain the set of remaining undetected faults.
The D-algorithm [60]. PODEM [32]. and FAN {30] are typical circuit-dependent/fault-oriented
techniques.

The D-algorithm uses the propagation. justification. and implication procedures to find a test
pattern for a selected fault. Briefly. the propagation procedure is used to propagate an error from a
faulty line to an observable primary output. the justification procedure determines consistent values
for unassigned ‘nputs of 2 module whose output is assigned, and the implication procedure refers to
the process of computing all values of signal lines that can be uniquely determined from the assigned
signal lines in the circuit.

The propagation and justification procedures involve making decisions. If decisions cannot
be made, at some point, without invalidating a value already assigned to a line in the circuit, the D-
algorithm returns to an earlier decision point and makes an alternative decision: this process is termed
backtracking.

A characteristic feature of the D-algorithm is its ability to propagate errors on several

reconvergent paths (multiple-path sensitization). This feature is required to detect certain faults that
would not be detected by sensitizing only a single path.



PODEM (Path-Oriented Decision Making) is a test generation algorithm characterized by a
direct search. m which decisions consist only of primary input assignments. PODEM differs from the
D-algorithm in that it does not require the justification procedure. By only assigning values to the
primary inputs (PI), PODEM reduces the number of backtracks needed to find a test.

The FAN (Fanout-Oriented) test generation algorithm [32.30.20] differs from PODEM in two

major extensions it introduces to the backtracing concept.

- Backiracing in FAN may stop at intemal lines, rather than stopping at primary
inputs (PIs) as in PODEM.
- FAN uses a multiple backtrace procedure that attempts to satisfy simultaneously

a set of objectives.

In PODEM., the fault-activation and the error-propagation problems, mapped into a set of

line-justification problems, become two different objectives that are individually backtracked.
Both objectives might be satisfied with an appropriate PI assignment, and to minimize the number of
backtracks required to find the best assignment. FAN uses the muitiple backtrace procedure; this
procedure processes every current objective until all objectives that belong to a specific set are traced.
Critical path test generation is an example of the circuit-dcpendentlfaﬁlt-independent method. Its
goal is to derive a set of tests that detect a large set of single stuck faults (SSFs) without targeting
individual faults. It generates tests that produce long critical paths.

Two basic procedures are involved in the critical-path test generation algorithm. First, the
selection procedure, in which a primary output (PO) is selected and a critical O-value or 1-value is
assigned to it. The second one is the justification procedure, in which the primary output value is
Justified recursively. trying to justify any critical value on a gate output by critical values on the gate
inputs.



Compared to fault-oriented test generation. critical-path test generation offers the following

advantages:

® The SSFs detected by the generated tests are immediately known without using
a separate fault simulation step. as is required with 2 fault-oriented algorithm.

® To avoid the duplicated effort inherent in a fauit-oriented algorithm, the
critical-path algorithm generates a new test by modifying the critical paths
obtained in the previous test.

Unlike a fault-oriented algorithm. a fault-independent algorithm cannot identify undetectable faults.

Traditionally. testing is done using Automatic Test Equipments (ATEs) that apply test
pattemns. generated automatically using a computer model of the device under test or manually by the
design engineer, to the input pins of the VLSI chip or Unit Under Test (UUT) and observe the
responses at the output pins. Input test patterns and known fault-free responses are stored in a

memory and are to be used to compare the responses at the outputs of the UUT to its correct known
responses. as shown in Figure 1.4.

—"_._,_..._.._ h
i (Fault-Free Responses) | -~

. Memory Device

1‘ Automatic IL _y Device]
; Test E | Under
i -l ———
| - Equipment ! Test

! Device Under T

1 Model
p—

Figure 1.4  Testing chips using Automatic Test Equipment (ATE).



Several problems affecting the manufacturing cost and the testing quality are associated with
the use of ATEs to test complex VLSI chips [7.20], such as:

€ Commercial ATEs are very expensive.

¢ As the number of transistors in a single chip continues to grow with respect to the
number of input and output pins. activating faults by applying appropriate test patterns
at the input pins and observing errors at the output pins is no longer easy to do: this
adversely affects the quality of testing.

@ As the circuit size increases. the number of test stimuli and its corresponding fault-free
responses increase and become too large to be handled efficieutly by the ATE's memory.

® ATE usually applies test patterns at a slower rate than the circuit's normal operating
speed and since some faults can only be detected at the system's operating speed.
the testing quality is hence once again affected.

To simplify test generation and to improve the testing quality. design engineers usually use
design for testability (DFT) techniques that make circuits much easier 1o test. Design and test
become closely reiated issues and the ease with which complex digital circuits can be tested is a major
1ssue in the design process. Design for testability techniques reduce the cost of testing by introducing
testability criteria early in the design stage. In fact, DFT techniques simplify testing and solve the
controllability and observability problems but at the same time require additional logic and VO pins
(higher chip area) which can cause loss of information.

The most popular and widely used DFT technique for external testing is scan design [28], in
which the memory elements are separated from combinational circuits during the testing process.
There are several forms of scan designs: they differ primarily in how the scan cells are designed.
Usually. flip-flops are chained all together into a shift register when selecting a test mode, and the
circuit is partitioned into combinational blocks. Test vectors set for these combinational blocks can
be generated easily. A shift register is used to scan-in all input data (tests set) to each combinational
block and then results can be scanned-out for response verification. The concept of scan design is
illustrated in Figure 1.5.
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Figure 1.5 The scan-based design for testability techniques.
Several attributes are associated with the use of scan design such as:

- Scan designs are expensive in terms of silicon area.

- Additional input/output pins are required.

- Test time per pattern is increased. since the test vectors set needs to be shified into the
scan path.

- The percentage of fault coverage can be higher and the cost of test generation is much

lower than other design techniques costs.

- Flip-flops and latches are more complex and introduce extra delay which may require

a siower clock rate. resulting in loss of information and a degradation in performance.

W
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Algorithms for test generation (TG) and design for testability techniques are usually used
when external testing is employed. As we have seen, these different methods have some advantages
and disadvantages over each other. In the next section. we discuss built-in self testing (BIST). a
design technique in which parts of a circuit are used to test the circuit itself, providing an efficient test

methodology that can be used at the circuit. chip, board. or system level of design.

1.2  Built-In Self-Test (BIST)

Built-in self-testing (BIST) is a design methodology that has the capability of solving most
of the problems encouatered in testing digital systems. It combines both concepts of built-in test
(BIT) and self-test (ST) in one termed built-in self-test (BIST).

In BIST, test generation. test application. and response verification procedures are
accomplished through built-in hardware {3). It allows different parts of a chip to be tested in parallel.
reducing the required testing time. It also simplifies the need for external test equipments. As the cost
of testing is becoming the major component of the manufacturing cost of a new product, BIST
reduces manufacturing, test, and maintenance costs, and improves diagnosis. Several companies like
Motorola, AT&T. and IBM have included BIST in their products. For example, the Motorola 68020
microprocessor (23] is tested using BIST techniques. The microcode ROM is self-tested in the Intel
80386 microprocessor [17]. Similarly, AT&T has incorporated BIST into more than 200 of their
chips [4).

On the whole, a test pattern generator (TPG) sends its output to a circuit under test (CUT)
as shown in Figure 1.6, and output streams are fed into a test data analyzer. A fault is detected if the
test sequence is different from the response of the fault-free circuit. The test data analyzer consists
of a response compaction unit (RCU). a storage for the fault-free responses of the CUT, and a

comparator.
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Figure 1.6 The BIST environment.

To reduce the amount of data represented by the fault-free and the faulty CUT responses, data
compaction is used to create signatures (short binary sequences) from the CUT and its corresponding
fault-free circuit. Signatures are compared and faults are detected if 2 match does not oceur.

BIST techniques may be used during normal functional operating conditions of the unit under
test (on-line testing), as well when a system is not carrying out its normal functions (off-line testing).
In the case where detecting real-time errors is not that important, systems, boards, and chips can be
tested in off-line BIST mode.

BIST techniques use pseudorandom, pseudoexhaustive test pattern generators or on-chip
storing of reduced test sets. Today. testing logic circuits exhaustively is no more used, since only few
test patterns are needed to ensure full fault coverage for single stuck type faults [35,53]. Reduced
pattern test sets can be generated using algorithms such as FAN, and others. Built-in test generators
can often generate such reduced test sets at low cost, making BIST techniques suitable for on-chip
self-testing.

13



This dissertation focuses on the response compaction process of built-in self-testing
techniques which translates into a process of reducing the test response to a signature: instead of
comparing bit-by-bit the fault-free responses to the observed outputs of the CUT as in conventional
testing methods, the observed signature is compared to the correct one, thereby reducing the storage
needed for the correct circuit responses.

A block diagram of the output data compaction schemc is shown in Figure 1.7. The test data
analyzer consists of a compaction unit, a comparator, and a storage (memory device).

The compaction unit can be divided into a space compaction unit and a time compaction unit as

shown below.

_ Testpatterns  Test responses

TPG —3 CUT — ¥ Space Compactor ,
e v Compacted

Ti test |
]L ime Compactor| test i

|

f
b
!
 Signature !l :
L , '
; | Comparator ;- - >

i
i

Fault-free A OK/NO:

i
: ;
~Signatures. 3

Test Data Analyzer |

Figure 1.7  The test response compaction scheme.

In general. s input sequences coming from a CUT are fed into a space compactor, providing t output

streams of bits such that t << s: most often, test responses are compressed into one sequence (t=1).
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Space compaction brings a solution for the problem of achieving high-quality built-in sclf-
testing of complex chips without monitoring a large number of internal test points: it reduces testing
time and area overhead by merging test sequences coming from these intemal test points into a single
stream of bits. This single bit stream of length r is fed into a time compactor and a shorter one of
length q (q <r) is obtained at the output.The extra logic representing the compaction circuit must be
as simple as possible, to be easily embedded within the circuit under test and should not introduce
signal delays that affect either the test execution time or the normal functionality of the circuit being
tested. In addition, the length of the signature must be as short as it can be in order to minimize the
amount of memory needed to store the fault-free signatures. Also. signatures obtained from faulty
output responses and their corresponding fault-free signatures should not be the same, which
unfortunately is not always the case.

A fundamental problem with compaction techniques is error masking (aliasing), which occurs
when the signatures of a faulty output response maps to the fault-free signature, usually calculated
by identifying a good circuit, applying test patterns to it, and then have the compaction unit generate
the fault-free reference. Aliasing causes loss of information, which affects the testing quality of BIST
and reduces the fault coverage (the number of faults detected, after compaction, over the total
number of injected faults). Several methods have been suggested for computing the aliasing
probability. The exact computation of this aliasing probability is known to be an NP-hard problem.
In practice, high fault coverage is required (over 99%). Therefore, any space compression technique
which maintains more percentage error coverage information would have to be considered for
investigation.

This present dissertation deals with designing and analyzing an cfficient space compaction
technique for built-in self-testing of VLSI circuits. It consists of constructing a compaction tree for
combinational circuits based on the inherent properties of the output sequences of the circuit under
test and the knowledge of failure probabilities. The major objective is to develop a method for space
or space-time compaction that is simple, suitable for on-chip self-testing, requires low area overhead,
and has little adverse impact on circuit performance. To that effect, mergeability criteria of output
sequences were developed and the effect of error probabilities on these criteria was analyzed. The

fault coverage on the assumption of single stuck-at fault model was also experimentally evaluated.
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1.3 OQutline of the Dissertation

The material in this dissertation is organized as follows:

Chapter 1  provides an overview of different conventional testing methods for digital
' circuits, test generation methods, built-in self-testing, and a brief introduction
of what is going to be discussed in the present dissertation.
Chapter 2 discusses several existing space and time compaction techniques.
Chapter 3  introduces certain important properties of circuit responses to develop ™
mergeability criteria for the design of space compactor on the assumption of

stochastic independence of single and double line errors.

Chapter4  designs compaction tree for multi-output circuits assuming stochastic

dependence of single and double line errors.

Chapter5  provides experimental results on extensive simulations of the ISCAS 85
combinational benchmark circuits.

Chapter 6  provides discussions on the results.
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Chapter 2

2. OVERVIEW OF TEST COMPACTION TECHNIQUES

In this chapter, we review various compaction techniques for BIST that have been proposed
in the literature. We briefly describe them., concentrating on some of their properties, like the arca

overhead. fault coverage, signature length. and the error masking problem.

2.1 Time Compaction

In this section, we examine some time compaction methods like Ones counting, Syndrome

testing, Transition counting, Signature analysis, and others,

2.1.1 Ones counting

Ones counting [36] uses as its signature the number of ones in the binary circuit response
stream. The hardware that represents the compaction unit consists of a simple counter (Figure 2.1
(a)), and is independent of the CUT; it only depends on the nature of the test response. Signatures’
values do not depend on the order in which the input test patterns are applied to the CUT. The length
of the signature is a logarithmic factor of the length of the output response data; therefore, if the
circuit response is of length r bits, then its signature will be of length [log, r].
The probability distribution function of aliasing is approximately Gaussian with a2 mean value at r/2
where r is the length of the output stream; therefore, it takes a maximum value whenever the

signature length approaches r/2 as shown in Figure 2.1 (b).
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Figure 2.1 (a) The Ones counting Figure 2.1 (b) The probability of aliasing.

hardware implementation.

2.1.2 Syndrome testing

Syndrome testing [62] differs from ordinary Ones counting in that a circuit can be designed
for zero masking. The syndrome S equals K over 2° , where K is the number of minterms of the
function implemented by the single-output CUT, while 2° represents all input test patterns applied
to the n-input combinational circuit. Like Ones counting, the signature in Syndrome testing is test
order independent.

Circuits implementing logic functions can be transformed, by adding extra inputs, to circuits

in which every single stuck-at line fault is syndrome-testable.

2.1.3 Transition counting

Transition counting [37] counts the number of times the output bit stream changes from 1 to
0 and vice versa. In Transition counting, the signature length is less than or equal to [log, r], where
ris the length of a response stream.

Since what is counted is the number of O-to-1 or 1-to-0 transitions, it is obvious that the

signature depends on the order in which input test patterns are applied to the CUT. The masking
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probability takes high values when the signature value is close to 7/2 and low values when it is close
to 0 or r. Transition count testing does not guarantee the detection of all single-bit errors. The
hardware implementation of Transition counting consists of an XOR logic gate, D flip-flop. and a

counter as it is sketched in Figure 2.2.

Test patterns

~ Test response
. T J —_— - ] .
. TPG ¥ CUT — D Qr=Counter

~ ] Signature

]
i

Clock

Figure 2.2 The Transition counting implementation.

2.1.4 Double and multiple trapsition counting

A new compaction technique has been recently proposed termed Double/Multiple transition
counting (DTC/MTC) [7] which does not result in any loss of information.
Single-output circuits can be tested using DTC testing, while MTC testing is used for multi-output
circuits . DTC/MTC detect any faults that can be detected by conventional testing methods.
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Unlike Transition counting, DTC/MTC techniques do not need repeated input test patterns,
and they do not use a counter. Test circuitry consists of an inverter, a switch, an OR logic gate, and

a D flip-flop. Figure 2.3 (a) and (b) outline hardware implementations of DTC/MTC testing

techniques.
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0 ! ‘ | Error!No
. : ‘
! Y. —D Qi
-o-q_ 7_:“-. _'_} - .
Initialization|
Figure 2.3 (2) DTC implementation for Figure2.3 (b) MTC implementation for
testing single-output circuits. testing multi-output circuits.

2.1.5 Walsh spectral analysis

In Walsh spectral analysis [38), switching functions are represented by their Tspectml
coefficients which are compared to known correct coefficient values. In a sense, the truth table of the
switching function is verified. The process of collecting and comparing a subset of the complete
Walsh functions is described as a mechanism for data compaction.
The use of spectral coefficients promises higher percentage of error coverage, but also requires higher
area overhead for generating them which is seen as a disadvantage [68]. Figure 2.4 shows a hardware
implementation of Waish spectral testing scheme.
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2.1.6 Parity checking

In Parity checking [7] the response bit stream coming from a circuit under test reduces a
multitude of output data to a signature of length 1 bit. The signature is a single bit whose value equals
the parity of the test response sequence. Parity checking detects all errors involving an odd number
of bits, while faults that give rise to an even number of error bits are not detected. This method is
relatively ineffective since a large number of possible response bit streams from a faulty circuit will
result in the same parity as the correct stream. All single stuck-at line faults in fanout-free circuits are
detected by Parity check technique. The hardware implementation consists of a flip-flop and an XOR
gate.

2.1.7 Signature analysis

Signature analysis [29] is currently the most popular compaction technique. It uses linear
feedback shift registers (LFSRs) consisting of flip-flops and XOR gates. Signature analysis technique
is based on the concept of cyclic redundancy checking (CRC). .
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LFSRs are used for gencrating pseudorandom input test patterns, and for response compaction as
well. The nature of the generated sequence patterns is determined by the LFSR's characteristic
polynomial defined by its interconnection structure. A sequence test P(x) is fed into the signature
analyzer, and then divided by the characteristic polynomial G(x) of the signature analyzer's LFSR.
The remainder R(x) obtained by dividing P(x) by G(x) over a Galois field such that
P(x)=G(x).Q(x+R(x) represents the state of the LFSR. In other words, R(x) represents the observed
signature.

Signature analysis involves comparing the observed signature R(x) to a known fault-free
signature Ry(x). An error is detected if these two signatures differ. Suppose that P(x) is the correct
response and P'(x)=P(x)+E(x) is the faulty one, where E(x) is an error polynomial: it can be shown
that aliasing occurs whenever E(x) is a multiple of G(x) or E(x) =h G(x).

Different methods for computing and reducing the aliasing probability have been proposed.
such as the signature analysis model proposed by Williams ef al. which uses Markov chains and derive
an upper bound on the aliasing probability in terms of the test length and the probability of an error
occurring at the output of the CUT [73]. Another approach to the computation of aliasing probability
is presented in [55]. An error pattern in signature analysis causes aliasing, if and only if, it is 2
codeword in the cyclic code generated by the LFSR's characteristic polynomial.

Unlike other methods, the fault coverage in signatre analysis may be improved without
changing the test. This can be done by playing with the length of the LFSR or by using different
characteristic polynomial G(x). As demonstrated in [65], for short test length, signature analysis
detects all single-bit errors. However, there is no known theory that characterizes fault detection in
signature analysis. An outline of the signature analysis scheme is shown in Figure 2.5.

Multi-output circuits can be tested using multiple-input signature registers (MISRs) (Figure
2.6). eliminating the need for a space compactor. Unfortunately, MISRs increase aliasing and require
extra hardware which make it far from being practical.
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Figure 2.5 Signature analysis using LFSRs.

Zorian and Agarwal [77] have proposed 2 method based on modification of the test response
for reducing aliasing probability. This method suffers from two problems: it involves high hardware

overhead and increases testing time without ensuring zero aliasing.
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Figure26  MISRs hardware implementation.
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2.1.8 Parallel compaction analysis

Testing using two different compaction schemes in parallel has been extensively investigated.
The combination of signature analysis and transition counting is analyzed in [64]. Analysis shows, that
using simultaneously both techniques leads to a very small overlap in their error masking.

As a result of using two different compaction schemes in parallel, the fault coverage is

improved while the fault signature size and the hardware overhead are highly increased.

2.2 Space Compaction

In this section we examine several space compaction techniques that have been proposed in
the literature or are in actual industrial use. Some of the common ones are: Parity tree space
compactor. Hybrid space compression. Dynamic space compression, Quadratic functions compactor,
Programmable space compactor. and Cumulative balance testing.

2.2.1 Parity tree analysis

The parity tree circuits [58] are composed of only XOR gates. An XOR gate has very good
signal/error propagation properties which are desirable properties of space compactors. Functions
realized by parity tree compactors are of the form Z = Z,oZ,0...0Z,.
The parity tree space compactor propagates all errors that appear on an odd number of its inputs.
Thereby. errors that appear on an even number of circuit inputs are masked. As experimentally
demonstrated, most single stuck-at line faults are detected using pseudorandom input test pattern

generators and reduced test sets. The parity tree compaction scheme is shown in Figure 2.7,
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2.22 Hybrid space compression
Hybrid space compression (HSC) technique, originally proposed by Li and Robison [47]. uses
AND. OR. and XOR logic gates as output compression tools to compress the multiple outputs of the

CUT into a single line (Figure 2.8). The compaction tree is constructed based on the detectable error
probability estimate €=SIxRI/{2xL)+S2x R2/L..
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Figure28  Hybrid space compression scheme.
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2.2.3 Dynamic space compression

A modified version of the HSC method was proposed by Jone and Das [40). Instead of
assigning a static value for the probabilities of single errors S1 and double ervors S2, Dynamic space
compression (DSC) method dynamically estimates those values based on the CUT structure during
the computation process. The values of S1 and S2 are determined based on the number of single lines
and shared lines connected to an output as shown in Figure 2.9 where X and Y, connected to O, and
O,, respectively, represent two single lines, and Z, connected to both outputs, represents a shared

line.

Figure 2.9  Estimation of S1 and $2 based on the CUT structure.

A general theory to predict the performance of space compression techniques was also
developed in [40). Experimental results show that the information loss, combined with separate
syndrome counting technique, is between 0% and 12.7 %. DSC was later improved in [24], in which
some circuit-specific information is used to calculate the probabilities. However, either HSC or DSC
does not provide an adequate measure of fault coverage because they both rely on estimates of error
detection probabilities.
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2.2.4 Quadratic functions compaction

Quadratic functions compaction (QFC) [42] uses quadratic functions to construct the space
compaction circuit and has been shown to reduce aliasing. In QFC, the observed output responses
Z,.....Z, of the CUT are processed and compressed in a serial fashion based on 2 function of type
ZyZyoZoZge ... © Ly Zyn y, Where Z, and Z, ,,, are blocks of length K. fort=0, 2, .... 2k-2. The

hardware implemenation of a2 quadratic compressor consists of a finite-field multiplier and XOR
gates as shown in Figure 2.10.
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Figure 2.10 - The QFC implementation diagram.

As one notices, the quadratic compressor scheme requires higher hardware overhead. Unlike
compression techniques by LFSRs, the error-masking probability of QFC is shown to be constant.
Moreover, QFC does not guarantee zero aliasing.

i,
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2.2.5 Programmable space compaction

A new approach termed Programmable space compaction (PSC) has recently been proposed
for designing low-cost space compactors that provide high fault coverage [76). In PSC, a circuit-
specific space compactor is designed to increase the likelihood of error propagation. However, PSC
docs not guarantee zero aliasing. A compact.on circuit that minirnizes aliasing and has the lowest cost
can only be found by exhaustively enumerating all (25* k-input Boolean functions, where k represents
the number of primary outputs of the CUT.

PSC can be practically implemented using search techniques based on genetic algorithms.

2.2.6 Multiplexed parity trees

A new class of space compactors, based on parity tree circuits, was recently proposed by
Chakrabarty and Hayes in [17). This method is termed Multiplexed parity trees (MPTs), and
introduces no aliasing. Multiplexed parity trees perform space compaction of test responses by
combining the error propagation properties of multiplexers and parity trees through multiple time-
steps. The authors show that the associated hardware overhead is moderate and that very high fault
coverage is obtained for faults in the compactor. The MPT scheme is shown in Figure 2.11 .
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Figure 2.11  The MPT compaction scheme.
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A different approach to achieving zero aliasing was also proposed by the authors. This
technique is based on constructing multiple-output space compactors. They show that a two-output

circuit implementing two parity functions is adequate for aliasing-free compaction.
2.3 Commercial VLSI Products Using BIST

Several companies such as AT&T. IBM. Motorola, and Intel have incorporated BIST in their
products. BIST is widely used to test embedded regular structures that exhibit a high degree of
periodicity such as memory arrays (SRAMs, ROMs, FIFOs, and Registers). This type of circuits does
not require complex extra hardware for test generation and response compaction. Also including
BIST in these circuits can guarantee high fault coverage with zero aliasing. Unlike regular circuits,
random-logic circuits cannot be adequately tested with only BIST techniques, since generating
adequate on-chip test sets using simple hardware is a difficult task to be accomplished. Moreover,
since test responses generated by random-logic circuits seldom exhibit regularity, it is extremely
difficult to ensure zero-aliasing compaction. Therefore, random-logic circuits are usually tested using
a combination of BIST, scan design techniques, and external test equipments. For example, three
large PLAs and the microcode ROM in the Intel 80386 microprocessor were built-in self tested [171.

The Alpha AXP21164, a general-purpose microprocessor chip. was tested using BIST [17].
The on~chip caches consist of SRAM arrays that contain 8 million transistors, pattern generators, and
cornparison logic were embedded to self-test the chip's instruction cache. However, the other caches
on the chip were tested by loading self-test program into the instruction caches. The fault coverage
using deterministic BIST is 100% and the area overhead is less than 15%.

Software tools that automatically insert BIST in VLSI designs have been developed at AT&T
[4]. These tools were used to self-test a video processing chip. The fault coverage using

pseudorandom BIST is over 96% at a 14% hardware area overhead.
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Chapter 3

3. DESIGNING COMPACTION TREE FOR MULTI-OUTPUT

CIRCUITS IN BIST BASED ON SEQUENCE CHARACTERIZATION
AND STOCHASTIC INDEPENDENCE OF ERRORS

The principle idea of the proposed approach is to compress m functional test outputs of the

CUT into one single test output line without sacrificing too much information. Figure 3.1 illustrates
this approach.
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Figure 3.1 Sequence characterization compaction scheme.

Generally. space compression has been accomplished using XOR gates in cascade or in a tree
structure. We will adopt a combination of both cascade and tree structures (cascade-tree) for our
framework with AND (NAND), OR (NOR), and XOR (XNOR) operators.
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The logic function to be selected to build the compaction tree will be determined by the
characteristics of the sequences which are inputs to the gates based on some mergeability criteria. We

also assume a syndrome counter [5] at the output of the two-input gaies of the compaction tree as

shown in Figure 3.2.
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Figure 3.2 Syndrome counter is used as time compressor
in test data output compaction.

The time compressor (i.e. Syndrome counter) derives the signature for the CUT, by counting
the number of ones appearing at the output of the space compactor and the equality checker checks
the counter contents with the expected correct signature. If the syndrome from the CU-'T. going
through the space compactor, is different from the expected syndrome from the fault-free circuit, the
CUT is said to be faulty. However, if the two syndromes are the same, the CUT may or may not be
faulty. Therefore, an output data modification technique with the objective to tum any single stuck-at
fault in the CUT into a faulty syndrome has to be examined. Consequently, the output data

modification in [75] may be corporated to increase the error coverage of the single output CUT.
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The basic theme of the proposed approach is to select a suitable gate to merge two candidate
output lines of the CUT. The selection is essentially based on certain mergeability criteria that use the

properiies of Hamming distance and sequence weight [25].
3.1 Mathematical Basis for the Proposed Approach

3.1.1 Derived sequences
Let {'P,.¥} represent a pair of output sequences of length L, where the length is the number
of bit positions in ¥, and ¥ . Let H('®, . '¥}) represents the Hamming distance between P,
and ¥, i.e.. the number of bit positions in which ¥, and ¥, differ.

Definition 1 The 1-weight, denoted by W,( %), of a sequence ¥;, is the number of Is in the
sequence. Similarly, the O-weight, denoted by W, %), of a sequence ¥, is the

number of Os in the sequence.

Example 3.1 Consider an output sequence pair { P, , P.} where :
P, = (00101010 );
and
»=(00001110).
The length of both output streams is 8 (L= 8). The Hamming distance
between ¥, and ¥, is 2 (H(¥,, ¥.)=2).
The 1- and 0- weights of ¥, and ¥, are W,(P,) = 3, W(F) =3, W(P) =5,
and W,('¥,) = 5, respectively. Figure 3.3 illustrates how to calculate the above

terms.
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Figure 3.3 Calculation of the sequence characteristics.

Property 1  For any sequence ¥, it can be shown that L, = W( &) + W/( ¥)) .
For the output sequence ¥, = ( 001C1010 ) given in Example 3.1, we have
found that Wy('F,) = 5 and W,(*P,} = 3. Therefore, it is obvious that
L,=5+3=8.

Definition 2 Consider an output sequence pair {'F,, P,} of equal length L, Then the
sequence pair derived by discarding the bit positions in which the two sequences
differ (indicated by a dash -) is called its derived sequence pair, {'F",. ¥} .

In the rest of the dissertation, we will denote the derived sequence of a sequence ‘¥, by ¥,
its O-weight by W'o('F""), and its 1-weight by W*,('P*).

Example 3.2 For {P,, ¥,} given in Example 3.1, {'¥", , ¥',} = (00-01-10 . 00-01-10}.
The 1- weight and O-weight of the derived pair { '¥", , 'P',} are, respectively:
W(F) =2, W (F) =2, W(F',)) =4, and W'y(F",) =4, as shown in
Figure 3.4. '
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1 1

0 0

0 0
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Figure 3.4  The derived sequence pair.
Now some key properties of the derived sequences will be described.

o Property 2 For any derived sequence pair {'¥", . ¥}, we have W ¥) = W( ¥) and
WA &) = Wy 2.

i.e. as shown in Example 3.2, for the same output sequence pair { ¥, , ¥} given
in Example 3.1, we have shown that W' (") = W' ,(¥%) =2 and

W () =W () =4

By the above property, when no ambiguity arises, we will denote 0- and 1- weight for the
derived sequence pair by simply W'y and W', respecr.ivcly. The length of the derived sequence pair
will be denoted by L',. where L, =L, - H('F, ., ¥,). Also, since H(¥",, 'P*) is always zero, we will
simply use H, to denote H,('F";, ¥").

Thatis. for {'¥;. '¥;} in Example 3.1, ¥, = (00-01-10 ), ¥, = (00-01-10), L,=8and
H(¥, ., ¥, =2 =H, Therefore,L',=8-2=6 and H(¥,, ¥ =0.
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Property 3  For every distinct pair of output sequences {¥, . P,} at the output of a CUT.

the corresponding derived pair {'¥";. ¥} of equal length L’ is distinct.

Two derived sequence pairs may have the same length L', but they are still distinct and not
identical.

Property4  Two derived sequence pairs { F",. P} and { @', @} of original output
streams pairs { ¥, . ¥';} and {®, . @ }. respectively. having the same length L', are
identical. Thereby. { ¥,. ¥} ={&",, &'j.ifandonlyif. { ¥, ¥)=(,, ).
Consider ¥, = (00001010). ¥,= (00101110 ), ®, = (00001111 ). and
®, = (00000011 ) as four output sequence streams of a CUT. Let (¥,.¥P.} and
{®,, .} be two distinct output pairs, and {¥", . ¥'.} , {@',. D) their
corresponding derived sequence pairs, respectively, such that {9,.¥P.}=
{00-01-10.00-01-10} and {®', . ¥} = {0000-11, 0000--11}.
Both derived sequence pairs have the same length L', = 6 but they are not
identical.

However, in general, it is not expected that any two distinct pairs of sequences at the output
of the CUT will be identical and hence the possibility of the corresponding derived pairs being
identical is also remote.

3.2 Mergeability Criteria and Gate Selection

Definition 3 The maximum expectation of error (Ej) for two-input logic functions, given

two input sequences of length L_is defined as the sum of all single line errors

(2L,) and all double line errors (L,).

For the output sequence pair {¥, , ¥,} given in Example 3.1, the maximum
expectation of error (Ep) for two-input logic functions is E; =2 x 8 + 8 = 24,
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This definition assumes stochastic independence of single line and double line errors and thus

includes all of the possibilities of error occurrence. We will define later the mergeability criteria

assuming distinct probabilities for single and doubie line errors. Now let E(g) be the number of single

line errors and Ey(g) be the number of double line errors detected at the output of a gate g.

Definition 4 The number of single and double line errors detected at the output of a

two-input logic gate are defined in Table 3.1 as follows.

Gate type Input I | Input 2 | Single line errors detection Double line errors detection
AND/NAND | 0 0 0 1
AND/NAND |0 1 1 0
AND/NAND | 1 0 1 0
AND/NAND | 1 1 2 1
Gate type Input 1 | Input 2 | Single line errors detection Double line errors detection
OR/NOR 0 0 2 1
OR/NOR 0 1 1 0
OR/NOR 1 0 1 0
OR/NOR 1 1 0 1
Gate type Input I | Input2 | Single line errors detection Double line errors detection
XOR/XNOR |0 0 2 0
XOR/XNOR | 0 1 2 0
XOR/XNOR | 1 0 2 0
XOR/XNOR | 1 1 2 0
Table 3.1 Error detection using different two-input logic gates.

These values are separately calculated for the case of AND/NAND, OR/NOR, and

XOR/XNOR gates.
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The logic behavior of the gate under investigation used to merge two candidate outputs

determines the number of single and double line err:_s detected at the output of that gate. Two-input

XOR/XNOR gates detect all single line errors while both suffer from not being able to detect any

double line error.

Definition 5 The maximum detectable error (E__(g)) for two-input logic functions. given an

input sequence pair { ¥,.P;} of length L, when the gate type is g. is defined as
E,.(g) = E(g) + Efg). as given in Table 3.2.

Gate type (g)

Maximum detectable error

Detectable error

AND/NAND

E..(AND/NAND) = 2L, + L

E(AND/NAND) <= 2L +L,

OR/NOR

E.(ORNOR) =2L +L,

E(OR/NOR) <=2L +L,

XOR/XNOR

E. ... XOR/XNOR) = 2L+ 0

E(XOR/XNOR) =2L +0

Table 3.2

The detectable and maximum detectable error

using different types of gates.

E ..(XOR/XNOR) = E(XOR/XNOR) + E,(XOR/XNOR) = 2L,+ 0= E(XOR/XNOR)
where E(XOR/XNOR) and E,(XOR/XNOR) are, respectively, the single and double line detectable
errors when using XOR or XINOR gates.

Theorem 1  For any derived output sequence pair { ', ¥} of length L', if an AND

(NAND) gate is used to merge the derived sequence pair, the total number
of detected errors will be 3W”,, 2W", being single line errors and W', double

line errors (assuming W', = 0).

For {¥,,¥,} in Example 3.1, W (P',) = 2 and W, (F') = 2. Therefore, the
total number of errors detected at the output of an AND (NAND) gate is 6
{all errors are detected).
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Theorem 2  For any derived output sequence pair { ", ¥} of length L".. if an OR (NOR) gate
is used to merge the derived sequence pair. the total number of detected errors will
be 3%/, 2W', being single line errors and W', double line errors (assuming W, =0).
For {¥, .%,} in Example 3.1, W, (¥') = 4 and W, ('P',) = 4. Therefeic, the
total number of errors detected at the output of an OR (NOR) gate is 12

(all errors are dctccte_d). | |

Theorem 3 If an outpu: sequence pair {'¥, . ¥,} of length L, and Hamming distance H, is
merged with an AND (NAND) gate, the maximum errors detected
E__(AND/NAND) will be as follows:

E, . {AND/NAND) = H, single line errors + 3W’, single and double line errors
+ W', double line errors.

Proof: Since the Hamming distance is H,, if one sequence has a 0, the other has a 1 in the
corresponding position for all the H, bits. If an AND (NAND) gate is used, only single
fault that makes both sequences 1 will be detectable, and thus H, single line faults are
detected.

Similarly. 3W", single line and double line faults are detected if W, is the I-weight of the
derived sequence pair. Likewise, if W7, is the O-weight of the derived sequence pair, only W',
deuble line faults making both sequences 1 in the corresponding bit positions will be detected.
H
Theorem 4 If an output sequence pair { P, , ¥;} of length L, and Hamming distance H, is
merged using an OR (NOR) gate. the maximum errors detected E,_(OR/NOR)
will be as follows:
E_(OR/NOR) = H, single line errors + 3W", single and double line errors

+ W', double line rors.

Y
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Proof: As before. since the Hamming distance is H.. if one sequence has a 0 the other has a 1 in
the corresponding posiuon for all the H, bits. If an OR (NOR) gate is used. only single
fault that makes both sequences 0 will be detectable. and hence H, singie line faults are
detected. Similarly. 3W', single line and double line faults are detected if W, is the
0-weight of the derived sequence pair. Likewise. if W', is the I-weight of the derived
sequence pair. only W', double line faults making both sequences 0 in the conesponding

bit positions will be detected.

|
Theorem S An output sequence pair {P, . ¥} of length L, and Hamming distance #, is
XOR (XNOR) gate mergeable if the maximum number of errors detected is 2L,
which is greater than or equal to the maximum number of errors detectad by

AND (NAND) gates E,__ (AND/NAND) or OR (NOR) gates E,_ (OR/NOR), when

used for merger.

Proof: The theorem is a direct outcome of Theorems 4 and 5.

|
Theorem 6 For any output sequence pair {P,. 2} of length L, and Hamming distance H,,
an OR (NOR) gate or an AND (NAND) gate may be used for merger if the

maximum number of errors detected is £, where 2L, s £, < 3L_

Proof: For sequences of lergth L,, the maximum expectation of error Eg is 3L, (2L, single line
and L, double line errors). An XOR (XNOR) gate can only detect 2L, single line errors.
Hence, if the error detection count is between 2L, and 3L, we need to use OR (NOR) or

AND (NAND) gates based on whether E_ (AND/NAND) or E..(OR/NOR) has a
greater value.
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Theorem7 An AND (NAND) gate may be selected for merging an output sequence pair
{F;. ¥} of length L, with Hamming distance H,, if and only if. W, > W', and
E,..(AND/NAND) = H, single line errors + 3W", single and double line errors

+ W', double line errors

22L,.

Proof: Since E,(AND/NAND) is H; +3W', + W and E_ (OR/NOR) is H, + 3W',+ w,,
if AND/NAND is preferable to OR/NOR, then obviously
E . (AND/NAND) - E__,(OR/NOR) > 0,
orH, +3W, + W, -H, +3W,+W' >0,
or W', > W, . Further, if E,,(AND/NAND) > 2L, total faults detected by
XOR/XNOR gate, then evidently AND/NAND gate is selected for merger.

Theorem 8 An OR (NOR) gate may be selected for merger of an output sequence pair
{¥,. ¥} of length L, with Hamming distance H, , if and only if, Wo> W', and
E,.(OR/NOR) = H, single line errors + 3W', single and double line errors
+ W', double line errors
22L,.

Proof: Follows as in Theorem 7.

Corollary 8.1 However, if W), = W', either OR (NOR) or AND (NAND) gate may be used

for merger.



Theorem 9  An output sequence pair { ¥, . ¥,} of length L, and Hamming distance H,
needs to be merged with an AND (NAND) gate , if and only if, E_ (AND/NAND) is

maximized over m(m-1)/2 sequence pairs for an m-output CUT.

Proof: Since E, . (AND/NAND), considering all output sequence pairs for an m-output CUT.
(m(m-1)/2), has the greatest value, obviously AND/NAND gate must be selected.
|

Theorem 10 An output sequence pair {F,, ¥} of length L, and Hamming distance H,
needs to be merged with an OR (NOR) gate if and only if E,_(OR/NOR) is
maximized over m(m-1)/2 sequence pairs for an m-output CUT.

Proof: If E__.(OR/NOR) is maximized over all m(m-1)2 output sequence pairs for an m-output
CUT, then evidently OR/NOR gate should be selected since OR/NOR detects the largest
number of faults.

Theorem 11 An output sequence pair { ¥, , ¥;} of length L, is AND (NAND) gate
mergeable, if and only if, W, > L 2.

Proof: E,,,,(AND/NAND) = H, +3W', + W', whereas E,,, (XOR/XNOR) = 2L, .
If AND/NAND is selected over XOR/XNOR, then
E ..(AND/NAND)} - E_,(XOR/XNOR) > 0,
orH, +3W", + W, -2L,> 0,
or(H, + W', + W) +2W',-2L.> 0,
orL,+2W'-2L.>0,
orw,>L,/2.

iy 1
i3
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Besides, if W', > L,/ 2, W', is also greater than W', and hence the selection of
AND/NAND gate is unique.

Theorem 12 An output sequence pair { ¥, , ¥} of length L, is OR (NOR) gate
mergeable, if and only if, W, > L/2.

Proof: The theorem follows i1 the same way as Thecrem 11.
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33 Algorithm 1

format.

The algorithm for implementation of the proposed method is given below in a pseudocode

stage = total_number_of_outputs

while (current_stage < stage-1)

{

for(i=0;i< total_number_of_outputs; i++)

for (j = 1; j < total_number_of_outputs, j = i: j+)
{

Determine the derived sequence pair { 9", , ¥} that corresponds to the
sequence pair {¥;, ¥} .

Compute its corresponding Hamming distance H,, O-weight W';, and 1-
weight W', .

Select a gate for merger based on the mergeability criteria discussed

earlier (AND/NAND gate if W', > (L,/ 2); OR/NOR gate if Wi>(L,/72);

XOR/XNOR gate otherwise) and compute E...x value for the selected gate.
}

Select the sequence pair {'P,; , 'P;} for merger that has the maximum E . value,
choosing one arbitrarily when there is a tie.

Compute the corresponding new output sequence using the chosen gate,

Discard sequence pair {P, , ¥;} which will no longer be used as the result
of this selection.

stage++

}
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Example 3.3 In Figure 3.5 (a), 2 4-output demultiplexer is shown with four different inputs
(grouped input test patterns) X,, X,, X;, and X,. The fault-free output patterns
0,, O,. O,, and O, are given in Table 3.3 .
There are only six output sequence pairs (O, , OJi=1..6:j=1,...6;i%
to consider in the first stage. The Hamming distances of ail sequence pairs are
computed and given below.
H.(0,.0,)=H,(0,.0)=H.(0,,0,)=H,(0,, 0,)=H,(0,, 0,) =
H,(0,. 0,) = 2. Furthermore. W', the O-weight of the derived sequences
corresponding to every sequence pair is 14 which is greater than L_/ 2

(L, = 16). Therefore, every pair is OR (NOR) gate mergeable.

X X, X X O O 0O, O
O 0 0 0 0 0 0 0
0 0 0 1 0 0 0 o
0 0 1 O 0 0 0 o
0 0 1 1 0 0 o0 o
0O 1 0 0O 1 0 0 0
0 1 0 1 0 1 0 o
0O 1 1 0 0 0 1 0
o 1 1 1 0 0 0 1
1 0 0 o 0 0 0 o0
0 0 1 0 0 ¢ o
i 0 1 0 0 0 0 o
10 1 1 0 0 0 0
1 1 0 O 0 0 0 o
1 1 0 1 0 0 0 o
1 1 1 ¢ O 0 0 o
I 1 1 1 0 0 0 0

Table 3.3 Fault-free output patterns for the 4-output demultiplexer.
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An OR gate is selected to merge O, and O, chosen arbitrarily. The remaining sequences 0o,

and O, are also merged with an OR gate. The two output sequences in the subsequent stage turn out

to be also OR (NOR) mergeable: so they are merged with an OR gate to complete the compression

tree. The circuit with the compression tree is shown in Figure 3.5 (b).

_._.'_'T* 07

iy | B
x2 = — o8
‘t - ;—'—'L_/ ; 4-output 02 -
- b I . !
X3 — == ::"“‘;L .,,[_.._: w03 | demultiplexer
I i i 2
[ I ——
X _—e o= T N\ 04 : —N\0§
L
Figure 3.5 (a) The 4-output demultiplexer Figure 3.5 (b) The circuit with its
circuit. corresponding compaction tree.

Example 3.4 Consider the Ten-line decimal-to-8421 BCD converter shown in Figure 3.6 (a).
The circuit has got 9 primary inputs X,, X, X;. X,. Xs, Xe X5 X,, and X, and

four primary outputs O,, O,, O, and O,. For the ten grouped input test

patterns, the fault-free output patterns are shown below in Table 3.4 .
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X, X X Xo X X¢ X, X4 X, |0, O, 0, O,
0 00 0 0 0O OO [0 0 0 o0
1 0 0 0 0 06 0 0 O0 |[1 0 0 o
0 1 00 00 O0UO0GO0O [1 1 0 o
0 01 000000 |1 0 1 o
0 0 0 1 00 O0O0 O |1 1 1 o0
0 00 01 00 0O0 |o t o0 o
0 00 0O0T1O0O0O0 O 1 1 0
0 0 00 001 00 lo o 1 o
0 00 00 O0O0T1O0 [0 0 0 1
0 0 0 0 0 0 0 O 1 1 0 0 1

Table 3.4 Fault-free output patterns for the Ten-line decimal-to-8421 BCD
converter.

There are only six output sequence pairs (O;, O}} i = 1,...,6; j = 1....,6; i #j to consider in the first
stage. The Hamming distances of all sequence pairs are computed and given below.
H,(0,,0,)=H,(0,,0)=H,{0,,0)=5;

H (0,, O) =4

H(0,,0)=H,(0,,0,)=6.

Furthermore, W, and W’,. the O-weight and 1-weight, respectively, of the derived sequences
corresponding to every sequence pair are as follows:

Wo(0,.0,) =W (0,, 05)=3: W', (0,, 0,) = W', (0,, 0,) = W, (05, 0;) = 2;

WolO,, 0,) = W, (0,, 0;)=W,(0.,0,) = Wo(0;. 0)=4; W' (0,.0)=1;

W (0,.0)=W,(0;,0,) =0.

Since E, . (XOR/XNOR) = 2L, = 20 (L, = 10) is greater than E,_(AND/NAND) and E, . (OR/NOR)
for every pair of sequences. every pair is XOR (XNOR) gate mergeable.

An XOR gate is selected to merge O, and O, chosen arbitrarily. The remaining sequences O;and O,
are also merged with an XOR gate.
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The two output sequences in the subsequent stage turn out to be also XOR. (XNOR) gate
mergeable: so they are merged with an XOR gate to complete the compression tree, The circuit with

the compression tree is shown in Figure 3.6 (b).

X1 o T 18 -
e ee——————— 0l
: I T e s S—
X2 T~ " ; o tor—m—
1t -7 J!:I — e— 02 i !oz ‘.\, }2_}
X3 o Lim~ w || o [ T
X4 _+_—r'i _;},/' C = . 03 | Testms I____':-“\\

5 -I . | o i \\ or
xs '\—\ a3 ! - dosunal-v-8421 ] —_—
X6 .ﬂ_._u....._l.l ) o ! DED seavertar --—-:::_——f_

2 | - i
X7 B~ 2 ! ] | 03 "

=y - | e
) |
- X8 S 2 . ——
My .
X9 9_4_} 04|
13
Figure 3.6 (a) The Ten-line decimal-to-8421 BCD Figure 3.6 (b) The circuit with its
converter, corresponding compaction tree.

The Ten-line decimal-to-8421 BCD converter has got 58 single stuck-line faults, 2
undetectable faults at ,,°0, and |,°0, (the effect of lines 11 and 12 being stuck-at-0 is not visible at
output O,), 34 equivalent faults, and 22 single stuck-line faults in its collapsed fault set. All detectable
single stuck-at faults are injected into the circuit. The fauit effect for this circuit at the outputs with
the test set of Table 3.4 is shown in Table 3.5.

The fault-free space compactor response for the 1G input test vectors is the following single
10-bitstream O,=(0100110110).

i our space compactor is followed by a time compactor (i.e. Syndrome Counter), the
resulting fault-free signature for the output stream O, is simply the number of ones which will be
equal to 5 in this case. This fault-free signature is saved in memory to be compared to the faulty

signatures in order to determine the percentage of loss.
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Table 3.5 The fault effect at the outputs of the Ten-line decimal-to-8421 BCD converter.

The faulty signatures corresponding to the single line faults °0,, 'O, ... , 5°0,, G, are,
respectively. the following: 4, 10. ... , 0,0. Comparing all the faulty signatures to the expected
signature, we notice that two of the faulty signatures match the fault-free signature. Therefore, 56
detectable faults are injected into the circuit and the percentage of loss before compaction is 0.00 %.
Furthermore, we calculate percentage of fault coverage at the output of the space compactor by
comparing the fault-free stream bits to the faulty stream bits at the output of the compactor. The
number of undetected faults turns out to be 5 at the output of the space compactor. Hence the

percentage of fault coverage at the output of the compressor equals to 91.07 % which is equivalent
to 8.92 % fault loss.
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Chapter 4

4. DESIGNING COMPACTION TREE FOR MULTI-OUTPUT CIRCUITS

ASSUMING STOCHASTIC DEPENDENCE OF SINGLE AND DOUBLE
LINE ERRORS

In the previous chapter. we presented the new compaction technique assuming stochastic
independence of single line and double line errors. In the absence of stochastic independence, we
observe that the probability plays an important role in the selection of gates for merger. In the

following we deal with the construction of the compaction tree when single and double line errors
are considered stochastically dependent.

4.1 Effect of Error Probability in Selection Criteria

Li and Robinson [47] determine the detectable error probability estimate & for a two-input

logic function, given two input sequences of length L, as follows:
R, R,
g=S§, +8 —
2LS LS

S;:  probability of single error effect felt at the output of the CUT;

where

S;:  probability of double error effect felt at the output of the CUT;
R;:  number of single line errors at the output of gate £, if gate i is used;

R::  number of double line errors at the sutput of gate i, if gate i is used.

Based on the detectable error probability estimate & of Li and Robinson as given above, we

deduce the following results that profoundly influence the selection of gates for merger.
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Theorem 13 For an output sequence pair { ¥, , ¥;} of length L, and Hamming distance H, an
AND/NAND gate is preferable to an XOR(XNOR) gate if

! /
W', +2W' ]

Sl<
H,+4W/ +2W' ]

Proof: The detectable error probability estimate when an AND/NAND gate is used is:

[H+2W']  [Wi+W']
e(A/N)=S —= +S, ,
(AWM=5, 2L < L

x £

while the corresponding one when an XOR/XNOR gate is used is:

2L
e(J(/X)=.‘5,[—,’a_-L—’LSI

X

An AND/NAND gate is preferable to an XOR/XNOR gate i
e(A/N) > «(3UX) , or,
e(A/N) - e(X/X)>0,0r,

H +2W' W’ +w/ ’
s, H2W s, oW =S, ., Or,
2L © L

x

H+2W'] [[1-SJW/+W"].
s 2 ,]{[ .HLO ,]_Sl}m} -

L3 3
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[H +2W' -2L ] [[l-st][w’0+w’l]
§,— + . or,
2L [ L

X

¥

§ H2W -2 2w/ -2w/] +[[W’0+W’!] .
! 2L | L ’

[—HS-4W’0—2W’l]x—[W’o*-W’I]
! 2L L

> ¥

S

. Or,

~S\[H AW/ 2W >=2IW/+W/] or,

AW +W ]
(H +4W/ +2W' ]

S<

Corollary13.1  On the other hand, an XOR/XNOR gate is selected if

RW/ 2w’ ]

SI>
[H,+4W’0+2W’1]

[,l"
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4

Theorem 14 For an output sequence pair { P, . ¥} of length L, and Hamming distance H,, an

OR (NOR) gate is preferable to an XOR/XNOR gate if

RW/ +2w' ]

Sl<
[H 4w/ 2w,

Proof: The detectable error probability estimate when an OR/NOR gate is used is:

[H,+2W, W sw/
£(O/IN)=S§, ]s..I oWl
2L L

3 X

while the corresponding one when an XOR/XNOR gate is used is:

e(XIX)=

[2L)]
57 -

k)

An OR/NOR gate is obviously preferable to an XOR/XNOR gate if:
e(O/MN} > e(X/X) . or.
e(O/MN) - e(X/X)>0.0r,

~ H 2w/ W/’ +W/’
Sl[ X 0]+S“[ 0 |] "Sl Lor.,
2L - L

£
-

[H+2W'] [n-s 1w’ +w']
52 01{ 17, S]w

x L)
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[H,+2W' -2L ] .
! 2L

k)

[1 ‘Sllfw'o*wfll]w '
I . Or,
[‘V’0+W,']}()
3 - Or,

r ! !
¢ [-H -4W ,—zw’o]__-[w oW
o 2L i

x X

[H,~2W/ 2L, -2W ' -2W']
2L

5

S

« OT,

=S,[H «aW' +2W/ I>-2[W/+W'] .or.

W+ W' ]

S< - p
[H_'-'-4W 1+2W o]

o n

Corollary 14.1 On the other hand. an XOR/XNOR gate is selected if

UL
CH AW 2w ]

However, the probability does not play any rote in the selection between AND (NAND? and
OR (NOR) gates if we use the empirical formula of Li and Robinson. The undemoted theorem states
the condition that determines the selection criteria betwoen AND/NAND and OR/NOR gates.

33



Theorem 15 For an output sequence pair { ¥, , F,} of length L, and Hamming distance H_, an
AND (NAND) gate is preferable to an OR (NOR) gate if W,>w,.

Proof: The detectable error probability estimate when an AND/NAND gate is used is:

H +2W’ W+ W’
e(AIN)=51[ 2V o5, oWl
2L L

s 3

and the corresponding one when an OR/NOR gate is used is:

H +2W/ ww’
e(onv):sl[ S °]+S,[ (MY
2L L

x 3

An AND/NAND gate is surely preferable to an OR/NOR gate if:
€(AND/NAND) - ¢(OR/NOR)>0 ,or,

[H, -2W'-H -2W' ] SIWo W/ Wi -w) o,

Sy

Corollary 15.1 An OR/NOR gate is selected if, on the other hand,
W<,
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Theorem 16 Sequence merger following Li and Robinson criterion may resull in @ compression
network that is different from the one that will result based on the selection criteria

given above even if the same probability estimate of Li and Robinson is used as the
guide to selection.

Proof: The proof is provided by the following example.
Consider the following three sequences ¥, = ( 0000001000000000 ).
¥, = ( 0000000100000000 ). and ¥ = ( 00001 10000000000 ). By Li and Robinson
criterion, we will merge ¥, and P . while according to our selection criteria, ¥ yand P,
will be merged with an OR (NOR) gate because E, , (OR/NOR) for { ¥. 7.Jequals0.81,
E .: (OR/NOR) for { P, ¥} also equals 0.81, whereas E, . (OR/NOR) for { ¥, ¥.}
equals 0.87 which is obviously the greatest probability estimate, assuming S, =0.0 and

:= I-Ol

The next theorem establishes that the gate selection based on the aforementioned results

provide a stricter guideline as opposed to the criteria used by Li and Robinson.

Theorem 17 The use of the detectable error probability estimate € as suggested by Li and
Robinson and discussed earlier gives a weaker condition in gate selection for
output merger in the construction of the compaction network compared to

the selection criteria proposed by Theorems 13 through 16.

The proof once again is provided by the following counterexample.
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Proof: Consider the following four output sequences:

w:  0000100000000000
X: 0000010000000000
Y: 0000001000000000
Z 0000000100000000

All sequence pairs {W . X}, {W, Y}. {W,Z}, {X, Y]}, {X,Z},and {Y . Z)} have the
same characteristics: H,=2. W, =14, and W', =0

For S, = 0.0 and S, = 1.0, the corresponding probability estimates of all sequence pairs

are the following:

£(AND/NAND) =0.87
€(OR/NOR) =0.87
e(XOR/XNOR) =0.0

Since sequence pairs h:ave the same probability estimate, any one can be selected for
merger (i.e. £V, X}).

Now, if we usc Li and Robinson formula to merge the selected output sequences, then we
will have to decide between choosing AND or OR gate (both have got the same probability
estimatc). But, according to our mergeability criteria, an OR gate should he used for
merger because W', /W, X) = /4 is greater than W', (W, X) = 0. This shows that our
condition in gate selection is stronger than Li and Robinsor -selection criteria for output

merger in the construction of the compaction network.

We now prove a very important theorem concerning gate selection for merger with certain
particular but generally chosen values of probabilities S, and S, for single and double line errors,

respectively.
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Theorem 18 The gate selection criteria established earlier in Chapter 3 under condition of
stochastic independence of single line and double line errors at the output of a
CUT remains unchanged even under condition of stochastic dependence of single
tine and double line errors based on computation of detectable error probability
estimate €, the empirical formula of Li and Robinson, if the values of the

probabilities S, and S, are chosen as S, = 2/3 and S.. = 1/3.

Proof: The detectable error probability estimates, as used earlier. for AND/NAND. OR/NOR and
XOR/XNOR gates are, respectively.

(H,+2W") . W« W')
2L L

X 5

r

£{A/N)=S§,

[H+2W') [W’o+w’,]
. .

S(OIN=5;— 8 :
(2L,) .
S(X/X)=S|T=] ’

for output sequences of length L., Hamming distance H,, 1-weight W*, and O-weight W*,, with
probability of single line and double line errors being, respectively, S, and S, as usual.

Evidently, an AND/NAND gate is preferable to XOR/XNOR gate, if and only if, again

e(A/N) - £(X/X) > 0,

and similarly, an OR/NOR gate is preferable to an XOR/XNOR, if

¢(ON) - e(X/X) > 0.

With values of S, and S, being, respectively, 2/3 and 1/3, we have:



Then

[H,+3W, +W"]

e(AIN)= ,
M 3L,
I I
e omy=L oWl nile
3L,
e(X/X)=2
3

¥ Ory

(H,+3W/ +W/]-2L>0 -O%

[H +3W'|+W/ -2H -2W' -2W/ 150 o,

[W,~-W/-H]>0 o

W/, -W-L+W’ +W’]50 o,
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2W/>L Lor,

W!

L,
>
)

This is exactly the same as the one established previously for AND/NAND gate selection under

condition of stochastic independence of errors. It can be shown likewise that an OR/NOR gate is
preferable to XOR/XNOR gate, if

L
W’°>—-‘-
2

and AND/NAND gate is preferable to OR/NOR, if

W/ >w/

We thus see that our gate selection criteria need not to be changed even under condition of
stochastic dependence of errors when their probabilities are S, = 2/3 and S, = I/3, which considerably

simplifies the computational problem involved with detectable error probability estimate €.
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4.2 Other Aspects of the Space Compactor

The space compactor produces a single signature for multiple output circuits rather than an
individual signature for each output. As in [24-40], sequences coming out of the space compactor
are stored in a time compactor as a signature. The compression is done by counting the number of
ones in the output sequence. This one’s counting scheme has a nonuniform deception volume where
the deception volurme is a function of weight. Generally, when two or more output functions are
compressed, error masking can occur more easily. Furthermore, it would be desirable to have the
storage problem associated with a large number of test patterns and the circuit size to be eliminated.
An approach that seems to fit our compression model is one that uses the syndrome counter as a time
compactor. The syndrome counter is used to reduce test output data by only counting the nurmnber
of ones. Besides, this is independent of the order of test patterns.

The syndrome of a circuit is defined as the number of times the output has logic value one for
the test sequence [62] . For exhaustive testing, the syndrome is the function weight or'the number
of minterms. Error patterns which are missed have the same number of ones changed to zeros as
zeros changed to ones. Thus, only special patterns with an even number of bit errors are missed.
Faults which only expand or only contract the function are always detected by syndrome compression
[61].

Moreover, to increase the error coverage, the concept of modification of the output data before
compagction [5] can be used in the design. The basic idea of output data modification is to reduce the
deception volume of output data after compression, or to decrease the probability of error masking
in single output CUT. This modification, indeed, modifies the output sequence before compressing

it into the number of ones.



4.3 Algorithm 2

The pseudocode description of the algorithm that constructs the compaction tree assuming

different probability values for single and double line errors is given below:

Define the probability of single error (S,) and double ervor (S.) effect felt at the output of the CUT.
stage = total_number_of_outputs

while (current_stage < stage-1)

{

for (i = 0: 1 < total_number_of_outputs: i++)

for (j = 1: j < total_number_of_outputs. j = i; j++)
{
Determine the derived sequence pair {'F",, Y%} that corresponds to the
sequence pair {¥;. ¥;} .
Compute its corresponding Hamming distance H,, 0-weight W', and
l-weight W', .
Compute its corresponding number of single line (R,) and doubie line {R,) errors at
the output of the three basic type of gates (AND/NAND. OR/NOR.and XOR/XNOR).

‘Select the sequence pair (¥, , P;} for merger based on the detectable error

probability estimate formula £ = S,(R,/2L, ) + S. (R, / L ) discussed earlier,
choosing one arbitrarily when there is a tie.

}
Select a gate to merge the chosen sequence pair [P, ¥} based on the
mergeability criteria: an XOR/XNOR gate is preferable to an AND/NAND gate if
S, > R2W, + 2Wo]/[H, + 4W'(y + 2W' ],
an XOR/XNOR gate is preferable to an OR/NOR gate if
S, > 2W', + 2W' ]/ [H, + 4W', + 2W",] , while
an AND/NAND gate is preferable to an OR/NOR gate if W', > W', .
Compute the corresponding new output sequence using the chosen gate.
Discard sequence pairs {¥; , ¥;} which will no longer be used as a result of this
selection.

stage++

}
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4.4 Input Sequence Length

Apparently. the length of the test input patterns L applied to the CUT plays an important role
in the construction of the circuit’s compaction tree. The nature of its elements (line selection and type
of logic gates used) changes simultaneously with the modification of the input test length L.
Furthermore, as will be shown in the results section. the input test length has a significant effect on

the percentage of faults coverage for the circuit.

Example 4.1 Consider the following three sequences: ¥, =( 111111000 ). ¥, = ( 010101000 ).
and ¥, = (000100010 ). All sequences are of length L = 9.
We have shown that according to our selection criteria, P, and ¥, will be used
for merger. If we now consider the same sequences. each increased by 6 bits of 1
(L = 15). we have the new sequences as follows: ¥, =( 111111000111111 )
P, =(010101000111111), and ¥,=(000100010111111 ): and now ¥,and ¥,
will be selected for merger (assuming S, = 0.666 and S.=0.333).

Next, we will apply the proposed scheme on the design of compaction trees for the 4-output
demultiplexer and the Decimal-to-8421 BCD converter.

Example 4.2 Consider again the 4-output demultiplexer shown in Figure 4.1 (a).
Six output stream pairs are to be analyzed {0, , Ofi=1,.6:j=1..6;i%
in the first stage. The Hamming distance is the same and equals to 2 for each pair:
H,(0,;.0,)=H,(0,, 0)=H(0,,0,)=H,(0,, 0;) = H,(0,, 0, =
H,(0;, O, = 2. The O-weight is 2lso the same for all pairs: W', = 14, while the
l-weight W*, = 0.



Xl ™~ _ T . 0l
X2 ,,f,;Lj-_.L._

X4 _:;.Q.,_. o o =N 04

Figure 4.1 (a) The 4-output demuitiplexer.

Since all sequence pairs have the same H,. W', and W', therefore we have the same values for
R,(AND/NAND) = 2, R, (AND/NAND) = 14, R, (OR/NOR) =30, R,(OR/NOR) = 14,
R; (XOR/XNOR) = 32, and R, (XOR/XNOR) = 0 which give the same probability estimates
€ (AND/NAND) = 0.87. £ (OR/NOR) =0.87. and £ (XOR/XNOR) = 0.0 . We assume iere that S,
=0.0 and S,= 1.0 which means we are considering the case where only the effect of double error is
felt at the output of the CUT. Any sequence pair can be selected for merger in the first stage. O, and
O, are arbitrarily chosen for merger with an OR gate since both mergeability equations
S, > [2W', + 2W'] / [H, + 4W', + 2W",]
and
S, > [2W, + 2W', ]/ [H, + 4W') + 2W',]
are not satisfied, and (W', =0) < (W', = 14) .

The two output sequences O, and O, in the subsequent stage turn out to be also OR/NOR
gate mergeable, and merged with an OR gate. Also in the last stage, O and O are merged with an
OR gate to complete the compression tree. )

The circuit with the compression tree is shown in Figure 4.1 (b).
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Figure 4.1 (b) The circuit with its corresponding compaction tree.

Now, assuming §,= 1.0 and S,= 0.0, we are considering the opposite case where only the
effect of single error is felt at the output of the CUT. A different compaction tree is constructed. The
output sequence selection turns out to be the same as in the previous case, but all pairs are
XOR/XNOR gate mergeable.

Table 4.1 summarizes the results on the construction of compaction trees for different values

of the probabilities of single and double error effects felt at the output of the CUT.



s, s, COMPACTION TREE
0.0 1.0 O;=O0R(0, .0,
0,=O0R{0,.0,)
0,=0R(0;.0,)
1.0 0.0 O, = XOR(O, . 0.)
O, =XO0OR(0,.0)
0,;=XO0OR(0,.0,)
Os=0R(0, .0,
0,=0R(0,.0))
0, =0R(0,.0,)
0.33 0.66 0, = OR(O, . O,)
O, =OR(0,.0))
O, =0R(0,, 0,

0.66 0.

(53]
LY}

0.1 0.9 O;= OR(O, . 0,)
0,=OR(0, . 0,)
0,=OR(0; . 0,)
0.9 0.1 O, = OR(0, , 0,)

0, = UR(0, . 0,)
0, = XOR(O; . Op)
0.95 0.05 O, = XOR(O, . O,)
0, =XOR(0, . O,
0, = XOR(O; , O)
0.05 0.95 O; = OR(0, , O,)
0,=OR(0,, 0,)
0, =OR(O; , O,

Table 4.1 The 4-output demultiplexer’s compaction trees for different values
of S;and S, .
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Example 4.4 Oncc again. consider the Ten-line decimal-to-8421 BCD converter shown in
Figure 4.2 (a). The circuit has got six sequence pairs {0, , Of.i=1..6:j=1..6i=10be
considered in the first stage. The Hamming distances of all sequence pairs are calculated as shown
below.

H,(0,,0,)=H,(0,.0,)=H,(0,.0,) = 5:;

H.(0,,0,)=4:

H (0,,0)=H(0,, 0)=6.

The O-weight and 1-weight of the derived sequence pairs are:

WO, 0,) = Wy0,, 0,) = 3; W(0,, 0,) = W0, 0, = W(0,, 0;)=2;

WO, 0) = W(0,. 0) = Wy0,, 0) = W0, 0 = 4

Wi(0,.0)=1:W(0,, 0,)=Wy,0,, C,)=0.

X1 ..~ 16 |
h_ T ol
2 - TN L
= e oot s
IS L TN (g
— | L
nl L En P 02
X3P il om T,
X§ Sl Tt g
s - — !_\\n.q 03
X5 . _.__::“ b} ’._: ‘,___,.L/.‘
X6 s..,lsf__,,' b %
x7 "‘._"“.__‘.I \, n !
x8 ' 2
X9 ¢ o . - = {>-o; 04
15 <

Figure 4.2 (a) The Ten-line decimal-t0-8421 BCD converter,
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Each pair of sequences has got different number of single line (R,) and double line (R.) errors
at the output of gate i. if gate { is used for merger. The pair {O. . O,} has got R, (AND/NAND) =
8. R;(AND/NAND) = 6. R, (OR/NOR) = 12, R.(OR/NOR) = 6. R  (XOR/XNOR) = 20, and
R.(XOR/XNOR) =0.

The corresponding probability estimate £ (OR/NOR) = 0.6 has the highest value (assuming
S;=0.05 and §.=0.95). Therefore. O, and O, are selected for merger in the first stage. They are
merged with an OR gate because both mergeability equations
S$;>[2W, + 2W', ]/ [H, + 4W', + 2W']
ang
S, > [2W, + 2W' ]/ [H, + 4W', + 2W"))

are not satisfied. and (W', = 2) < (W', = 4) .

The two output sequences O, and O, in the subseguent stage turn out to be also OR/NOR
gate mergeable (and merged with an OR gate), whils in the last stage, O; and O, are merged with an
AND gate, completing the compaction tree.,

The circuit with the compression tree is shown in Figure 4.2 (b).

......

.3 ‘\}m .
';‘m-lhe " ;;‘Z/ N N
ccimal-to-84 X Yo
BCD converter - x /

)

Figure 4.2 (b) The circuit with its corresponding compaction tree.
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Tablke 4.2 summarizes the results on the construction of compaction trees for different values of the

probabilities of single and double error effects felt at the output of the CUT.

s, S, COMPACTION TREE
0.0 1.0 O, =OR(0, . 0;)

O, =O0R(0,, Oy

O, = AND(O; . O))
1.0 0.0 0, = XOR(0, . O5)

0, = XOR(O; . 0,)
0,=XOR(O; . Op)
0.66 0.33 0, = XOR(0, , 0,)
O, = XOR(O, . 0,)
0, = XOR(O; . O,)
0.33 0.66 O, = OR(0, . 0,)

0,=OR(O, . O,)

0,=AND(O; . O)
0.] 0.9 05 = OR(Oz - 03)

0, =OR(O, . O,)

O, = AND(O; . O,
0.9 0.1 O, = XOR(0, . C,)
0, = XOR(O, , 0,)
0, = XOR(O; , O,)
0.95 0.05 0, = XOR(0, . 0.)
0, =XOR(O; . 0,)
0, = XOR(O, . O,)
0.05 0.95 0, = OR(0, , O

O;=0OR(0,, 0y

0,= AND(O, , O

Table 4.2 The Ten-line decimal-to-8421 BCD converter's compaction
trees for different values of S, and S, .
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All 56 detectable single stuck-at line faults are injected into the circuit and their effect at the

outputs of the circuit is shown in Table 4.3 below.

Fault CffeC[ IOOI liol 2001 2002 2102 3001 3003 3103 4001 4002 4003 50 2 000: 000.1 70 3 3004 8104 oool
For the 0 1t 0 01 00 1 0 0 0 0 00 0 O0 1 0
same O 1 1 0 11 0 1 1 0 0 0 0 0 0 O 1 1
grouped I 1+ 06 60 1 1 0 1 1 1 01 1 0 0 0 1 1
input test r 110 1 0 0 1 1 0 1t 0 0 1 1 0 1 1
patterns 11 1 1 1 1 1 1 0 0 O 1 1 1 1 0 1 1
used to o 1 011 06 0 1 01 0 0 1 0 © O 1 0O
calculate o 1 0 1 1 0 1 1 01 t 1 0 0 I 0 1 O
the o 1 00 1 0 1 ' 0 01 0 0 1 0 0 1 O
fault-free o 1 00 1 0 01 0 0 0 0 0 0 0 O0 1 o
responses 1 1 1 0 1 1 0 1 1 0 0 0 ¢ O O 1 1 O
Fault effect 'O, s O 17'O, 1702 0, 20103 00, :4103 25 0; 20, :100: :xoo.%

For the 6 0 o 0 0O O O O O O O0 O

same 0 o0 H 0 1 ¢ 0 ¢ 0 0 o0 o

grouped 0 1 c O 1 0 I 0 0 0 O 0O

input test 0 I !1 0 ¢ 0 0 1 0 0o o0 o

patterns 0 1 0 0 o0 o 1 1 0 0 0 O

used to 0O O o 1 6 0 0 o 0 0o o0 O

calculate 0 0 o 1 0 1 0O 0 0 0 o0 o

the 0O 0 0o 0o o 1 0O 0 0o 0 o0 o

fault-free I 0o 0 0 0 0O O 0 0 0 0 O

responses 10 0 1 0 1 0 0 0 0 0 0 O

Table 4.3 The fault effect at the outputs of the Ten-line decimal-to-8421 BCD converter

with the same test set as used to calculate the fault-free responses.

Depending on the choice of S, and S,. we get different lines selection and different types of
gates to use when constructing the corresponding space compactor.

The fault-free space compactor response for the 10 input test vectors and for S;. Sy
equaling (0.0, 1.0), (0.33, 0.66), (0.1, 0.9), and (0.05 , 0.95) is the following single 10-bit stream
0,=(0011100000), while it is the bit-stream O, = (01001101 1 0) when {S,. S,;) equals
(1.0, 0.0). (0.66, 0.33). (0.9, 0.1), and (0.95 , 0.05), respectively.
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The fault-free signatures using Syndrome counter as time compressor are 3 and 5,
respectively.

For (5,. S,) with the foilowing values (0.0 , 1.0). (0.33 . 0.66), (0.1 . 0.9). and (0.05 , 0.95),
by comparing the fault-free streams at the circuit’s outputs to the faulty bit streams when njecting
all 56 detectable faults, we find that the percentage of fault loss is 0.00 % before compaction.
Moreover, 17 out of 56 stuck-at line faults turn out to be undetectable after space compaction and
thus, we get about 69.64 % fault coverage or 30.35 % fault loss.

For the probability values (1.0 , 0.0). (0.66 ., 0.33), (0.9 . 0.1), and (0.95 . 0.05), the
compressor is simply a parity tree circuit which is 2 much better compressor for this circuit (91.07
% fault coverage) as seen previously in the case when stochastic independence of single and double
itne errors was assumed.

[
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Chapter 5

5. EXPERIMENTAL RESULTS

To demonstrate the feasibility of the proposed new space compaction scheme, independent
simuiations were performed on various ISCAS 85 combinational benchmark circuits. We have used
ATALANTA [46] (fault simulation program developed at Virginia Polytechnic Institute and State
University) to generate the fault-free output sequences needed to construct our space compactor
circuits and to test the benchmark circuits using reduced test zets accompanied with a random testing
session by FSIM fault simulation program [45] to generate pseudorandom test sets. and
COMPACTEST {53] program to generate reduced test sets that detect most detectable single stuck-
at faults for all benchmark circuits. For each circuit, we determined the number of test vectors used
to construct the compaction tree, the CPU time taken to cons ruct the compactor, the number of
applied test vectors, the simulation CPU time, and the percentage of fault coverage by running
ATALANTA and FSIM programs on a SPARC 5 SUN workstation, and COMPACTEST on an IBM
AIX machine. The results are listed in the tables that follow.

The CPU times needed 10 construct the compactors for all different ISCAS 85 benchmark
circuits on 2 SUN SPARC 5 workstation were in the range of 2.0-102.0 seconds.

For comparison purpoées, we used a parity tree space compactor, composed of XOR gates,
that propagates all errors that appear on an odd number of inputs and is, therefore, considered idcal
for space compaction. With the parity tree space compactor as reference, we have simulated some
combinational benchmark circuits to demonstrate the feasibility of the proposed scheme of
constructing a compaction tree using the concept of Hamming distance and sequence weight.

To give an idea about how our space compactor looks like, we have drawn the space
compaction circuits for the C432 benchmark circuit with 160 gates, 36 primary inputs and 7 primary
outputs. corresponding to different probability values for single and double line errors. Figure 5.1

shows the space compactor assuming stochastic independence of single and doubie line errors.
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Figure 5.1 Space compactor circuit for C432 assuming stochastic independence of single and
double line errors.

Figures 5.2-5.5 illustrate the compaction circuits when (S, .S, equals (0.1 ,0.9),
(0.05 ., 0.95). (0.33 . 0.66). (0.66 , 0.33), (0.9 , 0.1), (0.95 . 0.05), (1.0 . 0.0), and (0.0, 1.0),
respectively.

L.
e
370 Lrreoe >, 434 == '_._]—\\435-__. L__{'\‘Bs
C432 NP S Thass | ERTES g37 i

bf.:nchmark {42_1 T I—“"" B 1 _ ) e I
circuit 5430 , _: |

431
432
Figure 5.2 Space compactor circuit for C432 assuming different probability values for single

and double line errors (i.c. when (S, , S,) equals (0.1, 0.9), (0.05 . 0.95),
and (0.33 . 0.66). respectively).
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The hardware overhead for the space compactors shown in Figures 5.1-5.5, measured by the
weighted gate count metric (gate count x average fanin), is 3.44 %. It is about 10% less area than
what was recently measured by 2 Multiplexed Parity Tree compactor [17] which provides zero-

aliasing.

- | j/ ‘ 438
e —— \\D_—“ I |

ébcnchmark Li%l____ . L 5 L%R\D 437 !
. 7

. circuit \

|
1430 A
DR =
: "_43} RS/ }
| 432 J

Figure 53  Space compactor circuit for C432 assuming different probability values for single
and double line errors (i.e. when (S, , S,) equals (0.66 , 0.33)).

s
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Figure 54  Space compactor circuit for C432 assuming different probability values for single
and double line errors (i.e. when (S, . S,) equals (0.9, 0.1), (0.95, 0.05).
and (1.0, 0.0). respectively).
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Figure 5.5 Space compactor circuit for C432 assuming different probavility values for single
and double line errors (i.e. when (S, . S,) equals (0.0, 1.0)).

74



FAULT COVERAGE FOR THE C432 CIRCUIT

Using ditferent values for St and 52

100 -
g 8-
§ o
3 0
£ 2 -
*
0 -— [P - r.~ ————— - 1 -
{0.0.0.1) {0.1.0.8) (0.66,0.33) (0.95,0.05})
1.0,1.0 (0.05,0.95) {0:33.0.66) {039.0.1) (1.00.0)
$1.52)
Figure 5.6 The percentage fault coverage for the C432 benchmark circuit,

The above Figure 5.6 illustrates the percentage fault coverage for the C432 circuit, using
ATALANTA, and various values for the probabilities of single and double line errors.
Tables 5.1 and 5.2 show the fault coverage and the simulation CPU time for ail ISCAS 85

benchmark circuits without compactors using FSIM and ATALANTA. respectively.

Circuit name No. of applied test CPU simulation Fault coverage
vectors time (secs) (%)

cl7 32 0.26 100.00

c432 224 0.31 98.60

c499 224 0.41 96.00

c880 224 0.43 95.50

cl355 224 0.50 91.99

c1908 224 0.68 84.03

¢2670 224 0.76 82.27

c3540 224 1.35 87.22

c5313 224 1.15 96.71

c6288 224 3.00 99.56

c7552 224 1.73 90.79

Table 5.1 Simulation results of the ISCAS 85 benchmark circuits using FSIM.
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Circuit name No. of applied test CPU simulation Fault coverage
vectors time (secs) (%)

cl7 8 0.033 100.00

c432 70 0.45 $9.20

c499 73 0.30 98.94

c880 110 0.95 100.00

c1355 104 0.86 99.49

ci908 177 2.78 99.52

c2670 190 7.31 95.74

c3540 240 11.78 96.00

c5315 210 5.45 98.89

c6288 52 19.00 99.56

c7552 358 35.25 98.25

Table 5.2 Simulation results of the ISCAS 85 benchmark circuits using ATALANTA.

ATALANTA provides 100.00 % fault coverage for the C17 and C880 benchmark circuits and within
the range of 95-99 % for other circuits. The fault coverage is much higher than what is provided by
FSIM ir: almost all cases.

Tables 5.3, 5.4, and 5.5 show the simulation results for all benchmark circuits with their

compactors when stochastic independence of single and double line errors is assumed, using FSIM

and ATALANTA, respectively.
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Circuit name | No. of test vectors CPU time taken | No. of applied | CPU Fault
used to construct the | to construct the | test vectors simulation | coverage
compaction tree compaction tree ume (secs) | (Se)

cl7 7 2.0 64 0.26 100.00

c432 46 4.2 224 0.43 95.30

c499 54 15.3 224 0.36 9144

c880 56 125 224 0.50 93.70

cl355 86 5.5 224 0.56 89.40

c1908 115 12.5 224 0.76 81.57

c2670 108 117.5 224 0.86 78.75

¢3540 144 111 224 1.7 83.28

c3315 117 958 224 1.46 85.76

c6288 31 15.2 224 4.65 99.56

c7552 217 993 224 2.56 87.67

Table 5.3 Simulation results of the ISCAS 85 benchmark circuits ustng FSIM and
assuming stochastic independence of single and double line errors.

Circuit name | No. of test vectors CPU time taken | No. of applied | CPU Fault
used to construct the | to construct the | test vectors simulation | coverage
compaction tree compaction tree time (secs) | (%)

cl? 7 2.0 10 0.033 100.00

c432 46 42 75 0.91 98.50

c499 54 15.3 86 1.03 96.08

<880 56 12.5 137 i.13 99.00

cl1355 86 15.5 11t 1.88 98.04

c1908 115 12.5 246 4.60 98.91

€2670 108 117.5 278 17.00 94.45

€3540 144 1.1 270 15.78 9491

c5315 117 95.8 255 16.50 89.53

c6288 31 15.2 110 28.50 99.56

c7552 217 99.3 333 34.40 95.24

Table 5.4 Simulation results of the ISCAS 85 benchmark circuits using ATALANTA
and assuming stochastic independence of single and double line errors.
Comparing the results given in Tables 5.4 and 5.5, where the program ATALANTA is used,
we notice that the fault coverage is almost the same while the CPU time is higher in the case where

faults were not considered in compressors.



Circuit name | No. of test vectors CPU time taken | No. of appiied | CPU Fault
used to construct the | to construct the | test vectors simulation | coverage
compaction tree compaction tree time (secs) | (%)

cl7 7 2.0 6 0.03 100.00

c432 46 42 69 0.70 98.47

c499 54 15.3 54 2.08 95.77

c880 56 12.5 68 2.00 99.04

cl355 86 15.5 87 3.21 97.96

ci908 115 12.5 144 5.80 98.82

¢2670 108 117.5 164 24.15 94.10

c3540 144 11.1 166 23.16 94.98

c5315 117 95.8 149 20.85 89.75

c6288 31 15.2 53 28.58 99.56

c7552 217 99.3 194 160.70 95.21

Table 5.5 Simulation results of the ISCAS 85 benchmark circuits using ATALANTA.,

assuming stochastic independence of single and double line errors, and
when faults were not considered in compressors.

Tables 5.6-5.21 show the number of applied test vectors, the simulation CPU time, and the
percentage of fault coverage for all benchmark circuits using FSIM and ATALANTA, respectively,
for the following probability values of single and double line errors: ((S, . S.) eguals (0.33 , 0.66),
(0.66 . 0.33), (0.1, 0.9). (0.9 . 0.1), (0.95 , 0.05), (0.05 . 0.95). (0.0, 1.0), and (1.0 , 0.0),

respectively).
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Circuit | No. of test vectors | CPU time taken S, S, No. of | CPU Fault
name | used to construct to construct the applied | simulation | coverage
the compaction tree | compaction tree test time (%)
vectors | (secs)
cl7 7 2.5 0.33 10.66 {224 0.28 90.90
c432 |46 43 033 [0.66 | 224 0.43 80.15
cd49¢ | 54 15.5 0.33 {0.66 | 224 0.51 53.82
c880 |56 13.8 0.33 [0.66 | 224 0.58 64.86
cl355 | 86 15.5 033 | 0.66 | 224 0.68 64.00
cl908 | 115 12.5 0.33 10.66 | 224 0.91 63.06
€2670 | 108 116.5 0.33 10.66 | 224 1.46 6.66
c3540 | 144 11.1 033 | 0.66 | 224 2.30 59.07
¢5315 | 117 95.1 0.33 {0.66 | 224 2.15 30.29
c6288 | 31 154 0.33 |1 0.66 | 224 7.95 96.56
c7552 | 217 103.0 0.33 [0.66 | 224 3.86 17.94
Table 5.6 Simulation results of the ISCAS 85 benchmark circuits using FSIM and assuming
different probability values for single and double line errors.
Circuit | No. of test vectors | CPU time taken S, S, No.of | CPU Fault
name | used to construct to construct the applied | simulation | coverage
the compaction tree | compaction tree test time (%)
vectors | (secs)
cl? 7 25 033 | 066 |10 0.033 90.90
c432 | 46 4.3 0.33 [ 0.66 |86 1.26 83.39
499 | 54 15.5 0.33 1066 |90 1.11 98.15
c3880 [ 56 3.8 033 | 0.66 | 225 2.30 100.00
cl355 | 86 15.5 0.33 | 0.66 | 182 4.20 97.45
cl908 | 115 12.5 033 | 0.66 | 317 10.95 95.47
c2670 | 108 116.5 0.33 | 0.66 | 482 39.93 94.53
€3540 | 144 11.1 0.33 [ 0.66 | 466 21.93 95.04
¢3315 | 117 95.1 033 [0.66 | 772 60.70 87.42
c6288 | 31 154 0.33 | 0.66 | 269 85.26 99.51
c7552 | 217 103.0 033 [ 0.66 | 784 265.36 88.95
Table 5.7

assuming different probability values for single and double line errors.
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Circuit | No. of test vectors | CPU time taken | S, S, No.of | CPU Fault
name | used to construct to construct the applied | simulation | coverage
the compaction tree | compaction tree test time (%)
vectors | {secs)
cl7 7 22 0.66 1033 |64 0.26 100.00
c432 [ 46 428 0.66 | 033 | 224 0.40 95.25
c499 |54 15.4 0.66 [0.33 | 224 0.36 91.30
c880 |56 14.1 0.66 (033 | 224 0.46 93.50
ci355 | 86 15.5 0.66 {033 | 224 0.46 89.39
cl908 | 115 12.4 0.66 1033 | 224 0.76 81.52
c2670 | 108 117.0 0.66 1033 | 224 0.90 78.71
c3540 | 144 11.0 0.66 | 033 | 224 1.78 83.35
c5315 | 117 95.2 0.66 | 033 [ 224 1.45 85.78
c6288 | 31 15.8 0.66 {033 {224 4.73 99.52
c7552 | 217 99.5 0.66 | 033 | 224 2.35 87.82
Table 5.8 Simulation results of the ISCAS 85 benchmark circuits using FSIM and assuming
different probability values for single and double line errors.
Circuit | No. of test vectors | CPU time taken | S, S, No. of | CPU Fault
name | used to construct to construct the applied | simulation | coverage
the compaction tree | compaction tree test time (%)
vectors | (secs)
cl? 7 22 0.66 1033 {10 0.033 100.00
cd432 |46 4.28 0.66 | 033 |74 0.80 98.76
c499 |54 154 0.66 | 033 |88 1.20 96.22
c880 |56 14.1 0.66 | 033 [ 135 1.41 99.02
cl355 |86 15.5 0.66 1033 | 113 2.50 98.08
cl908 {115 12.4 0.66 | 0.33 | 239 4.43 98.91
¢2670 | 108 117.0 0.66 1033 | 275 19.47 94.58
c3540 (144 11.0 0.66 1033 | 273 18.31 94.97
c5315 | 117 95.2 0.66 | 033 | 252 11.63 89.51
c6288 | 31 15.8 0.66 [ 033 [ 111 27.75 99.52
¢7552 | 217 99.5 0.66 | 0.33 | 336 96.35 95.84
Table 5.9 Stmulation results of the ISCAS 85 benchmark circuits using ATALANTA and

assuming different probability values for single and double line errors.
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Circuit | No. of test vectors | CPU time taken | S, S, No.of |CPU Fault
name | used to construct to construct the applied | simulation | coverage
the compaction tree | compaction tree test tme (%)
VeCctors | (secs)

cl? 7 2.2 0.1 (09 |[224 0.26 90.90
c432 146 4.3 01 |09 (224 045 75.95
cd99 154 15.2 0.1 (09 (224 040 80.21
c880 | 56 13.3 0.1 |09 (224 0.51 63.48
cl355 | 86 15.5 0.1 |09 |[224 0.56 75.54
c1908 | 115 12.4 0.1 |09 |224 1.03 49.33
c2670 | 108 118.6 0.1 |09 |224 1.20 3298
c3540 | 14 11.1 0.1 |09 |224 240 57.84
¢5315 | 117 95.0 0.1 |09 |22 2.18 32.63
c6288 | 31 15.2 0.1 {09 |224 8.80 90.99
c7552 | 217 101.0 0.1 09 224 3.10 43.65

Table 5.10  Simulation results of the ISCAS 85 benchmark circuits using FSIM and assuming
different probability values for single and double line errors.

Circuit | No. of test vectors | CPU time taken | S, S. No.of | CPU Fault
name | used to construct to construct the applied | simulation | coverage
the compaction tree | compaction tree test tme (%)
vectors | (secs)
cl? 7 22 0.r |09 |7 0.033 90.90
c432 | 46 43 0.1 (09 |99 1.23 83.39
cd49% | 54 15.2 0.1 {09 161 0.86 98.81
c880 |56 13.3 0.1 |09 |224 2.18 100.00
cl355 | 8o 15.5 0.1 |09 235 3.06 98.92
cl908 | 115 12.4 0.1 0.9 |342 11.71 98.12
¢2670 | 108 118.6 0.1 0.9 |425 22.55 94.50
c3540 | 144 11.1 0.1 |09 [582 35.56 95.04
c5315 | 117 95.0 0.1 |09 |786 56.40 87.64
c6288 | 31 152 0.1 |09 |292 54.06 99.45
c7552 | 217 101.0 01 |09 |865 120.91 93.70

Table 5.11  Simulation results of the ISCAS 85 benchmark circuits using ATALANTA and
assuming different probability values for single and double line errors.
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Circuit | No. of test vectors | CPU time taken | S, | S, No.of | CPU Fault
name | used o construct to construct the applied simulation coverage

the compaction tree | compaction tree test tirme | (%)

o | : vectors | (secs
cl7 |7 121 09 (0.1 |64 0.33 100.00
c432. |46 42 09 01 {224 038 . ]9589
c499 . |54 15.3 09 |01 224 0.43 '194.02
c880. |56 13.1 0.9 }0.1 224 043 92.71
c1355 |.86 154 09 jo.1 224 1051 90.89
c1908 | 115 124 09 0.1 224 0.83 83.23 .
c2670 | 108 116.5 09 (01 [224 091 67.37
c3540 | 144 111 09 |01 224 171 1 86.51
c5315 | 117 96.7 09 }0.1 224 1.48 94.72
6288 |31 15.1 09 (01 224 4.73 99.46
'c7552 | 217 100.4 '0.9 0.1 224 243 | 87.81 .

Table 5.12 * * Simulation results of the ISCAS 85 benchmark c:rcuus usmg FSIM and assuming |
‘ different probability values for single and double line erTors.
Circuit | No. of test vectors | CPU time taken | S, S, No.of | CPU Fault
name | used to construct to construct the ‘ applied | simulation | coverage -
| the compaction tree | compaction tree test time (%)
' vectors | (secs)

cl7 |7 2.1 09 (01 |10 0.033 100.00 .
c432 | 46 4.2 09 |01 108 1.35 99.25 .
c499 | 54 15.3 09 101 |67 1.13 96.09
c880 |56 13.1 109 0.1 | 124 1.48 99.59
c1355 | 86 154 09 |0.1 109 246 98.04
c1908 | 115 12.4 09 |01 |240 4.60 98.91
c2670 | 108 116.5 09 [o0.1 116 77.13 - 69.15
€3540 | 144 11.1 09 |01 294 17.96 95.13
c5315 117 96.7 09 0.1 254 10.41 98.67
c6288 | 31 15.1 0.9 |01 83 39.45 99.52

217 100.4 0.9. 0.1 330 104.83 95.09

Table 5.13

assummg different probability values for smgle and doublc line errors..
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‘Circuit |-No. of test vectors | CPU time taken | S, |S, No.of | CPU I Fault
‘| name . | used to construct to construct the ‘ applied [ simulation | coverage
B the compaction tree | compaction tree test | time (%)
o " ' | vectors | (secs)
cl7 7 . 22 095 {005 |64 0.30 '100.00
432 |46 4.3 695 1005 | 224  [045  .|9421
| ca99" | 54 16.7 095 (005|224 (040 = [94.14
1c880 1§56 13.0 095 [0.05 | 224 043 - |93.54
1c1355 186 15.5 0.95 | 0.05 | 224 0.55 192.48
cl908 | 115:. 12.4 1095 [0.05 | 224 0.78 c 8417 -
c2670 108 116.1 0.95 |0.05 |224 0.91 69.91
3540 {144 SINE 0.95 [0.05 [224 1.75 84.35
[es31s |17 96.5 0.95 | 0.05 | 224 1.43 9537 -
| ¢6288 | 31 15.6 095 (005 [224  |46] 99.52
c7552 {217. - 100.3 0.95 1005 | 224 241 87.64 o
Table 5.14" Slmulatlon results of the ISCAS 85 benchmark circuits using FS[M and assummcr
* ' dlfferent probability values for single and double line errors. '
| Circuit | No. of test vectors | CPU time taken S, S, No.of | CPU Fault
name | used to construct | to construct the applied { simulation | coverage
the compaction tree | compaction tree test time (%)
: o | vectors | (secs) '
cl7 7 22 095 1005 |9 0.033 106.00
c432 - | 46 143 1095 |0.05 {108 1.65 99.25
- 1 c499 |54 167 - 095 005 j61° 1.13 96.09.
| c880 |56 13.0 095 |G.05 | 127 1.25 99.29
cl355 |86 155 . 095 {005 [103 2.63 98.04
cl908 | 115 124. :.][095 |0.05 | 231 4.66 98.80
c2670 | 108 1161 i 095 1005 | 114 82.21 79.26
3540 | 144 11.1 0.95 {0.05 315 19.53 95.13
.c5315 | 117 96.5 1095 |0.05 [ 230 9.41 98.65
| c6288 |31 15.6 1095 005 {78 28.63 99.52
c7552 | 217 100.3 - "0 95‘ 0.05 | 339 - | 106. 70 95. 15

 Table5.15 |

- assuming dnfferem probablhty values for smole and double llne erTors.
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Circuit | No. of test vectors | CPUtimetaken |S, |S, [No.of |CPU Fault -
name | used to construct to construct the . " | applied | simulation . coverage
|1 the compaction tree | compaction tree | test time. - (%)
‘ ‘ o ‘ vectors | (secs)
cl7- |7 |22 . 0.05 | 0.95 | 224 025 - 90.90
[e432 |46 435 0.05 | 095 | 224 041  }78.43
c499 |54 - 1158 S 1005 [0.95 | 224 C41 | 64.38
880" |36 o |126 7 1005095 [224 o055 64.22
c1355 | 86 o 15.5 - {005 |095 | 224 0.66  |38.62
cl908 (115 - .. |124 . 1005 | 095 |224 0.98 - | 5455
- | c2670 | 108 1i6.3. 0.05 | 095 |224 .16~ 4059
©1c3540 | 144 1 -2 0.05 (095 {224 2.30 | 66.54
. fe5315° | 117. 0 t982 . 1005095 §224 - .| 206 38.56
1c6288 |31 15.5 005 | 095 |224° (930 . |92091
c7552 217, . 98.6 | 005 }095 |224 3.00 49.08

Table 5.16 Slmulauon results of the ISCAS 85 bcnchmark circuits using FS]M and ‘L\bllﬂllﬂ“
dlfferent probability values for mnole and double line errors.

Circuit ; No. of test Vectors | CPUtimetaken | S, |S, |No.of |CPU | Fault’
" | name used to construct to construct the applied | simulation | coverage
~ |'the compaction tree | compaction tree | test time (%)
' vectors | (sccs) |
fertz {7 22 0.05 |0.95 | 10 0.033 | 90.90
{432 {46 . - 435 . 005 (095 |92 - |1.26 83.39
c499 154 . 15.8 : 005 [095 | 171 1.05 98.68
1c880 |56 . 126 0.05 {095 227  |200 . 100.00
c1355- | 86 155 0.05 [0.95 |218 3.60 | 97.71
<1908 | 115 ' 124 0.05 | 095 |377 8.98 99.30
c2670 | 108 . _ 1163 . 0.05 1095 | 420 21.66 | 94.53
c3540 | 144 11.2 . 0.05 [0.95 | 479 2091 - 95.50
c5315. | 117 ‘ 98.2 0.05 095 | 751 45.50 87.66
6288 | 31 . 155 065 |095 282  |56.33 99.41
- 7552 | 217 - ' 98.6 _ 0.05‘ .‘0-.95 833 159.60 | 92.88

, Table 5.17 -Slmu]atlon results of the ISCAS 8"3 bcnchmark circuits using A’I‘ALANTA and
. assuming. chfferent probablhty values f@r single and double lme errors,
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L ahsummg’ dafferent probability values for single and double line errors.
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Circuit | No. of test vectors | CPU time tuken | S, S, No.of |CPU . {Fault
name | used to construct ‘to construct the ' ‘applied | simulation | coverage
‘the compaction tree | compaction tree 1 test time (%)

_ : | vectors | (secs) .
cl7 |7 2.15 0.0 |1.0 |224 028 90.90
c432 |46 428 0.0 |10 |224 0.40 84.73 -
c499 |54 15.5 100 1.0 |224 0.40 80.60
c880 |56 12.9 00 |10 |224 0.56 7091
cl355 |86 158 00 |10 |224 |063 51.58
cl908 | 115 12.7 00 |10 |[224 0.90 71.10
c2670 . | 108 11230 0.0 1.0 |224 1.21 42.55.
c3540 | 144 125 0.0 {10 |224 233 67.91
c5315 | 117 101.2 00 |10 [224 231 - 33.79

| c6288 |31 16.0 00 [1.0 |224 6.83 - 96.38 .
c7552 217 102.1 00 |10 |[224 2.90 44.94
Table 5.18  Simulation resuits of the ISCAS 85 benchmark circuits using FSIM and assummg
“different probablhty values for single and double line errors.
Circuit | No. of test vectors | CPU time taken | S, |S, |[Nolof |CPU | Fault .
name { used to construct to construct the- ' applied | simulation | coverage
the compaction tree | compaction tree test - | time (%)
B ‘ vectors | (secs) .
cl7 |7 2.15 00 1.0 |8 0.033 90.90
c432 | 46 4.28 00 {10 |113 120 94.27
c499 | 54 15.5 00 (1.0 |[158 085 ; 98.02
c880 |56 129 . 00 |10 (243 276 100.00
cl355 | 86. 15.8 0.0 1.0 [212 2.88; 97.84
c1908 [115° 12.7 00 | 1.0 343 6.96 99.36 .
c2670 | 108 123. 0 00 |10 |417 19.53 194.53
c3540 | 144 12.5 00 |1.0 }499 26.23 9544
c5315 | 117 101.2 . 100 [1.0 |804 47.91 87.90
c6288 |31 - 16.0 100 |10 |247 .]|6391 99.56
¢7552 | 217 102.1 100 |1.0° 867 | 123386 94.41
Table 5.19 Slmulatlon results of the, [SCAS 85 benchmark circuits using ATALANTA and
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Table 5.21

{ Circuit | No. of-test vectors ?CPU time taken | S, ‘S,.  |'No.of |CPU "Fault
name | used to construct  to construct the " | applied | simulation coverage
| the compaction wee | compaction tree test time (%)
B : ' vectors | (secs)
cl7 |7 2.1 1.0 |00 |64 030 1} 100.00
c432 {46 4.3 1.0 100 | 224 0.40 95.33
c499 |54 15.6° 116 {00 [224 0.36 93.41
c880 356 12.7 1.0 {00 |224 0.46 94.15
»1cl13535 | 86 158 1.0 100 [224 |048 90.83
| cl908 | 115 2.6 1.0 100 224 - 1083 81.00
12670 | 108 - 119.9 1.0 |00 |224 |091 68.00
c3540" | 144 11.3 1.0 |00 [224 1.75 84.12
c5315 | 117 96.8 i.0 |00 [224 1.45 94.92
c6288 | 31 152 1.0 |00 224 - [476 99.48 -
1¢7552 | 217 100.7 1.0 |00 [224 2.38 87.95
Table 520  Simulation results of the ISCAS 85 benchmark circuits using FSIM and assuming
different probability values for single and double line errors. '
Circuit | No. of test vectors | CPU time taken | S, S,  |No.of [CPU:7 | Fault
name | used to construct to construct the applied " {"sinudation | coverage
the compaction tree | compaction tree test - . f tizne’ (%)
' 1vectors | (secs)
cl7 |7 2.1 10 |00 |9 0.033 100.00
c432 |46 143 1.0 {00 {119 |140 99.25
c49% | 54 15.6 1.0 (00 |73 I.15- 96.09
c880 | 56 i2.7 1.0 |00 |103 1.30 99.29
| c1355 | 86 15.8 1.0 (00 |112 240 - 98.04
cl908 | 115 12.6 1.0 |00 230 4.25 98.91
'c2670 | 108 119.9 1.0 |00 | 118 66.13 69.05
€3540 | 144 11.3 O |00 |297 « }16.95 95.10
c5315 [ 117 96.8 1.0 |00 (252 9.31 98.69
c6288 |31 - 15.2 1.0 |00 (91 23.53 99.52
1 €7552 | 217 100.7 1.0 |00 (333 103.80 95.31
Simulation results of the ISCAS 85 benchmark circuits using ATALANTA and -

assuming different probability values for single and double line errors.

- Furthermore, we used COMPACTEST program to simulate the circuits. Table 5.22 shows

. the simmulation results before cpmpziction.‘ It shows higher fault coverage than what we have got with
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‘ FSIM and ATALANTA but hlgher CPU sxmulatlon time as we]l Tab]c 5.23 shows all the results after

‘ comp'lcnon and when stochastic ndependencc of single and double ]me €rTors is assumed

Circuit name . No. of applied test [ CPU simulation Fault coverage
vectors - | time (secs) {%)
cl7 4 0.00 100.00
G432 44 517 99.23
%l 499 65 12.07 98.94
.| c880 - 30 2.93 100. OO
c1355 9 - 15.75 9949 -
c1908 137 16.37 99.52
c2670 1 68 116.09 95.74
3540 110 266.70 95.91
€5315 55 36.54 - -1 98.89 .
. - | c6288 1116 73.51 . - 199.56
oo |er552 |85 151.04 98.26
Sy Table 522 Slmulauon results of thé ISCAS 85 benchmarL circuits using
’ LT - COMPACTEST.
Circuit name | No. of test vectors CPU time taken | No.ofapplied |CPU - | Fault .
o used to construct the | to construct the. ‘| test vectors simulation - -coveragé
compaction tree compacnon tree, 4 time (secs) (%)
cl? 4 2. 12 6 0.00 100.00
c432 68 S 4.30 | 68 | 10.19 97.71
c499 63 . 15.90 57 44.50 95.77
880 300 12.51 60 474 99.04
c1355 196 16.01 97 44.55 97.96
c1908 137 1270 167 85.54 98.88
c2670 68 99.22 112 226.54 92.57
| €3540 | Ho- 11.25 - 146 443.86 94.86
c5315 155 ° 75.50 . 90 | 440.85 89.73
c6288 16 15.32 39 59.78 99.56
c7552 85 69.54 - 141 715.54 96.42
Table5.23  Simulation results of the ISCAS 85 benchmark circuits using

4.

COMPACTEST and assuming stochastlc 1ndependence of single and

double line errors.
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The. 51mulat10n resulis given in Tables 5.24 and :3 31 are tor dltft.r‘t,n[ \"duu ot the

probabxhtles of smcvle lme (S,) and double line (S, ) eITorTS.

3

J

Circuit | No. of test vectors | CPU time taken | S, S, No.of | CPU Fault
name | used to construct to construct the ' applied | simulation | coverage
the compaction tree | compaction tree test | ume (%) .
- s vectors | (secs) "
cl7 |4 2.10 0.66 |033 |6 0.00 100.00
432 |44 1437 0.66 1033 167 1976 97.69
c499 |63 - 15.80 0.66 | 0.33 {56 45.56 95.78 "
c830° 130 . 12.53 10.66 033 |58 4.54 99.00
cl355 (96 15.81 - 0.66 [0.33 |96 42,46 97.96
cl908 | 137 12.66 0.66 1033 | 166 | 8325 98.72
¢2670 | 68 .98.66 0.66 033 | 110 236.54 19243 -
¢3540 | 110 11.20 0.66 [0.33 | 147 | 456.65 94.96
c5315 |55 75.48 (066 033 |92 444 83 8997
16288 |16 15.37 .. 0.66 |0.33 | 39 61.00 99.50
- le7552 185, 69.83 0.66 [ 033 | 140 © | 704.52 96.17
‘Table 5.24 Slmulation results of the ISCAS 85 benchmark circaits using COMPACT EST ,
assummv different probability values for smgle and double line erross.
Circuit | No. of test vectors | CPU time taken S 1S No. of CPU Fault
name | used to construct to construct the ‘ applied | simulation | coverage
- | the compaction tree | compaction tree | test time | (%)
" : vectors | (secs) IR
cl7 4 2.13 033 [0.66 |6 0.00 100.00
c432 44 4.26 033 [0.66 |65 27.30 91.98
c499 | 63 15.88 033 | 066 (88 - |4248 95.64
c880 |30 12.50 033 {066 [ 119 4.61 99.25
cl355 1 96 16.13 033 (066 |92 175.01 92.56
ci908 | 137 12.68 033 | 0.66 | 217 8.8t 98.08
€2670 | 68 98.73 0.33 | 0.66 | 240 46298 | 94.72
¢3540 | 110 1118 033 | 0.66 349 428.30 94.48
c3315 | 55 75.18 033 1 0.66 | 396 - .| 346.48 95.81
| c6288 116 15.36 0.33 ]0.66 {104 274.16 99.50 .
c7552 |85 69.41 033 | 0.66 438 885.28 9447
Table 5.25 |

Sxmulanon resuits of the ISCAS 85 benchmark circuits using 'COMPACTEST and
assummg dlfferent probablhty values for single and double line errors.
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Circuit | No. of test vectors |-CPUtimetaken |S, |{S, |No.of |CPU Fault
| name | used to construct | to construct the | - | applied | simulation | coverage
the compaction tree | compaction tree | - ] test time (%)
_ ' S | | vectors | (secs)
cl7 4 S 2.14 0.10 1 090 |6 0.01 100.00
c432 . |44 - 1431 "10.10 [ 090 |65 2778  }91.98
c499° |63 . - 11591 ; [0.10 090 |88  [44.11 95.64
c880 |30 | 12.55 b |oio {090 | 118 529 | 98.93
. |c1355 |96 11603 Y 1010 050 | 111 79.81 97.33
 |.c1908 | 137 ‘ 12.95 0.10 {090 {213 |91.06 97.71
1c2670 |68 - ]9891 0.10 | 0950 | 238 | 261.07 94.24
3540 | 110 o 1110 [ 0.10 {090 | 248 352.83 89.30
5315 {55 = 17545 0.10-|1 090 {342 | 685.50 99.50
c6288 {16 - 1833 - 0.10 | 090 | 104 27523 | 9535
c7552 | 85 ; 169.53 10.10 [090 [429 | 911.24 95.35

Table 526 - Simulation results of the ISCAS 85 benchmark circuits using COMPACTEST and

. assuming different probability values\for single and doubie line errors.
v o " o h:

il

Circuit } No. of test vectors [ CPU timé taken | S, S, No.of |CPU . | Fault
name | used to construct to construct the ' applied | simulation | coverage
: the compaction tree | compaction tree | test time (%)
: ' vectors | (secs)
cl? 4 | 211 - j090 [0.10 |6 0.00 100.00
fed327 |44 | 421 1090 |0.10 |63 4.09 . 99.23
1¢499 163 | 1576 090 | 0.10 |62 34.83 . 95.77
c880 130 -1 12.53% 090 10.10 |50 5.94 99.25
cl355 |96 - { 16.10 ‘ 090 [ 0.10 |96 41.24 97.96
cl908 [137 1271 090 | 0.10 | 167 80.77 98.88
'c2670 | 68 - 98.33 1090 jo.10 |59 615.17 66.14
c3540 [ 110 41103 1050 {0.10 | 143 615.17 94.63
¢5315 | 55 175.33 050 (0.10 |94 456.06 98.43
©6288 | 16 | 15.15 | 0.90 [0.10 34 1208.12 99.52
c7552 |85 - 70.38 0.90 | 0.10 | 10T 692 71 96.14

Table 5.27 Slmulatlon results of the ISCAS 85 benchmark circuits usml COMPACTEST and
' assuming different probability values for s1n0]e and double hne EITors.
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Circuit | No. of test vectors .' CPUtimetaken S, " S, No.of |CPU | Falt
name | used to construct | to construct the applied | simulation | cov :,m;:
' the compacuon tree ‘compaction iree ' test time (%
o vectors | (secs)
cl?7 4 2.13 0.05 {095 {6 - 0.01 100.00 .
cd432 | 44 428 - 0.05 (095 |65 2793 91.98
c499 | 63 15.70 005 1095 |88 41.60 1 95.64
c830 |30 1252 0.05 [0.95 | 118 5.51 1 98.93
1 c1355 |96 16.01 - 0.05 1095 | 111 80.77 19733
c1908 | 137 12.78 005 | 095 (211 [91.88  |9781
c2670 | 68 98.60 0.05 | 095 | 227 230.09 94.68
c3540 | 110 -11.20 0.05 | 0.95 | 248 35490  ]195.09
c5315 (55 75.68 0.05 [ 0.95 | 339 624.30 | 89.30
c6288 | 16 15.16 0.05 | 095 | 104 267.11 99.50
1¢7552 | 85 69.'85 005 [0.95 [429 86039 . |.95.35
Table 528  Simulation results of the ISCAS 85 benchmar}. circuits usmu COMPACTEST and
h ' ' assuming different probability values for single and double line errors.
Circuit | No. of test vectors | CPUtimetaken | S, [S, . |No.of |CPU % | Fault
name | used to construct | to construct the | applied | simulation | coverage
- the compaction tree | compaction tree “test time (%)
o vectors | (secs)
cl7 4 2.13 1095 [005 |6 0.01- 1006.00
c432 . |44 4.28 095 [0.05 |63 4.04 99.23
1c499 163 - 15.75 095 [0.05 |63, 34.10 96.30
c880 |30 12.60 095 | 0.05 |55 6.89 199.15
c1355 | 96 16.03 095 {0.05 |96 41.45 97.96
cl908 [ 137, 12.68 . 095 [0.05 | 167 8033 {93.88
c2670 .| 68 98.36 095 10.05 |82 53746 | 77.68
c3540 | 110 11.18 095 | 0.05 | 143 469.97 94.63
c5315 |55 75.33 095 10.05 |92 241.79 98.15
c6288 | 16 15.11 095 [0.05 |34 85.72 99.52 -
c7552 | 85 69.26 095 ]0.05 | 111 683.23 96. 18
Table 5.29

Simulation results of the ISCAS 85 benchmark circuits using COMPACTEST dnd
assummc different probablhty values for smgle and double lme €ITOrS.
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, Figure 5.7 below shows the No. of test vectors CPU time, and the % fault coverage for all x
cu‘cults uqlng FSIM, ATALANTA and COMPAC I r:ST respectlvely,

“ for smgle and double lme errors is assumed

A

91,

assuming different probability va]ues for single and double line errors..

Circuit | No. of test vectors CPUtimetaken | S,” |[S, No.of | CPU Fault
name | used to construct to construct the | . applied | simulation | coverage
: the compaction tree | compaction tree test time (%)
X ' IR vectors | (secs)

1 ct7 4 212 1.00 {0.00 {6 0.01 100.00
c432 |44 4.35 1.00 | 0.00 | 63. 4.05 99.23
c499 | 63 |'15.70 1.00 {000 |62 33.98 95.77
c880 {30 12.51 1.00 | 0.00 | 111 3.06 99.25

. 1cl355 (96 16.01 1.00 | 0.00 |96 41.45 97.96
.| c1908 | 137 12.85 1.00 [ 0.00 | 167" 80.43 98.88
© | €2670 { 68 99.21 1.0G [ 0.00 |62 686.01 66.18
c3540 | 110 11.20 1.00 1 0.00 | 143 45150 | 94.63
c5315 |55 76.03 1.00 {0.00 | 86 97.87 98.71
c6288 | 16 15.15 1.00 | 0.00 | 34 83.01 99.52
c7552 | 85 69.83 1.00 [0.00 | 109 68400 |96.19
- Table 5.30 Szmulatlon results of the ISCAS 85 benchmark circuits using COMPACTEST and
- assuming different probablhty values for single and double line errors. N
| Circuit § No..of test vectors | CPU time taken [ S, - |S, [No.of |[CPU Fault
name | used to construct - | to construct the applied | simulation | coverage
the compaction tree | compaction tree ‘test time (%)
- vectors | (secs)
cl? 4 2.12 0.060 | 100 |6 0.00 100.00
c432 |44 1-4.28 0.00 | 1.00 |68 2542 193.70
cd499 | 63 15.81 0.00 [ 1.00 |83 42.94 95.77
c880 |30 12.78 -0.00 { 1.00 {55 6.94 99.15

1355 |96 16.21 0.00 | 1.00 [ 105 176.61 | 94.47
cl908 137 - 12.75 0.00 | 1.00 | 211 91.70 97.81
c2670 | 68 19936 0.00 [ 1.00 | 230 . |340.97 94.53
¢3540 [ 110 LI 0.00 | 1.00 | 249 . {40691 95.18

| 53315 |55 75.00 0.06 [ 1.00 {375 645.01 39.04
c6288 | 16 15.45 0.00 | 1.00 | 134 295.36 99.10
c7552° | 85 69.66 0.00 | 1.00 | 453 842.42 85.57

- Table 5.31 Slmul.mon results of the ISCAS 85 benchmark circuits using COMPACTEST and

when stochastic independence
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IMULATING ALL C!RCUITS USING FSIM

Assummg stochasttc independence

3 No. applied test vectars g CPUtime . . B % F*’.,““ coverage

C17 C432 C499 'C880 C1355 01908 02570 C3540 05315 c6288 07552 )
. Cnrcultname : .

SIMULATING ALL CIRCUITS USING ATALANTA

Assuming slnchast[c independence

D No apphad test vectors . CPU time' ' n % Fault coverage
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S!MULATING ALL CIRCUITS USlNG COMPACT

. Assumlng stochastic lndapandanca

E:l No. applied test vectnrs u CPU tima S ) ! '% Fault coverage:

. C17. €432, C499 ‘c8so c1355 €1908 C2870 C3540 C5315 ce288 ©7552
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- Figure 5.7 Slmulatlon results for all benchmark circuits using FSIM ATALANTA ‘and

COMPACTEST programs and assurmng stochastlc mdependcnce for smglc and -

double line ITOrS,
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We also simulated all benchmark circuits using pseudorandom testing (FSIM) with the same

~ test sets in both cases when stoclastic independence and stochastic dependence of single and double

line errors are assumed. Table 5.32 shows the simulaiion results for all cireuits before compaction.

| Circuit name - No. of identical -CPU simulation Fault coverage
- applied test vectors time (secs) (%)
cl? 5. 0.30 100.00
c432 53 1035 99.23
c499 54 0.33 98.94
c880 49 1040 - 100.00
cl355 . 85 045 99.49
c1908 117 0.61 99.52
c2670 104 0.73 19574
-€3540 145 - - 1.26 96.00
c5315 116 1.13 98.89
6288 37 1281 99.56
¢7552 208, 1.73 98. 26
Table 5.32

. Slmulatlon results of the. ISCAS 85 benchmark circuits using FSIM with
identical test sets. x

Table 533 shows the 31mulat10n results for all cm:uxts after compaction and assuming

‘stochastic mdependence of smgle and double line errom :

93

Circuit name No. of test vectors CPU time taken | No. of identical | CPU Fault
' used to construct the ‘| to construct the - applied test simulation | coverage

1 compaction tree compaction tree . | vectors ime (secs) | (%)
cl7 17 125 =15 0.30 95.83
c432 - 46 43 53 0.38 88.95
1 cd99 54 15.5 54 0.36 190.44
°| 880 56 13.8 49 045 93.78
c1355 86 5.5 85 0.50 94.79
c1908 g 12.5 117 0.75 96.10
c2670 108. 116.5 104 - 0.78 87.19
¢3540 144 1111 145 1.63 92,69
<3315 117 95.1 116 1.35 85.32
c6288 - - 31 15.4 37 4.60 97.93
c7552 .. 217 : 103.0 208 2.66 94.58

' Table_5.3_3 : Snmulanon results of the ISCAS 85 benchmark circuits using FSIM with

- - identical test sets and assuming stochastlc 1ndependence of smrrle and

double lme errors., -
o .




Moreover, we simulated all ISCAS 85 benchmark circuits with a parity tree space compacior
using FSIM and ATALANTA. respectively. Tables 5.34 and 5.35 show the simulation results when -

circuits are simulated after being compacted.

Circuit name No. of applied test CPU simulation Fault coverage
| vectors time (secs) (%e)
cl7 32 0.26 100.00
c432 224 0.51 - 95.14
c499 224 0.38 94.60
c880 224 055 93.10
c1355 224 0.50- 90.80
c1908 224 086 - SL.88 -
.€2670 224 083 67.90
€3540 224 1.71 '83.70
¢5315 224 1.45 95.06
| 6288 224 X 99.46
c7552 224 241 88.00

Table 5.34

s

_ Slmulauon results of the ISCAS 85 bem.hmark c:n'ums using FSIM with
' pamy tree as a space compressor

Circuit name 1 No. of applied test | CPU simulation Fault coverage -
' ‘vectors time (secs) (%) |
cl7 9 0.033 1100.00
c432 104 0.88 99.20
o | €499 63 1.13 96.09
| c880 107 N [ 138 99.29
c1355 102 W[ 2.50 98.04
c1908 | 225", 4.90 98.91
2670 120 76.10 68.95
€3540 285 19.00 '94.98
c5315 271 8.78 98.57
6288 87 30.50 99.52
c7552 332 114.00 95.15

Table 5.35

Simulation results of lhe ISCAS 85 benchmarl\ circuits usmg ATALAN’I‘ A . |

with panty tree as a space comprcssor

e}
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Circuit name No. of applled test CPU simulation - | Fault coverage
" | vectors | | time (secs) ' (%)
cl7 17 _ ‘ 003 - 100.00
c432 : | 67 0.78 ) 99.04
| c499 52 276 19577
c880 ' 166 1.25 ' . 199.25
cl1355 84 © 500 o 97.96
c1908 " | 146 : 6.15 98.88
c2670 - 73 : 197.80 | 66.18
1.€3540 166 o 126.00 ‘ 94.77
c5315 *129 11.78 19871
| c6288 : 47 : 27.38 99.52
7552 . . {203 228.43 | 9488

Table 5.36 shows the simulation results using ATALANTA for alI benchmark circuits after
compaction and when faults were not considered in COMPressors. .

Circuit name No. of apphed test CPU simulation - | Fault coverage
‘ o vectors - . - . | time (secs) - (%)

cl?7 |5 ‘ 026 - . 95.83 -
c432 ‘ 53 0.36 : 88.43
c499 {54 p 041 94.87
c880 ' 49 : 0.48 96.77

. c1355 . 85 . o © 1048. 9743
c1908 ) _ 117 0.75 96.10
¢2670 o ‘ 104 o ' 0.88 68.82

'] 3540 ‘ 145 - 1.66 : 92.65

|es31s 1116 | 131 96.03

| 6288 o o 470 98.20
c7552 N 208 o 233 95.29

Table 5.36 Simulation results of the ISCAS 85 benchmark circuits using ATALANTA
with parity tree as a space compressor and when faults were not considered
in COmpressors.

Table 5.37 shows the simulation results using pseudorandom testing when the same test sets

are apphed as in the prevnous case.

" - Table 5.37 Slmulat:on results of the ISCAS 85 benchmark circuits using FSIM w1th
: parity tree as a space compressor and identical test sets.
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In all cases; our space compactor 15 comparable in all respects with the parity tree space
con’pactor “For some c1rcu1ls we obtained berter fault coverage with a reduiction in the CPU time

' using our space compactor than what we have when a panty tree compactor 1s used.

We also estimated the hardware overhead of the compressor for dlfferent benchmark circuits
and found it to be as small as 1-5 % in most cases and within 15% for three benchmark circuits.
Table 5.38 shows the hardware overhead estimates for all ISCAS &5 benc_hmark circuits.

To esfimate"ﬁlc hardware overhead, we used the ratio of the weighted gate count metric

- (i.e. average fanins x number of gates) of the compressor and that of the total circuit comprised of

the CUT and the space compactor.

Compactor | Total no.of | Total no. of | Average | Total no. of Average Hardware
circuit for | fanininthe | gatesinthe | fanin in the | gatesinthe | fanininthe | overhead
compactor | compactor | compactor | CUT cur (%)

cl7 12 1 1200 . [6 200 14.28
c432 12 6 - (200 ° |1ec 1210 3.44 ‘
c499 62 31 - 2.00 202 202 13.19
<880 |50 |25 200 - |383 {190 6.42
cl1355 62 31 ‘ 2.00 546 1.95 5.50
c1908 - 48 24 200 - . ]88 1.70 3.10
€2670 278 , 139 - |200 - ]1269 1 1.64- 11.78
¢3540 42 : 21 - ]12.00 | 1669 _ 1.76 ' 1.40

| 5315|244 122 ©|200 2307 1.90 527

|c6288 |62 131 200  |2416  [199 1.27
¢7552 - |214 107 2.00 3513 1.75 3.36

Table 5.38  Estimates of the hardware overhead.
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SIMULAT!NG ALL CERCUITS US]NG FSIM

Assuming stochastlc dapendence .

E - No. applied test vactors E cPU time

- Faul‘t coverage

0 T T ‘J s .-l 3 =T — =
C17 = €432 C498 = C880 C1355 C1908 C2870 C3540 05315 CB8288 C7552
' Circun name .

SIMULATING ALL CIRCUITS USING ATALANTA

. Assuming stochastic dependence

CPU time . B % Faun covéraga'

. . No. applied test vectors

il kD Lo

0 —= = e = —T- : == e
c17 C432 C489 C880 C1355 C1008 C2870 C3540 0531 5 C6288 CT7552 .
. Clrcuit name

SIMULATING ALL CIRCUITS USING COMPACT

Assumlng stochastic dapendence -

. ) N_o..applled test vectors n CPU time - n % Fault coverage

700 -
800 —

£ 500 -

- @400 -

=300 -

E200
“ 100 - Suiow _

0 = BRI =T T =T T ~ T T
C17 ©432 C499 CB8B0 C1355 C1008 C26870 C3540 C5315 cez288 G7552

Clrcuit name

| J'Fighre 58  Simulation results for all benchmark circuits using FSIM, ATALANTA and
o ‘COMPACTEST programs and assuming stochastic dependence for smgle and
doubIe Ime errors ((S, » S;) equals (0.95 , 0.05)).
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P

Figure 5.8 shows the No. of applied test vectors, the CPU time, and the % fault coverage

for all benchmark circuits using FSIM, ATALANT A, and ‘COMPAC,TEST, réspectively, as.su'ming-
‘stochastic dependeﬁce for single line (S,) and ddubl; line (S,) errors. To illustrate the different
" measures we got with all simulation programs, we chose (S, , S,) as’ (0.95 ; 0.05). The percentage’

of fault coverage measured using COMPACTEST program was higher (closé 099 % in most case’e) |

than what was measured by ATALANT A and FSIM, but at the same tlme COMPACT ES’r requires

more CPU time than the other two fault sumllatwn proorams

B TR .
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. assumpuon of stochast:e mdependence or dependence of single line and double line errors.

 CHAPTER 6

6. CONCLUSIONS
K In the present dissertaﬁoh we .described a space corhpaction technique of test responses for
_‘ digital combinational circuits. This technique uses AND (N_AND_), OR (NOCR), and XOR (XNOR) -
o gates appropriately fo construct an output compaction tree that eempress the m outpufs of the CUT
to a single lilne. The 'coh1paction tree is generated by using the concepts of Hamming distance and
sequernce weighf .The ldgic function selected to build the tree is determined by the eharacteristics of

I

the sequences which are inputs to the gates. The mercreablhty cntena were obtained on the
& A
When we do not assume stochastic independence for single line and double line errors, the
probability plays a role in the selection of gates in certaih cases. In this latter case (stochastic
dependence) output selection is based on calculatmg the detectable error probabxhty estimates. -
In our work, we do not emphasme deswmnv an aliasing-free compressor but rather endeavour
to show how the input test sets and their length play a role in the construction of the compaction tree.
- Loss of information may not be avoided when‘ the size of all output responses is reduced. Therefore,
depending on the'amnunt of information loss, the corresponding space compactor design will be
uffecte_d. In our design experiments we used the reduced test sets provided by ATALANTA and
: COMPACTEST to simulate all the ISCAS 85 benchmark circuits.
| - Even though these reduced input test sets are not the mmlmal test sets needed to ensure a
100 % fault coverage, expenmental results indicate the designed space compactors are comparable»
in all rebpects wnth the parity tree space compactor which propagates all errors that appear on an odd
number of i inputs and which is usually considered ideal for ad hoc space compaction.
Some of the advantages inherent in the proposed method are its simplicity and the - resulting -
low overhead for the de51gned compactor which might make it su1table for built-in self—testmg in-

VLSI design even though it does not guarantee 100 % fault coverage.

T
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The technique was ﬂlustrated throuoh deswmnc space compacton for all bt.nchmark circuits
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© This program was written by Mansour H. Assaf unde*'thé
supervision of Dr. Sunil R. Das,' in the University - °
of Ottawa, Department of “lectrlcal anglneerlng, in 1996-

' This program is released for research use ‘only. Thls program,
or any derivative thereof, may not be reproduced or used
for any commereial product or purpose w1thout the written
Permission of Dr. Das or Mr. Assaf,

o~

& D

For detailed'informaticn; please' contact

Dr. Sunil R. Das

Department of Electrical: Englneerlng

Uan&rsxty of Ottawa: . - o :
Ottawa,. Ontario ’ : o . ‘ o
Canada'KlN 6NS ‘
Phone Nc-‘(613) 562-5800 ext 6216
Fax: - (813) 562-5175

E-Mail: S.R.DASRIEEE.ORG

*************k*tt**itt*****tt!****w*x****tl**t**twt'i*t*n*twti!*ti***!t!
. . | 3 .

€

/****’****'ﬁ************'ﬁt***** HISTORY t*******"**ﬂ*w*"‘**ﬁ**t'*"‘i*‘t*

HTestlng Vers;on 1. 0

W

’ Orlglnal M. H. Assaf 15/04/1990

******!*‘*t*****t*****i***k*‘*l‘**w*tt****i"*****‘t*‘tt**ﬂ*‘i.ttt***‘ﬂ‘i/

Hamming
HTesting constructs the compaction tree for comblnaLlonal c1rcu1ts
based on the mergeability eriteria.

Output sequences can be read from a user supplled Elle or
‘generated by a logic simulator.

i

_;_7 ________ 7m“___“_m"__——mn_———m";——m"_--_—mff__;_;"m_?_um?___*{

*******************‘****#t****w***!ik*t*****t‘*t*ﬁ*nt&*ﬂwt**tit'iif*tttt

'HEFERENCE-

Sun11 R. Das, Mansour H. Assaf and Amlya R. Nayak, "Selecting
- Qutputs for Merger in Space Compression using Concepts of Hamming
Distance and Sequence Weights* Presented at the -IASTED Int. Conf. on
Modelling, Simulation, and Optimization, Gold Coast, Australia, May &- 9
- 1996, (Conference Proceedlngs, pp. 1-9). .

********t***u‘********t!**'ﬁ*******t*x‘l"*i***t*****tﬁ*‘l*"‘ﬁ*ttt**ittlitwt

i

L e ——— S Installation Procedure -=———————e—o f—-————-;——f ——————

‘_Tb install -fsim, follow the prpcedures‘described below. - Lo
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1. To install fsim, make a bin directory under your home
directory. Suppose that the home dlrectory is ~/ and
" the compressed file HTesting.tar.Z is under the dlrectorv
~/HTesting.

"2. Go to the directory HTestlng by typing
cd /HTestlng.

3. Te uncompress HTesting.tar.zZ, first type
uncompress HTesting.tar.Z, as a result a
tar file (HTesting.tar} will be created;
then type’ .tar -xvf HTesting.tar:; it will
give the source code of all the compressed flles.

4. To compile HTestlng, in the directory

HTesting, type "make"
as a result, an executable flle "Hamming" w111
be created. .

5. Copy 'Hammlng to the directory ~/b1n by
typing 'cp Hammlng ~/bin.

S -- User’s Guide for HTesting ——————————
. . . e ‘ ‘ -

NAME :

 SYNOPSIS:

.+ INBUTS:

OUTPUTS:

" EXAMPLES:

. HTesting —---————— > Program that constructs the campqctlon tree

for comblnatlonal circuits.
Hamming : ’ -

Sequence values can be read from a user supplied flle

out seq dat" or be entered manually.

The summary of the compaction tree program is by default
reported to the standard output and to an output file

JMcompr_resl.dat". Results reported to the screen are
_more detailled,.

N
B

. . \
To run the program just type “Hammlng at the prompt.

'Suppose the 11ne numberings are read from a f;le

*out_line_numb.dat".

The first prlmary output line has got the number
The second prlmary output line has got the number
The third prlmary output line has got the number
"The fourth prlmary output line has got the number

- Moreover, suppose the sequence values are read from an. 1nput
file “out_secq. dat' .

45

60110
0010
1’110

WNRFRO

o

o
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1110 - i

0010 T

where 4 represents the number of output'sequences and S is
the number of bits in each output sequence.

Input file in the following format would mean:

Output sequence #0 has got the following bit-values:
‘Output sequence #1 has got the following bit-values:
Gutput sequence #2 has got the following bit-values:
Output sequence #3 has got the following bit-values:

oOHHO
or oo
O
© b=
orHOoo

The mainimenu will look like: .

X

Program Name : Hamming Testing

Language Y ol .
- MENU
'  :0 ¢ Read Sequeﬁces‘manuaily.

"1 .: 'Read sequences from a file.

IR . 2 : Creating the compaction tree assuming equal probability
B o ‘but stochastically independent values for single and
double line errors. ‘

. : 3 : Executing the modified algorithm assuming equal
o - _ S '~ probability but stochastically independent values for o
e R ."[-ﬂf S single and double line errors. ) o o

_ o . 4 :  Constructing the {stochastically dependent) compaction * - rg
AL e . tree assuming different probability values for single - K
SE T double line errors.

o

5 :' Help file.
S -‘2”' f L o 6§ : Terminate Program. . ' ' o

Please select .your preferences....

You select your preferences by choosing first either 0 or 1 to read
the input data and then you choose 2 te create the compaction
Co s  tree assuming error occurrences to be independent or 3 to execute the
e " ‘modified compaction tree, 4 to construct '
: e the compaction tree when the error occurrences are assumed . o
- stochastically dependent, 5 to call a help file or you o T
might terminate your program by selecting 6. : - ‘

".The results of the program will be reported to the screen and
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to an output file *compr_resl.dat".

LE SR ER A SR RS RS ERRESEXER.S Important Note TR I X kAT T AT A TR hd ok hi

L4 -
* The .output file "compr_resl.dat" should be.erased *
* each time you run the program! *
N . - B .
3 t"******ﬂ**i****t"‘i".**t************************************* S

N

The resultlng output of the program reported to the screen would )
look like: ” . ) ®

OTTAWA—CARLETON INSTiTUTE FOR ELECTRICAL ENGINEERTNG .

TEST COMPACTION TECHNIQUE FOR BUILT IN SELF- TEST
IN VLSI CIRCUITS

Written by : Mansour H. Assaf
Supervisedlby : Dr. S. R. Das B R o : S

Date . : April 25, 1996

, The output sequences are as follows: - f' o . o R

00110 o
10110 - o | R
11111 g e |

00000 : ST

i**ti'ﬁ************i*****************************‘k****

STAGE: #0

*********t*i**w**************************************

Output sequences #7 and. #3 are merged with an OR gate 1nto #4. ‘ o C
The new output sequences are: o ‘ : v Co . Lo

i

10110 e ‘

11111 : '

00110 L ' : S .
- *****************************t***tt****************** ) ,.' o
- STAGE:#1 - . : : S

******tw*********w*****ww*************tw*************

Output sequences #1'and #2 are merged w1th an AND gate. 1nto #5.
- The new output sequences are:

00110
10110

*ﬁ***t**w********t**t****************t***************

' STAGE: #2

**********iﬁ***********i*****************************

‘Output sequences #4 and #5 are merged with-an EXOR gate 1nto 6.
The new output sequences are:- ‘ , ‘ ‘ R

P

7]

10000
' *********t**************t*****************************
CPU time ‘ .
Initialization : o _ : 0.0001 secs. T




r
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Simulation - : 0.0002 secs.
Total ' ‘ : 0.0003 secs.

¥,

The reéulting'output of the program reported to the output file,
"compr_resl.dat" would look like: ' 2

Output sequences #0 and #3 are merged with an OR gate into #4.
Output sequences #1 and #2 are merged with an AND gate into #5.

Output sequences #4 and #5 are merged with an EXOR gate into #6.

5
i 2 :
S
! 1 " =
\
. = - N = 4
4 - ~ - o
. X E - g
N
. . .
g »
o s N
~ 1 f o N
P . . . o . ' . e ) AT
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7 - L7
! £ v
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n '
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BN R
o [ \. . :
PRI ! 5 7
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s o e
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' - '
g o '
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D . .y .
TR . ; i E K }
N 1 PR T -
- At R o .
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# makefile for the compaction tree program
# hamming.c print.c read.c help.c are source files for processing
# They use definitions in the header file defin.h
CFLAGS=-0
GDATA=defin. h . . .
SRCS=hamming.c print.c¢ read.c help.c
OBJS=hamming.o print.o read.c help.o. T S P
Hamming: ${OBJS) $(GDATA) o ‘
gecc $(CFLAGS)$(OBJS) ~o0 Hamming
hamming.o: hamming.c¢ $(GDATA) _ : : §
gce $(CFLAGS) —c¢ hamming.c ' : C
print.o: print.c ${(GDATA) o '
: gce '$ (CFLAGS) -c print.c
‘read.o: read.c¢ $(GDATA) o :
gee $(CFLAGS) -c read.c }
help.o: help.c $(GDATA} . . . " N i ;
‘ . gec $(CFLAGS) -c help.¢ ‘ S ' LT
lint: - : B ‘ ' L ' L
lint $({SRCS} -
. clear: e L R U .
o rm. $(0BJS) Lo ’ S ‘ o T s . - .
B )
= . " o\
. ! [ : e
‘ bR 4o ..
B " Q ‘ !
;
. a,
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/***********!***************'**Q*****_***‘!‘*****************************i!*

This program was written by Mansour H. Assaf under the
supervision of Dr. Sunil R. Das, in the University :
of Ottawa, Department of Electrical Engineering, in 199§.

This program is released for research use only. This program,

.or any derivative thereof, may not be reproduced or used _

for any commercial product or purpose without the written permission
of Dr. Das or Mr.. Assaf. . :

For detailed information, please contapt:'

PBr. Sunil R. Das

Department of Electrical Engineering

University of Ottawa ' ‘

Ottawa, Ontario

Canada KIN 6N5 .

Phone No. (613) 562-5800 ext. 6216

Fax: °~  (613) 562-5175 , : . - ] o
R E-Mail: S.R.DAS@IEEE.ORG . .. ' T
***********************************************************************{
/*#***********************f&* HISTORY**********#*****************f**i**‘

HTesting: Version 1.0

Original: M. H. Assaf, 15/04/1996

***********************************************#***************i*ﬂ*****/
,_* " i . . — L e e R
' defin.h ‘ ‘ ‘ o ‘ > :
. HTesting performs output compression for combinational circuits.
Qutput sequences can be read from a user supplied file or ‘ .
generated by a logic simulator. ‘ _ AT .

Vo 1

________________________________________ */ ,
/************************************t**************t******t*ﬁ***

* B } ' . *

* . © ¢ Defin.h . ' *

* ‘ .. Defines global data structure for Htesting. * .
o ! : o ! ) . *
******i************f*i****%****%**********t*********ww*******ww**/

#define MAX 500 - - /*maximum number of primary ocutputs*/

 #define TRUE 1
#define FALSE 0

, - : '
l X .

] ** xRk *GLOBAL VﬂRIABLES*********/
int Length; - /*sequence length*/

int weightl [MAX]; B /*number of 1ls in a sequence*/ ‘ : : :
int weight0[MAX]; /*rnumber of Os in a sequence*/ ‘ - '

[RIEN
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int stage;

int out_number;

int. stage_number;

int WEIGHT:;

e*/
. int new_line;

int out_seq[MAX] [MAX];

int compress_out [MAX] [MAX]:
int hamming_dis;

int weightpl; s
‘int welightpO;

int discard[MAX]:;

int Weightpl [MAX] [MAX];
int WeightpO[MAX]} [MAX];
int Hamming_dis [MAX] [MAX];
int init_values[MAX]:

int Rland;

int R2and;

int Rlor;

int R2or;

int Rlxor;

int R2xor;

int count;

- Eloat E_AND[MAX] [MAX];
. float E_OR[MAX] [MAX];
float E EXOR[MAX][MAX]

float E_MAX;

float EPSILON_AND[MAX][MAX];

float EPSILON _OR[MAX] [MAX]:

‘float EPSILON_XOR[MAX]TMAX];

} float EPSILCN MAX
-float S1;
float 52;

char G;

- char g; /

chTr G_check; -

.4 FILE *m, *out;,

. _\':.
Coam

/*stage at which compression is performed*/
/*number of primary outputs=*/

/*number of stages*/

/*temporary flag holding the highest weight valu

/*line number created after compression*/

" ./*storage for cutput segquences*/

/*storage for compressed seguences*/

/*hamming distance value*/ . . o o
/*weight of 1s value*/ o . - : .
/*weight of 0s value*/ S oo =
/*sequence number to.be discarded*/ R L
/*the evaluation of the number of 1ls*/ s : S
/*the evaluation of the number of Os*/

/*the number of bits that differ*/

/*initial line number*/

/*prob. of single line erroxr*/

/*prob. of double line error*/ )

/*prob. of single line error*/ e oA
/*prob. of double line error*/ : : : -

/*prob. of single line error*/

/*prob, of double line error*/

-/*folows lines"numbering*/

/*error estimate us;ng AND gate*/ .

/*error estimate u51ng OR gate*/ S %
/*error estimate using XOR gate*/
/*maximum error estimate*/

/*detectable error probability for AND*/

/*detectable error probability for OR*/
/*detectable error probability for XOR*/

/*maximum detectable error probability*/

/*prob. of single error effect*/

/*prob. of double eeror effect*/

/*chosen gate for merger*/
/*selected logic gate*/
/*checking to selected type of gate*/

“/*inpuE[output file pointers*/

7
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‘/*‘*********************1‘***********i***x*****t*w**********‘ LA AR R B R R B
4 .

This ' program was written by Mansour H. Assaf under the -
.supervision of Dr. Sunil R. Das, in the Unlver51ty .
of Ottawa, Department of Electrical Engineering, in 1996. N

This program is released for research use only. This program,

or any derivative thereof, may not be reproduced or used .

for any commercial product or purpose without the written permission:
of Dr. Das or Mr. Assaf. . : i

For‘detailed information, please contact: ‘ - 2

Dr. Sunil R. Das . : . )
‘Department of Electrlcal Englneerlng ) . . 0 Lo S . .
University of Ottawa ‘ R N : L L .
Ottawa, Ontario - o : ‘ ‘ ST :
Canada K1N 6N5 S : oL SR oo
Phone No. {613) 562-5800 ext. 6216 ‘ ’ '
Fax: " {613) 562-5175 ‘ . : R : o . ‘ .
E-Mail: . S.R.DASGIEEE.ORG ‘ ' R .
‘********i***********************************************w**************/ o

/**************************** HISTDRY ************;t‘-******;******;******.-
B) : o : . : \
\ " . .
. A . '
HTestlng Version 1. 0 . ‘ ‘

N ot
N . A

Original: M. H. Assaf 15/04/1996 . ‘ . o
*******************************i‘*************t********tw************W**l
I*_____ . - — O . P
" hamming.c . e . : ‘ ) e e
HTesting performs output compression for comblnatlonal c1rcu1ts. R BT
Qutput sequences can be read from a user supplled Eile or. Lo e P R
generated by a loglc simulator. : : B ‘ ’

‘#include <stdio.h> T S T LT
#include <stdlib.h> ) ‘ I : e o : e
#include <math.h> : R Ce S g ‘ : e S .
#include <sys/times.h>: o ‘ ' R R K v
#include <time.h> ‘ ‘ - L L - T
#include <string.h> ‘ " T . N
#include "defin.h" S o " : : B s .

: ) o ; o L .
extern void header (); . L o :
extern int menu():; ‘ o ! ' k
extern void read data_file(); . ‘ . T o o
rextern void read_data_man(); ) ' - S Lo ) - R
extern void help(); -  ° ' o s o ] : _ P o
extern void read_S(); : J‘ L o T o T - e
t ! 4 !
- . , o ‘ '
= I8 ' ‘ .
- n ) + v

‘{;‘m
‘$$"?“xﬂmﬂwkn
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float minutes,seconds; inittime, runcime, simtime;

_/***'k*#t*ttt*I‘"i’*k**********t******it"i**t*********Q***********t*

* ' ’ " *
- no FUNCTION THAT INITIALIZES ALL VARIABLES >
* ' : *

ti*tt"itﬁ*********t*t’*tt:"**’***'ﬂ*********ti’*"******.*************!

init) : T .
. . ) . ’ . T - . ‘ .
int I,3; S - : o o ' R T
for{I=0; I<MAX; I++) . S R T . .
. { : ' . ' . . . " R , . .
weightl[I] = 0; N . S
weightQ[I] = 0; - o ) o A
} /*end of the for loop*/ . T T S
for (I=0; I<MAX; I++) 3 ‘ : . : . ) S
for (J=0; J<MAX; J++) : : S i R .
[ ‘ - X S - N Lo ‘ . . o .
E_AND[II{J] = 0.0; . , Co DT R
E_OR[{I][J] = 0.0; - L ‘ L e ' R
E_EXOR[I![J]) = 0.0; ! ;

, EPSILON_AND[I][J] = 0.0; i & : .
EPSILON_ORI[I][J] = 0.0; N ?
EPSILON_XOR[I][J) = 0.0; : . \ : .
Weightpl[I1([J] = 03 - .
WeightpO[I}{J] = 0;.. E T _ J :
Hamming_d&is[I][J] = 0; : : . a o o N
} /*end of the for loop*/ . . . : T oL s

. . - B . - ‘I ) " ' ! E -1 ' ’ ! ' ’
EMAX = 0.0; . .
weightpl = 0;
weightp0 = 0; ! ,
hamming_dis = 0; ‘ )

WEIGHT = 0; * ‘ a SRR . =
EPSILON_MAX = 0.0; o ) : ' » ' "
Rland = 0; C o N o .
RZand = 0; . e . - oo i o R o : y '
Rlor = 0; - : ki
R2or = 0; ‘ o ‘ S S . s : : . o !
Rlxer =0; * ° Lo ‘ - ' o A
Rixor = 0; . - oo o ‘ ' ' '
j.*itt*i*******l**t‘t***********************i‘-****************;**tl*****.****** ‘k‘: . -' ‘r
ke ) . ' ' . ' * ' .
. *  "FUNCTION THAT CONSTRUCTS THE MODIFIED COMPACTION TREE ‘ * T '
* P . ‘ H : ' ) ) - * )
***w***t*********t*g****{******************************************w**y*/ P Lo "
mod_compact {}. - . : ' : ‘ L ‘
- L g - ‘ o BT . ' : R
oint i.3; o ' o . . . ) o B .
. ) | ) o » ; ' -
stage_number=out_number; T L ’
. ) R . K ' .y
' header (); " o | B o R - Lolen L
. ' n‘ [ L ‘ {;; i ' o
. ' o ' r ' , v ! ! e '
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for{i=0; i<MAX; 14t}

{

dlscard[ll = 0;

} . /*end of the for 1oop*/
stage=0;

new_line = init_values{ou&_number—l};
-.while(stage < stage_number-1)

oo d \ . . ‘ _ - .
- init{(); : ' T A
N combinations{); : C '
o gate_selection(});
- ‘Stage++;. ] : . - L. S . SR
} © /*end of the while loop*/ S . A . oo

E

/***************************************‘k***\*t***‘k*******“********
. . o
* o .

* .
* L FUNCTION THAT GETS CPU TIME USED R . s
* i BY THE PROGRAM , . o *
* - . \ -

**#****************************************tt********t*********t/

" void gettlme(useztlme systemtlme total).
float *usertime;
float *systemtime;

float *total;

{ : ‘ ' o oo
struct tms timesbuffer; . oo ' ’ ST
time_t totaltime;. o
time_t utime;
time_t stime;

. . e
times (ktimesbuffer); R
utime=timesbuffer.tms_utime; B S . ‘ ) o
stime=timesbuffer.tms_stime; ' : C
totaltime=timesbuffer.tms_utime-' 1mesbuffer tms_stime; /* In Gﬂth seconds *l "L
*usertime={(£float)utime/60.0; . -
*systemtime=(floakt)stime/60, 0- o
*total—(float)totaltlmeIGO 0; :

}

/******i******************************************t********t***********t*
*

L ik i
* C FUNCTIONS THAT SELECTS GATE ACCORDING TO THE ‘ -
* o * MERGEABILITY CRITERIA ‘ ‘ *
* ’ ’ *

**************t*********************w***********************************/ . e

gate_ selectlon() ‘ ’ o
L - : . . - C
int I J K,P; oy L e : .

int M,N,0,L, tmpl = 0 tmp2 = 0; - B .
int last_llna = out_number-1l; ‘ '
M=0,N=0;g="a’; ' '

for (L=0; Le<out_number-1; Lot+)

LR
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{ .
O = I+1;
while(0<out_number+l)

) M=L;
= N=0; v ' :
. - .Y . /*end of the if test*/
else -
. (
" E_MA¥X=F_MAX:;
. M=M; - O
w, N'?:N:
. ‘ }
if(E_MAX<E_ORIL] [0])
- B =E_ORI[L] [0Q];
- M=L; o
N=0; - T
. 1 /*end of the if test*/
! ‘else ! N
o n
E. MAXHE MAX
M=M;
] N=N;
) :
if{E_MAX<E —EXOR[L] [0])
. . L
. B M.AX-—E EXOR[L] [0] ;
M=L;-
. N=0; , ' . .
= : } " J*end of the if rest*/
. else o
‘ {
"E_MAX=E_MAX;
“ . M=M; :
N=N; . .
Ok ’
} /*end of the whlle 1oop*/
}- /*end of the for loop*/ ..

1E(E_MAX<E_ AND{L] [0])
- (

'E_MAX=E AND[L}[OI

- if ((1 O*nghtpl[m [N]) > ((Length*l 0)/2.0))
: o {

M"M, )
JN=N;
‘g=’0';

5 3 .
else if’ {(1. O*Welghtpolr-ﬂ w3 > ((Length*l 0)/2. 0))
R

M=M;

else

LT

“

-0
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g=- 2'. ;
}

switch(g)
{ .
case’0 :-{ | ’
for(J:O; J<Length; J++)
{

out_seg[out_number] [J]=out seq[M}[J] &% out seq{N][J]
- discardM] = 1;
discard[N] = 1;

o} /*end of the for loop*/
new_line++; - . _ - : S . .
‘last_line++; : ' ‘ R T N
init_values([last_line] = new_line; )
in = fopen {"compr_resl.dat","a"); : .
if(in) . R :
{ .
for (K=0; K<MAX; K++)
if (M == RK) : . B
{ T o ‘ h T Do .
f*printf ("M = $d\n",M);*/ D S L
tmpl = init_values[K]; : : T o
/*printf{"tmpl = %d\n",tmpl);*/ . , o T
else » ' ' : o C . ! - ' B _ St
M= M; . o , o ST e
for (P=0; P<MAX; P++)}. : ) L ' o s
' A ’ . ’ W@ . Do
“if (N == P)
/*printE{"N = d\n",N};*/
tmp2 = init_values([P); o :
C /*printf{"tmp2 = %A\n", thp2);*/ o : g ; e
} . L — .
else T
= N; ) P
r
if (stage == stage_number-2) o .
fprintf(in,"and 0 2 %4 $d\n", tmpl, tmp2) ; - /*end of if test*/
: else ‘ :
fprintf(in,*and 1 2 %d %d\n", tmpl, tmp2); .
/*fprintf(in, "%d = AND(%d, %d)\n ynew_line, tmpl tmpz).*/
Yo /*end of the if test*/
else . . . . o I
- printf{"ERROR OPENING. compr_resl.dat FILE\r"}; oo
fclese{in}: - . N ..
- “out_number++;
. break; ) o ‘ : e
case'l’: { o . R &

£or(J=0; J<Length-.J+¥)
{

out_seqglout number][J}—out seq[M][JIl[out seq[NI[J]
discard[M] = 1:
v - discardiN] = 1;
. . _ ‘ 1 /*end of the for loop*/
| N new_lLine++;
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last_line++;
s init_values[last_line] = new_line:
in = fopen (*compr_resl.dat","a");
Aftin) . . : ]
for (K=0; K<MAX; K++) - B
: . .
if (M == K) - .
{ ' .
: /*printf ("M ='%d\n" M),*/ ’ o
N tmpl = init values[K]
/*printf{"tmpl = %4\n", tmpl);*/ ‘
else - ‘ : T R
M= M; . i - . . T

)
for (P=0; P<MAX; P++)

q
Ny,

{
~if (N == P)
{ , .
/*printf(*N. = %d\n",N) ;%
ctmp2 = init values[P],
/*printf{"tmp2 = %d\n", tmp2) */

else

"N = N; .
} E

) if (stage == stage number—“) ' - -

fprlntf(ln. or 0 2 %d $d\n" tmpl tmpZ). o JS*end of if test*/

- alse . ' ‘ .
fprintf(in,"or 1 2 %4 %d\n*, tmpl tmpz}, : b
/*fprlntftln.'%d = OR(%d, %d)\n ;new_line, tmpl, tmp2) ; > U .

1 /‘end of the if test*/ ‘ ' o 8
else . .

o " printf {"ERROR OPENING compr resl dat FILE\n"); . )

-, fclosefin);. o - L
: ¢ : out_number++; o
‘ . . Sy o . - : I

: S ‘ . break; ' ‘ ‘ ' Lo

case’2': { ' ' '

h for{J=0; J<Length J++)
{

out_segout_ number][J]-out seq[M][J] out seq[N][J].

discardiM] =
discard[N] = l-
| “/*end of the for loop*/

‘new_line++;
last_line++: .
init values[last _line] = new_line;
in = fopen ("compr_ resl dat‘ "a y: o r o
~if{in} - ‘ ‘ : R

{ ' . - ‘
for (K=0; K<MAX; K++) S o . )

{ . ‘ ‘ ‘ . ' ’ e '

if (M ==K) - o - - S - o ' i,

{ ! . . . . . . ) s L

/*printf('M = %d\n",M);*/ - ' I :
CEtmpl = init_values[K];
C/rprinef(t tmpl = %d\n',tmpl) *f

1

&
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else
M = M;

}
for (P=0; P<MAX; P++)

: { -
"if (N == P)
. { .
- /*printE{"N = $d\n" ,N);*/
(bmp2 = init values([Pl; .
/*printf(*tmp2 = %d\n", tmp2};*/.
} - I
else
N = N;
} I : N .
- 1f (stage == stage number-2) )
fprintf(in, "xor. 0 2 %4 $d\n", tmpl, tmp2) ; . /*end of if test*/
) else ‘ e o S
fprintf{in, *xor 1 2 %4 %a\n", tmpl, tmp2); )
[*Eprintf{in, "%d = XOR(%4,%d)\n" ,new_line, tmpl, tmp2) ;*/
) } /*end of the if test*/ ) :
else B ’ "‘l,
' : . printf("ERROR OPENING compr_resl.dat FILE\n");
felose(in) ; o o :
: out_number++;
S e
N , o . break;

default: printf("NO CHOSEN GATE\n")}; _
' 1 /*end of the switch tesc*/

[

. /f*********i***t********k***tt******************nt-w***wix*t**t*wn***&i*w

b VL . . . . . B . Y 1
*o Main loop for the logic eircuit compressor . - oo
* 1. Read primary. output sequences : ' ' * P N
* 4 . 2. Find Hs, W'1l, W'0 for each pair of sequences P .
* ‘ 3. Find the best pair of sequences to be merged ‘ = - S
* 4. Upaate output sequences and discard the used pair . *
* ; o Sl . ‘ . K = 0 ¢ o
*ﬁ******************t*#***;tt*******r******?***t****t*tittttﬁ*;****t*!t‘/J Y W o
"main() — g o - . T ‘ L e
{ o " . ’I‘_ | . . . - . ‘ : et E .
~ink i,j,re; 0 | - ] S . Lo - S o P
char ch='y'; . ' ‘ |
s s . S Seaoaa , . ‘ a°
init(y:. . /*initialize all 'variables*/ !
count = 0; ° - L ) :
Sl =0.0; L )
52 = 0.0; : s '
for (i=0; i<MAX; i++)
[ = ) . ’ : , ! r
init_values[i] = 0; L C
I T o o ' : w

L4
Y
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while{ ch" 1=

q -

rt = menuf);
switch (rt}

{

case (

case 1:

case 2:

Ant, inittime};

oqa)-

read_data _man(); /*read output sequences from a user*/

break:;

read_data_file();

/*read output sequences from a file*/
break; ) ‘

.compact(): : o /*performs snace compre551on*/

gettime (&minutes, &seconds, &runtime) ;

| printf{* CPU time\n");

An*, simtime) ;

An', runtime};

case 3:

~An*,inittime);

.\n“,simtime);

An*, runtime) ;

case 4:

. prob_compact{) ;
" gettime (&minutes, &seconds, &runtlme),..

printf (- Initialization . ‘ : %.3f seés;
printf(" Simulation o o _; C :‘%.3f‘secs 
printf(* Total ' ' .. B : %.3f‘secs'ﬁ‘
bpeak:- o _ o

w - ‘ ‘ T

mod_compact () ;
gettime {&minutes, &seconds, &runtime) ;
printf (" CPU time\n");

printf (" .Initialization , o . : %.3f secs
printf(" Simulation ' , ' T %.3f secs
printf(* Total . ' L  : $.3f'secs
break;

read_s{); . - ‘ o o S e e .

- printf£{" CPU time\n");

‘.\ ,1n1tt1me}.

\n s;mtlme).

“\n", runtime) ;

case:6:.

1.

e

case 5:

oy

;\

printf(" * Ipltlallzatlonk‘ . o ‘_3‘7”4y‘, ﬁ\%.Bf secs
printf(* . simelation "““”': B ~J' ; r ;ﬁ%ﬁéf‘sécs“
‘prinkf(" Tbta; - -g. k = , S ‘.‘.   £ $.3f secs
break;’ J | L | o ; | ; :
help(): | TR s

'br??k:, . - ‘ o S

pr;ntf(" No- selectlon/Program aborted \n* ).
ch = 'q"; . :

"/*end of the.switch test*/ -

‘




} /*end of the while loop*/

¥

*
-’
o

/t*********************m‘b OF BIAIN****t***********‘k********‘****i **Q***/

/*******'k***************!**‘*****t**********t*******i’**'ﬁ*****i******;it****

B . .

FONCTION THAT CONSTRUCTS THE COMPACTION TREE . o

- *

********1\'********************'ﬁ**********‘*‘A“k************t******ti\i!ﬁ*****/

compact()

int i,3;:

stage_number=out_number:;

header ():

printf {"The output sequences are as follows \n ),

i++)

for(i=0; i<out number,

.
printf (" \n ¥:

the for 1oop*/
1oop*/

for (j=0: j<Length; 3++)
{
Y printf(*%d*,out seq[lI[J]).
Cod /*end of
. 1 /*end of the for
printf{*\n");
for(i=0; 1<MAX-‘1++)
discardfil]l = 0;
} /*end of the for loop*/

‘stage=0; .

new_line=out_number-1; . )

while(stage < stage_ number-1)-
{ ' .

fopen (*compr_resl.dat”,
if{out)

/*out =

while(!feof(ouﬁ))
L

W)

printf{"STAGE:#%¥d\n", stage) ;

prlntf(I*********t*********************************t*********\n )

initc();
corbinations();
choose_gate();

printf{*The new output sequences are \n }:

for(i=0;

¢ if{out.seg[il[0]

{

o

i<out, number;
‘=

pr;ntf( \n*);
for(j-O

i+
9)

j<Length;
i

o* P lI********************k*‘******************w*****i**t*** '\.

5

+) . - ol -

Jeey

prlntf( %d*, out seq[11[3]).‘

1

/*end of the for 1oop*/

o

)



* ‘combinations() |

H

: . } /*end of the conditional if*/
. B -printf{"\n=);
stage++;
VA |
} .
else

‘ printf("ERROR OPENING out_seq.dat .FILE\n"):
fclose(out); )
=/} /*end of che whlle loop*/

prlntf ( Ut*****ti*’*********t****‘k****1'************************\n )

*

/**I****ﬂ*********t**************_******‘.*********************************;*

» . . CL L
* o FUNCTIQN THAT ANALYZES ‘DIFFERENT QUTPUT SEQUENCES . . *
- E - . Lok

dede N ****u*'*********f**w****i**‘***t****'*****************_*‘*{t*************/

{

int i,j,k.l.r.p'mnnyoi

i=0;
k=0; : '
~while (i 1= out_number-1) ’ v
{ : .
if{{discard{i] != 1))
{: .
k=i+1; = - ’ .
’ o ‘while (k!=out_number) T
1f((dlscard[k], = 1}y o B .
‘ { ‘ ' o ' :
for (j 0, j<Length- j++)
{ ,.., ! e
ST oL _compress._ out[OI[JI*out seq[;][jl;y?”
. T ‘ -} . . /tend of the for loop*/
coe ) T s . for(j=0; %rLength- J++) :
L s : ‘ ‘ o 1 '
Tow S o compress_cut[1] [j)=cut seq[k][j
o S ’ . } - . /*end of the for 1oop*/
T o hamming_dis=0;
Lot T T weightpl=0;
‘ SRR T . weightp0=0;
o : © derived(i,k);
. ! | S /*end of the conditional if*/ .
‘ o else o o
S X o N dlscard[k] dlscard[k]; LY
: R o kbt
: ) 1 /*end of the while loop*/
)} /*end of the condltlonal if*/
‘ else ) ‘
'“ I . dlscardlll = discard[il; o
L & = T
o Yoo /*end of the whlle loop*/
) C . . .

r

£}
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/***********‘****}k*****t****************‘A"**t********************Q*****t*l\!

* . . .o
* FUNCTICON THAT FINDS THE DERIVED SEQUENCE ' : *
* AND CALCULATES ERROR ESTIMATES -
x ] 3 . *

**************_***********************************************t**w*******/
derived(int r, int )
int m,n;

for (n=0; n<Lethh} n++)
{ ;

if(compress_out[ol[n]1=compress;out[1][n]) ) ' ' f. ‘ e ‘.H
hamming dis++;
\ compress_out[2] [n]=2;
else . L. . “ IR . .i
{ S ‘ . : o I

hammlng dis=hamming_dis;
compress out[2][n] =COmpress out[l][n],- -

Yo /*end of the for loop*/
for (n=0; n<Leagth; n++)

e . if(compress_out[2][n]==

welghtpl++;

else if{compress out[21[n]

G ' welghtp0++- . :
S else ' : EE 0

weightpl=weightpl; . ST , : LT
weightpO=weightpl; ‘ : S s s U

o) '

1 /*end of the for loop*/

- i . - E_EXOR[xr] [p]= 2*Length*l 0; ' )
E_OR[r] [p]l=hamming_ dls+(3*welghtp0)+(we1ghtp1*l 0); ' '
- E_ AND[r] [p]l=hamming_dis+{3*weightpl)+{weightp0*1. 0) ‘ A

‘Weightpl [r] [p]=weightpl; . _ S
. - WeightpO[r] [p]l=weightpO: - - . < o o T R o
¥ o : Lo S . _ : . - B . g
"/ﬁiwi*wQ*w*mé****h****¥************Q****i*********n**;w***w****@*t**;**i*
* o o ) .o B S e
L FUNCTION THAT CHOOSES THE BEST GATE FOR MERGING - Co*
* : ¢ *

**ftw****************i*****************************}***********t*****%**l
i ’ .

. pChoose_gate{)

int m;n,1l,0,1i,3;

m=0;
n=0;
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-G='a

for{l=0; l<oﬁt_number-1;
( h

LA

prlntf('Output sequences #%d and #%d are mer

= 1+1;. ]
while (o<out_number+1)

‘else
*T:: ‘o++
1 }
switbh(G)
o St

n,new_line) ;
= fopen (*compr_: resl dat", "a" )-

out -

1f(out)

{

else

1++) 7

if(E_MAX<E;AND[l][O]),H

E: MAX=E_AND[1] [o];
m—l n=c; G='0'; )
'} /*end of the if test*/

{ : :
E_MAX=E MAX;
m=m; n=n; G=G;

if(E_MAX<E_OR[1][p])

else -

E_MAX=E OR[1l][o]:

‘m=1l; n=o0; G='1"; o .
b . f*end of the if test*/

. S .
E_MAX=E_MAX;
m=m; n=n; G=G;

if (E_MAX<E_EXOR[1] [0])
g

case’'0’':

RE4R

E_MAX=E_EXOR[1]{o];

-m=1l; n=o; G='2"; ‘
} . [/*end of the if test*/

T ‘ .
E_:MAX=F,_MAX;
m=m; I1=n; G=G;

}

‘ - {*end of the while loop*f
- /*end of the for loop*/

¢ - o
for(j:O; j<Length; j++)
{

4

out_seqout_number] [3]-out _seq[m] [j]&&out_ seq[n] [j] ;

out_seqgm] [j]1=9;
out_seqg(n] [j1=9;
discardiml = 1;
dlscard[n, =-1;

} o /*end of the for loop*/

new, 11ne++,

-

a

ged with an AND gate into #%d.\n",m,

{ L | ‘ | S ‘
‘ fprintf(out.'output sequences #%d and #%d are merged with an AND gate into #%d.\ .

~y
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n",m n,new_ 11ne),
/*end of the if test*!
else ' :
prlntf('ERROR OPENING ‘compr_resl._dat FILE\n"};
fcloselout) ; ’ .
‘ ‘ out_number++; ‘ - .
} N . .
_ - break;
case*1l’:"{ - Co
- for(j=0; j<Length; j++)
t . .
ouk, seq[out numberlt[jl= out seq[m][;]||out seq[n][j],

out_segin] [j]1=9;
out_seqgim] (j]=9;

discardfm] = 1;
discard[n] = 1;
o } . [*end of the for loop*/
new_line++;

prlntf( Outpqt sequences #%d and #%d are merged w1th an OR gate

,new_line) ; . ‘

out = fopen (*compr_resl.dat”,"a"); _ - . SR e
if(out) - - ‘ . ‘ o o

inte #%¥d.\n*,m,n

fprlntf(out "Output secuences #%d and #%d are merged with an OR gate into #%3d.\n
".m,n,new_line) ; L ‘ - ,
' 1 /*end of the if test*/ - ‘ . s
else ’
prlntf{ ERROR OPENING compr resl. dat FILE\n"};
fclose(out), ) .
out_number++; ] ‘ . : =
} .
_ break; o : e '
case'2’': {’ ;
: for(j=0; j<bLength; j++)
{

‘ ‘ out_seg[out_number] [§]=out_ seq[m][g] out seq{n][j].
. o S _ cout_seqglm] [§]1=9; . :
SR out_secn] [§]1=9;
discardim] = 1-'
discardin] = 1;
' } /*end of the for loop*/
new_line++; L R
printf("Output ‘sequences #%d and #%d are merged with an EXOR gate into #%d.\n",m.
©i,n,new line}; ’ ' ) - o o
out = fopen ("“compr_: resl dat*,"a");
if (out}

. { ) ' .
fprintf (out, "Output sequences #%d and #%d are merged with an EXOR gate into #%d.
\n" ,m n,new_line); T : T

} . /*end of the if test*f
‘else

C prlntf( ERROR OPENING ‘compr_; resl dat FILE\n ):

fcloselout);

out number++;
}
break; ) ‘ ' _ S .
default: printf("NC CHOSEN GATE\n"); i o S o
} /*end of the while 1oop*/ ‘ ‘ : :




Listing for assaf -

/ﬂtt**f*’ﬁ‘i*ﬂ't*****t*t*’***t**t'l'l‘"!'ﬁ*l‘*f‘ﬁﬂ'*****************_‘l‘****‘*********

* ) ' -
* .- FUNCTION THAT CONSTRUCTS THE PROBABILISTIC COMPACTION TREE Cx
> - *x .

*iri't**t'tt'ttiii"**‘-‘**’**Ri**ﬁ********************************************/

'prob_compact () . ‘ ‘ l -

{ » -
int 1,3;

stége;number=0ut_number:

header ();

for(i=0; i<MAX; i++}) . s L e

H
discard[il = 0; ' ) S ‘ I Lo
} /*end of the for loop*/ ' ‘
- stage = 0; = o e
C new_line = init values[out number— l], . ‘ T
while(stage < stage_number-1) ] e . v E-
init(); .
pProb_ comblnatlons(), .
_ prob_gate_selectlon(), ‘ :
‘stage++; : . R ' , oo T
o } .- {*end of the while loop*/ o o :
}. . S . ‘ ‘ : o

! U e o S PR

' ' A

",**h***********t**w***********t***t**************************************

, " *
* o FUNCTION THAT ANALYZES DIFFERENT QUTPUT SEQUENCES R ,‘ *-‘w
% * -
******i**************************i**************************************I
.prob comblnatlons() o e o o L T B
{ . . . . ’ wa
int. i .3 k/l,x, p m,n,0; :
.i:O{ IR D , . o
" k=0; ‘-_. ' ) R y ,
while {i != t number—l)
i o { o . i
'if((discardlll 1= 1}) ‘ ' ‘
R { - ‘ R . ‘ E o . ‘ H
: k=i+1: S ‘ . '
While(k!=out_number) C
. [ - . . f
if({discard[k]l != 1))
. . - q : B .
for (j=0; j<Length; F+4) s .
. o {
: . compress_ out[O] [il=out_seq[il[ji: _
SRR . S } /*end of the for loop*/ B
g o, : for{j=0; j<Length; 3++) E
' ‘ yeoo®
. Ve \ ‘“’ |

* ! R
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}.
else
}‘
N
*
* N

compress_out[1] [j]=out_seqlk][]}:
} /*end of the for loop*/
hamming_dis=0;
weightpl=0;
weightp0=0;
prob_derived(i,k};
}- /*end of the.conditional 1f*/
else o
dlscard[k] = discard[k]; . B
K++; :
/*end of the while loop*/
/*end of the condicional if*/.

discard{i} = discardlil;
i++; c
/*end of the while loop*/ ' I -

f******************************************w*********-k********:ﬁ-*t*****t‘**'

-
- FUNCTION THAT FINDS THE DERIVED SEQUENCE L R
AND CALCULATES ERROR ESTIMATES I s e
-

***********************************************t**********w**********t'ﬁ*/

A

int m,n;

_prob_derlved(lnt r, 1ntmp)

4

for (n=0; n<Length; n++) - S ' L T

{

K

else

}

for(n-U n<Length n++)
{

'hammxng dis++; : T g

P

. if (compress_ out[OI[nI'-compress out[l][n])
. {

- e
. ) . A . B

compress_ out[2][n]“2 S : S
} ) : o o . o [ K

{

7 ) - R
/*end of the for loop*/ = R R IL TR

| S . o P ‘ T

if{compress_out[2])[al==l) - . . ., S

else if{compress_out[2] [nl=

else

weightple+;
we1ghtp0++--

{ : B L : o . :
weightpl=weightpl; e . "t
welghtpO=weightp0; o .
1

/*end of‘the for loop*/

Riand = (2*we1ghtpl)+(0*w31ghtp0)+(1*hamm1ng dis);
"R2and = (l*we;ghtpl)+(1*welghtp0)+(O*hamm1ng dis);
" 'Rlor = (0*we1ghtpl)+(2*w31ghtp0)+(1‘hamm1ng dis);
. R2or =

(1*we19htpl)+(1*we1ghtp0)+(0*hamm1ng dis);

hamming_disshamming_dis; " . l - AETRE N f' “§n‘
‘compress out[Z][n] =compress out{l][n]. ‘

.
AN
L
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.

Rlxor = (2*weightpl)+(2*weightp0}+{2*hamming_dis};

R2xor = (0*weightpl)+{0*weightpd}+{0*hamming dis};
/*printf{*Rland=%d R2and=%d \n*,Rland,RZand};

printf("Rlor=%d R2or=%4 \n",Rlor,R2or);

printf(*Rlxor=%d R2xor=%d \n",Rlxor,R2xor);

printf(*81=%f 52=%f Length=%d\n",Sl,S2,Length);*/ .

EPSILON_AND([r] [p] = ((Sl*((1.0*R1and)/(2.0*Leng;h)J)+(32*((1.0*R2and)/(l.0*Lengt
hipy)y:; ‘ - ST ‘
EPSILON_OR[rl [p]
hiyyis . -
EPSILON_XORI[r][p] = ((SI*((l.O*Rlxor)/(Z-O*Length)))+(SZ*((1.0*R2xor)/(1.0*Leth
hil)): ’ o ) o '
/*printf('EPSILON_AND[%dI[%d]=%f\n';r,p.EPSILON_AND[r][p]);

printf(“EPSILON_OR [%d][%d]=%f\n"*,r,p,EPSILON_OR [r][(pl};
printf(‘EPSILON_XOR[%d}{%d]=%f\n'}r,p,EPSILON_XOR[I][p]);*/

h Weightpl([r] (p] = weightpl;

« WeightpO([r] [p) = weightpOl; -

 Hamming_dis[rj[p] = hamming dis; :

((51*{{1.0*Rlor) /(2.0*Length))L+(SZ*((1.0*R20r)‘/(l.O*Lengt

| /*printf(*Weightpl(%dl(2d] = %d\n",r,p,Weightpllr][p]}; -t o
© printf({*Weightp0[%d] [3d) = %d\n",r,p,Weightptir] [pl); . !

printf(*Hamming, dis[%4][%d] = $d\n",r,p,Hamming_dis[xr][pl);*/ ' . .

/i*ii***ﬁ-*****t***t****I******************t***********************‘********

LI : C . : . . *
* FUNCTIONS THAT SELECTS GATE ACCORDING TO THE. ‘ * -
* . . MERGEABILITY CRITERIA o N ’ * )
1% Lo R ' . N . . o ’ +*
i****’-i*****.ti****#***t'ti************i***************1‘:******************.‘*,'f\ N
. prob_gate_selection(} _
int I,J,K,P,empl = O,tmp2 = 0;
int M,N,0,L; = . P ‘ LR
+int last_line = out_number-l; -~ o " - : o ‘ .
" M=0,N=0,g=‘a’'; . e R o e, .
for{L=0; L<out_number-1; L+#) ‘ o o o ‘ " g :
0 = Lel; R o o ‘ T . . "4.
-while (O<out_number+1l) : . : e P SR
S | SR S L [ IR IR a0 Ao
v © 1f (EPSILON_MAX<EPSILON_AND[L][0]} o AP
v . . B { B W . v .
- - . ‘EPSILON_MAX=EPSILON_AND{L] [0]; '
. M=L; ' . . .
S ' o N=0; o - . e .
- ‘ } ‘/*end of the if test*/ ' C L.
S else . . S o C
v - r P ’ : ' T e
EPSILON_MAX<EPSILON_MAX; - , ! .
. ' M=M; ‘ ‘ : o e
L N=N;
0 N . I s . ) . ) o e *
if(EPSILON_MAX<EPSILON_OR[L][0})
/ . A S ‘ .
EPSILON_MAX=EPSILON_OR([L] [Q]; .. . .
“M=L; . . ’ o

i N=O; B ' (R S

Page
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} /*end of the if test*/
else .

{
EPSILON_MAX=EPSILON MAX;

| M=M:
N=N;

~

. } . ' :
if (EPSILON_MAX<EPSILON_XOR([L] [0])
- ' -

' EPSILON_MAX=EFSILON_XOR[L][0];

M=L;
N=0; ' . _ . ) .
a } - /*end -of ‘the if test*/ - o LT B L
- else o ) - s . a ‘
{ P : T S
EPSTLON_MAX=EPSILON_MAX; i : ‘ - C o
M=M; . . : o . - T
N=N; : =
l} ' ‘
O++; i i .
} /*end of the while loop*/
} - /*end of the for loop*/ )
"if ((1.0%81)>({2.0* (Weightp0 [M] [N]+Weightpl[M] [N])) / (Hamming_dis [M] [N] +(4.0*Weig
htp0 [M] [N1)+(2.0*Weightpl [M) [N]1)})}) . L
A - o ‘ o ! - Co Co .
if 1(1.0*Sl)>((2.0*(Weightp0[M][Nl+Weightpl[M][N]))/(Hamming_dis[M][N]+(4;0*weigA
hepl [M] [N]) +(2.0*WeightpO [M] [N]1)))) ' , )
* : IR &
T M=M; _
N=N; A K . i . ' A,
-g=,2,; . . ) . . Sl . : .
Y o . : S ‘ . : | o
else . o S ' . K L . P -
: { ‘, i ) ) . - . o o . L ':' Lo T
C MaMp o -
e N=N; E _
g‘:'l:;; .
} } . L
else if ((1.0*S1l)<((2.0* (Weightpo [M] (W] +Weightpl [M] [N])) / (Hamming_dis [M] [Nl+{d4.0 ~
*WeightpO[M] [N])+{2.0*Weightpl [M]1[N])))) . o o ) :
{ ' . o : .
if ((1.0*S1)>((2.0* (WeightpO[M] [N]+Weightpl M) IN1)) 7 (Hamming_dis [M] [N]+(4.0*Weig
‘htpl[M]} [N1}+(2.0*WeightpO[M] [NI}}}} v ‘ . .
© M=M; B v
- N=N; ‘ - . : . SN e
[N g='0"; - ) . o ' ‘ Co SR . K ‘
. } Y - ' .' . . - . - . Loon ‘(_
else : . g ‘
{ .
if (WeightpO[M] [N]>Weightpl [M] [N]) ‘ Lo o ,
M=M; ' ) . o v o
N=N; o - S o ‘ T .
g='l'; . o i . . . - } ) I N o B ‘ b e s
) S L R o o ' ‘ : . oy
else . " R S ST
" . ¥
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" else

/*end of the if test*/

| /*printf{"M=%d N=%d\n",M,N);*/

“switchig)
I
case’'0’: {

for (J=0; J<Length- T++) ;
{

printf{"Bad seléction of gates; check .your files\n"};

out_seglout number][J] =out seq[M][JI E& out seq[N][J]

discard[M] 1;
discard[N]
- } /*end of the for loop*/
new_line++;

" .last_line++;

init_values[last_line)
in = fopen {~ compr_resl.dat", "a");

1f(1n) N

{
) for (K 0: K<MAX R++)

{

if (M == K) :

. T .
/*printf(“M = %d\n",M);*/ .
tmpl = init values[K}.
J*printf(* tnpl = %d\n‘,tmpl) */

t - ! ‘ -
/*print£ ("N = $d\n* ,N);*/ '
tmp2 = init values[P].
/*printf{"tmp2 = %d\n“.tmp2) */
J -
‘else
‘N = N;
}
i (stage == gtage_number-2}

'fprlntf(ln,“and 02 %d %d\n' tmpl tmp2) ;

else

J'fprlntf(ln, "and 1 2 %d %d\n“ tmpl, tmp2) ;
/*fprlntf(ln."%d =. AND(%d, %d)\n

} ’ /*end of the if test*/
" else. .

[ : .

i

;new_line, tmpl tmp2);*[ 3 -  o ‘ 1‘

printE(*ERROR OPENING compr_resl.dat FILE\n"); '

\

" /*end of if test*/. - . ..

I

= new_line;

s}

o

(r

i

o
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fclose(in);

out_number++;

}

break;

case'l’: (-

for{J=0; JI<Length; J++)
: )

'out_séq[out nﬁmber][JI
discard[M] =
dlscard[N]

e

1

new_line++;
last_line++;

init values{last llne]

in = fopen ("compr_resl.dat*,
if{in}

{
for (K=0; K<MAX; K++)
{ .
if (M == K}

"}

{ -
/*printf("M = ¥d\n“,M);*/

tmpl = init values[h},

/*printf(*tmpl = %Aa\n*,tmpl); */
} .

. ¢else
- = M;
o :
"for (P=0; P<MAX; P++) =
o {
if (N == P)
{

tmp2 = init_wvalues|[P];

}
else

N = N;
}

Mprintf("tmp2 = %d\n",

/*Printf ("N = %d\n",N);*

tmp2) ;*/

]

if (stage == stage_number-2)

fprlntf(ln.'or 02 %d %d\n*, tmpl, tmp2) ;

aelse

fprlntf(ln,"or 12 %d sd\n", tmpl, tmp2) ;

}*fprlntf(ln,“%d OR (%4, %d) \n" ,new_line, tmpl tmp2) *x/

}. . /*end of the if test*/

. else

4 '_ 'fclose(in)f

vy | ' ‘
“ : . out_number++;

1

- break;

" case’'2’: {

for(J=0; J<Length J++)
{

out _seqgfout_ number][J]—out seq[M][J] out seq[N][J],
discard[M] = .
dlscard[N]
Y
new_line++;
 last_line++;

= l
/*end of the for loop*/

‘-printf("ERROR OPENING compr_resl.dat FILE\n");

/*end of the for loop*/

“out seq[M][J]llout seq[N][J].

?*end_bf if_test?/
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for (K=0;

)
for (P—O _P<MAX; P++)

{,
if (N == P)

v

félose(ini:

i

: : init values[lasc _linel = new_line;

fopén ("compr_resl._dat~>,-a");

co

if{in} ' ’ .

{ ‘ : . : . :

E<MAX; K++)-

{ T

If (M X} s : .

{ ) ' S . : N

/*printf ("M = ¥d\n",M)};*/ . o IR &

tmpl = init_wvalues[X]: . ) : ) ) . y -
LEmpl);*/ . B S Ry . . = .

ff

/*printf("tmpl = %d\n"
}

_élse. . = e

Lj/*prlntf('N =

" fprintf{in, *xor 1 2 %d %d\n"~

/*fprlntf(ln,'%d
-} /*end -of the 1f test*/ . ] ‘ ‘
“else : - . .

‘/*for(P 0;,

_,,v

O : :
Sd\n*,N);*/ . o o .
init values[P]; : o

tmp2 =
$d\n", tmp2) ;*

/*printf{“tmp2 =
3 :

else ' . ‘ ‘ C - . \

i

W= N;
if (stage == stage_. number -2) ' ‘ : ‘ 2
/*end of if test*/

- fprlntf{ln *xor 0 2 %d %d\n";tmpl, tmp2); : . : ER T

else—= i S ‘ . : : S
Empl, tmp2} ; _ o ‘ A _
XOR (%4, %d)\n' new. line, tmpl, tmp2) ; */ o Lo ‘ L -

printf{*ERROR OPENING compr_resl_dat’ FILE\n ) K
4 7 out number++- S : ’ _ “.I  L 0
 f i éreak- '_ o . . R o fh-” r . .
‘default: prlntf('NO CHOSEN GATE\n‘)' c '?7‘;M -ff BRI E

} l*end of the sw1tch test*/ E S B
P<MAX P++) : “ ‘ ‘ K C R -

L R .
.printf({"init® values[%d] $d\n"; P, init _values[P]);. " - v
}*/ wo . : : . PR 9 Con S Ty,
\ e . o . v . . "‘ . '." n D o S . - .I .
0, oy ' i R ‘ B \
: N ‘ | AR ' - &

' 4 A L
' r

" - . . K Vs < ! v E .

e K . .
1 R A \ ) ) s
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'/t********‘*****t****************Il‘it*k*t**t*tll*ii*t*k**'ﬁ“I"Q‘!**ti“ltiQ

This program was written by Mansour H. Assaf under the
supervision of Dr. Sunil R. Das, in the Uan&rs;ty
of Ottawa, Department of Electrical Engineering, in 1996.

This program is released for research use only. This program,. :
or any derivative thereof, may not be reproduced or used . . s
for any commercial product or purpose w1thout the written permlsSLOn

of Dr. -Das or Mr. Assaf. 4

For detailed information, please contact: ‘ . : s

Dr. Sunil R. Das
Department of Electrlcal Englneerlng : : :
University of Ottawa o e -
Ottawa, Ontario ' _ ‘
Canada KIN BNS \ s : .
Phone No. (613).562-5800 ext. 6216 ' o o7

' Fax:- . {613) 562-5175 - o : ' ‘

- E-Maijl: 5.R.DAS@IEEE.ORG

******ﬂ************w********************t*i*'**t******!'ﬁ*t*t****f*‘i*lt/ !

/*************ﬁ********t*“**‘* HISTORY 'l"ﬂ***"*'k***"i“******"t‘;"&?*******t*t
HTesting: Version 1.0. - S

Orlglnal M H. Assaf. 15:0411996 B C _I o e

**************t***************t*!t*w*w***tt*t**tt****t*t***ti*****tii**/ - Lo o - '

T - —— : —_—————— v

————— —

o

help.c ’ ‘ . LD :
Provides an on—llne help manual. ‘

“#include <stdio.h> . ‘ o o IR T
#include <stdlib.h> : ‘ o ‘
#include “*defin.h* : . . ; s

B 5 : i oo ’
/*****tt***********t*t***w*w*****ta******y****t*-**w******tt-tstw ' L e !

* . . . . . > o - - s
* ' FUNCTION THAT READS A HELP FILE ‘ ‘ * : : : : '
. - ) .

. . . - * ‘
. ' | g
*********t**w**************t***w*********:*-ﬁ*w*t***ttt**tt*t*r*t, ¥ e

help()
{

char ch;




prin;f(ii;--ff -----------

-);A
-printf({"\n"});.
printf("\n"};
printf (“NAME:

LAnT);

printf ("
printf(*\n*);
printf{"\n"}); .
printf(*SYNOPSIS:
printf(*\n*);
cprintE("\n*};

" printf (" INPUTS:
‘printf ("
‘printf{*\n");

. printf{*\n"};

. printf{"QUTPUTS:
princf(* Y
printf{* ’
printf("
printf{*\n~);
printf(*\n*});

" printf {"EXAMPLES:

printf{"\n*};
‘printf(*
printf(*
printf{"\n");
printf(*
printf(-
printf(*
.printf(*’
printf(*\n");
princf ("
file\n");
printf("
printf(*
printf ("
printf ("
‘printf ("
printf(*

. printE (" -
printf{*\n*};
- printf(*
printf(*
printf("
printf(“\n*);

printf("Output sequence #0 has got the following bit-values: 0 0 1 1 0\n");

printf (" Output sequence.#l has got the following bit-values: 1'0 1 1 O\n"};
priltf(* Output sequence #2 has got the following bit-values: 1 1.1 1 1\n");
printf(* Output sequence #3 has got the following bit-values: 0 0 0 0 0\n"*):

printf{"\n");

printf(* PRESS ANY

ch = getchar();
. <h = getchar();
printf("\n*);

- printf("\n");
printf ("
printf{"\n");

Cprintf{*\n");
cprintf(

0.\n%);

The second primary output line has got the number l.\n");

" The third primary cutput line has got the number 2.\n");
The fourth primary output line has got the number 3.\n"});

' moreover, suppose that sequence values are read from an input -

where 4 représents the number of output - sequences

“The main menu will look like:\n");

User’s Guide for HTesting .

——=-\n

HTesting —----——- > program that construets the compaction tree.

for combinational circuits. \n*);

Hammihg \n");

Sequence values can be read from a user supplied file\nf)}
‘out_seqg.dat’ or be entered manually. \n");

The summary of the compaction tree program is-by default \n"); .
reported to the standard output and to an output file \n"}; -
‘compr_resl.dat’. Results reported to the screen are \n"); ‘

more detailled.\n"):; -

To run the program just type ‘Hammiang’ at the prompt. \n"};

Supﬁose that lines numbering are read from a file \nt); o
'outﬁline_numbfdat'.\n'): i -

The first primary output line has got the number

‘out_seq.dat’.\n");

4 S\n"}; S
011 0\n*);

001 0\n");

111 0\n"); .

1 11 0\n"}; K .
001 0\n"}; v :

the number of bits of each output sequence.\n"});
Input file in the following format would mean:\n"): -

and_§ is\n");

KEY TO CONTINUE"); e o ' o

'
R

Q i

Program Name : Hamming Testing\n"):

=G .

R

¢



b

: )
-printf("\n")
)

Y

"

§£intf('\n')} . . -
printf({~ ; : " Language :rCrAn) ;
printf{"\n" ’ .

printf("\n*
printf("\n" _ : . '
printf(" _ MENUAR™) ;
printf("\n"); - .
printf{"\n");

LR TR T

printf{= : ‘ - @ : Read sequences manually. \n*};
printf("\n"}; : . ) S
printf(- . ) N 1 : Read sequences from a file. \n");

printf("\n*);

) prlntf(' ' ' 2 : Creating the compactlon tree assum

ing equal but stochastically independent probability \n");

printf(~ . ) . values for 51ngle ‘and double line
errors. \n"); E : .

printf{"An*); . . : :
printf£(" ' 3 : Executing the modified compaction
algorithm assuming equal \n* ),

printf(® o but stochastlcally 1n&ependent p.
- robability wvalues for single and” double 11ne errors. \n Y; '

printf("\n");

printf(* ' : : 4 Constructlng the (stochast;cally d.

ependent} compactlon tree assumlng different \n"};

printf(- probablllty values for 51ngle and
double line errors. \n"}; ‘ ‘ ‘

printf{"\n"}; . : ‘ .

printf(" 5 : Help file. \n');

printf("\n"}; ‘ " i .

printf(" ‘ & : Terminate Program- \n*};
printf("\n*); ‘ . )

printf(* ‘ . . Please select your preferences....\n"
printf{"\n"); e o ‘

printf{*\n*); - . ‘ R '
printf (" ‘ You select yourgpreferences‘by choosing first either 0 or 1 to
read\n*");

printf (" the input data and then you .choose 2 to create the compactlon \
n"); ‘

“princi(® tree assumlng error ovccurrences to be stochastlcaily 1ndependen_
t or 3 to execute the modified compaction tree, 4 to constructi\n");

printf (" ‘ the probabilistic compaction.tree when the error occurrences ar
e assumed stochastically dependent,5 to call a help\n*); .
printf(" . file or you, mlght terminate your program by selectlng 6.\n" ).'
printf{"\n");.

_prlntf(" The results of the program w1ll be reportad to the screen and\n
"y oo ‘ .
‘print£({* . to an output file 'comprﬁreal.dat'.\n ¥

| cprintf{"\n");

printf{"PRESS ANY KEY TO CONTINUE Y
ch = getchar();

“printf("\n");

‘ printf(" *********************’_’“Important Note *w******t**w****f’.*?y*\nu
Iéélntf(' . o | ‘ : . s ‘ ‘_ 7 . ™\n*
éélntf{' * The output flle 'compr ‘resl. dat‘ should be erased *\hf
ééintf("- . .-F; each time you Tun the program' ) s e t\nr'”

= - g sl B

1%

Er



N
printf{"

printf (-
)i oo .
printf{*\n*);
printf(*\n");
printf{" -
d\n*);
. printf{*
printf("\n");
printf(*

printf("\n"};
printf ("
printf ("
printf{"\n");
printf ("
printf("\n*);
printf(*
printf{"\n*);
printf(*
printf(*\n*);
prinef{*\n*)};
printf{*\n");
printf ("
. printf({"\n");
C printf ("
printf(*
printf(*
printf{"®
printf("
printf ("
- princf(*
S printf (*
n"}; R
printf ("
printf(*\n");

i

- e

. . . . |
*t**#*?**f'ﬁ***t*t*****tt*‘l’t***********!*********************\nﬂ kN

_The ré;ultingﬂoutput of the program reported to.the. screen wdul

- look like: \n*);

OTTAWA~CARLETON INSTITUTE FOR ELECTRICAL ENGINEERING\n*)

TEST COMPACTION TECHNIQUE FOR BUILT-IN SELF-TEST\n");
© OF VLSI CIRCUITS\n");' :

Written by : Mansour H. Assaf\n*);
Supervised by : Dr. S. R. Das\n*);

. Date : April 25, 1996\n");:

The output Sequeﬁées are as follows:\n‘);

00110\n"}; , L ‘ S .

10110\n*); ‘ Lo ) B : '
1111i\n*}; g : =
00000\n");

**************i*****************t********************\n!);

STAGE: #0\n");

**’****************i*********************************\n'r:

- Qutput sequences #0 and_#3 are merged with an OR gate into #4.\.

The new output sequences are:\n”):l

* printf ("PRESS ANY KEY TO CONTINUE");
ch = getchar();

printf("\n"};
printf(*
printf ("
printf{"
print£{"

- printf{* .

printf ("
prinkf(* °
‘\nn); ) .
S -prinkf(r -
printf("\n");
~oprintf (L
© printf(*
© printf(*
printf(*
‘printf(*
printf {"
Anty; o
printE(®
cprintf{*\n"};

10110\n*); ' \
11111\n*); g
a0lio0\n"}); = .

*****************************************************\hl);

STAGE: #1\n"); ' . Lo
F*******************************************t********\n"l;
Output seqguences #1 and #2. are merged with an AND gate into #5-.

By ) L
The new output sequences arei\n");

e
!

- 00110\n*Y;

10110\n");

**t*******}******************************************\nny-
. '

STAGE:#2\n") ; '

*****i****************i************%*****************\n');

Output sequences #4 and #5 are merged with an EXOR gate into #6

The new output sequences are:\n"};




printf (" 10000\n");

printf(u . R **************************************t***************\n )
printf(~ = CPU time\n*); . . _ :
printf (" L .Inltlallzatlon o ‘ : s 0.0001 secs.\n")
printf (" Simulation o ' . : 0.00602 secs.\n")
printf(r - Total o " 1 0.0003 secs.\n")
ﬁrintf('\n');

printf("\n");

. printf{"\n");

printf{"\n*); . :
printf(" - The resultlng outputs of the program reported to. che output fil
e\n");

printf(" - fcompr_ resl dat’ would look like:\n");

printf(*\n"); ’ ‘ : . . . C o
printf (" © Output sequences #0 and #3 are merged with an OR gate into #4.\
n*); . . : - _ ‘
printf(* Output sequences #1 and #2 are merged with an_AND gate into #5.
\n"); ‘ ‘ o7

- printf(" . Qutput sequences #4 and #5 are merged with an EXOR gate into #6
Ant); , E ‘ o :

" printf("\n"); ‘ . ‘ : ‘ ‘ '

printE(* You could get the resulting outputs reported to the output file-
~\n"}; '
printf(* - ' ’compr_resl.dat’ in FSIM and ATALANTA readble fromat \n"};
printf(*\n*);

printf(" - 4 = ‘OR{0,3)\n"};

printf{" . 5:= AND(1,2)\n")+;

 printf{": . 6 = XOR(4, 5)\n ¥

printf{"\n"); . o

. printf(" You also could get the resultlng outputs reported to the output

SoAnt);

printf(* | flle compr resl.dat’ in COMPACTEST readble fromat: \n )i v
printf("\n");

printf{" - 'oxr. 1 2 0 3\n"); .
printf(" “and 1 2 1 2\n");

printf (" xXor 0 2 4 5\n");-

print£("\n"}; T . ‘
printf ("PRESS ANY KEY TO CONTINUE“) ; ' " ) . _—
~ch = getchar{); : :
printf{"\n");

oo

!

/*******:;************k**********t*******t**************i‘;********
*

LB

*

* ©  FUNCTION THAT PROVIDES HELF FOR READING DATA e
* ° FROM A FILE _ LT o : m
* ' : g

. . *
) *************t***************t********-******************i*****“**/ .

‘help read_data flle()
{

int answer, s L S . ‘ o
. char ch; ‘ S o S

- printf("Do you need help 1nstruct10ns° Answer‘l for 'yes’ and 0 for ‘no’: ")
- scanf (*%d*, &answer); : . - ) . . :

. if (answer == 1) ' C o . '

r

e

&)
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} - C

.printf({"\n");

" printf({"\n"};

{ .

printf{" Line number read from the file ‘out_lineé_numb. dat \n" )
. princf(- should have the following format:\n");

printf{* o\n");

printf(* Ll\nt);

printf(" 2\n*};

‘printf(” 3xn");

_Sequence values read from the input file\n"):

printf ("

printf(" "’ ‘out seq dat’ should have the following format \n"};
‘printf(- 4 5\n"};

printf{~ 011 0\n");

printf (" 001 0\n*);

printf(" 111 0\n");

printf(* 1.1 1 0\n");

printf(" 0 01 0\n*);

printf(* where 4 fepreSents the. number of output sequences and 5§ is\n")
ﬁrintf(" the number of bits of each output sequence.\n") ;
printf{* Input file in the following format would mean: An"};

printf(*\n"); .

printf ("PRESS ANY KEY TO CONTINUE") ;

ch = getchar();
getchar();
printf("\n");

{
printf{"\n"):

"} /*end of if test*/ A . o
.else : g : ' .

printf(*PRESS ANY KEY TO CONTINUE"];

ch = getchar{);

getchar();
printf("\n"};

/*Welp_data_format() = .

{

i
P

-while ((out seq[;][:] 1= 0) 1l {out, seq[l][:] 1= 1)}
‘ {

char ch: . ' o L
printf(*Bit-stream values has to be blnary e;ther 0 or l\n ) o

]

prlntf( Bit valué is not blnary\n )
fscanf(in, "%d", kout_seqli] [§1); '
} ‘

'prlntf( \n"); o ' L ;
'printf ("PRESS ANY KEY TO CONTINUE ") - ! o h : A4
ch = getchar(); ‘ ‘ o ' Lo

getchar();
printf('\n');
i/. o

.

i
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***********************************************************************/

¥

/******************************‘*****t**************t**********I*‘k***!*** :

This program was written by Mansour H. Assaf under the
supervision of Dr. Sunil R. Das, in the Unlver51ty .
of Ottawa, Department of Electrlcal Engineering, in 1996

This program is released for research use only. This program,

or any derivative thereof, may not be reproduced or used ‘ '
for any commercial product or purpose without the written permission
of Dr. Das or Mr. Assaf. ‘

For detailed information, please contact:

Dxr. Sunll R. Das -~ ' ‘ : Co .
Department of Electrical Englneerlng : o L
University of Ottawa
Ottawa, Ontario
Canada KIN 6N5

Phone No. (613) 562-5800 ext No. 6216
Fax: {613) 562-51%75

E-Mail: S.R.DAS@IEEE.ORG

***************************t*************************\k*****t***********/

'/**************************** HISTORY **************************k*******

e
HTestlng Version 1. 0

. Orlglnal M. H Assaf, 15/04/1996

/*____ - — _—_.__'-__-'—____"_"'—_—___: __________
print.ec )

" program ‘that prlnts the space compre551on results;
into a file.

© f#include €stdio.h> Co S ‘ e |
- #include <stdlib.h> ‘ ‘ ‘ ) o ‘ .
#include “"defin.h" ‘ ) o R “H R Q;iiu | e
void. header() o P . P ‘ S
{= . ‘

puts (* \33[H\33[2J"),

printf {*OTTAWA-CARLETON INSTITUTE FOR ELECTRICAL ENGINEERING\n\n ).
printf ("TEST COMPACTION JTECHNIQUE OF BUILT-IN SELF*TEST\H )y
printf (" - IN VLSI CIRCUITS\n\n");.

- printf(" Written by . : Mansour H. Assafin\n");

printf(* Supervised by : Dr. $. R. Das\n\n"):

- printf(" Date : April 25, 1996\n\n\n\n");
. } . ) ' . |
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. This program was written by Mansour H. Assaf under the

supervision of Dr. Sunil R. Das, in the Unlverszty

of Ottawa, Department of Electrl;al Englneerlng, in 1996.

This program is released.for ‘research use enly. This program,

or any derivative thereof, may not be reproduced or used

for any commercial product-or purpeose without the wrltten perm;ss;on
of Dr. Das or Mr. Assaf. ;

For‘detailed information, please contact:

Dr. Sunil R. Das.

' Department of Electrical Englneerlng

University of Ottawa o ) .
Ottawa,. Ontario . ST < _ "

. Canada K1N BNS - ‘ ‘ o

Phone No. (613) 562-5800 ext. 6216

. Fax: . {613) 562-517%

E-Mail: .  S.R.DAS@IEEE.ORG

*i**w*i*************************t*‘kt********************w**************/

*t**w*******************ww*x-.**********************t*******************/ Al

Wb

. . s - B
/*_*******l*******’**'i*********w HISTORY '\;[**.********'k********-'kﬁ***********

" HTesting: Version 1.0

read.c

Original: M. H. Assaf, 15/04/1996

[

Rgads seQuence values. supplled by a user or
from an- input file.

“#include <stdio.h> ‘ - . T o PR e
#include <stdlib.h> L § o -

“#include “defin.h"

extern help;read_data_file();‘ ' ,_"’q . ‘ . e

FUNCTION : menu, : oo E
Display menu ‘ :

2




. int x,y.éhoiée} ) o ‘ . ) o S
puts {"\33[H\33([2J"}; :

W

printf(* Program Name : Hamming Testing\n\n“):
princf (" Language : 'CAR\n");
printf (" \An\n\nMENU\n\n\n");

printf(* " Read sequences manually. \n\n*}:

0 :
printf(" 1 : Read sequences .from a file.\n\n");
- “printf(* 2 : 'Creating the compaction tree assumlng equal\n ) . S : L o
printf(* - but stochastically independent probability va‘uas\n Yo N R ' &
" printf(® for single and double line errors.\n\n"): ‘ \\ S Do
printf(* 3 : Executing the modified algorithm assuming equal\n ): 49’ L o e
cprintE(” but stochastically independent probability values\n Yo 4% IR : ‘ *
‘printf(* for single and double line errors.\n\n"}; o v
" printf{* 4 Constructlng the (stochastically dependent) compactlon\n Y -
printf (" tree assuming different probability values for single\n"); ; IR
printf{* and double line errors. \n\n Vi ) ot : Co

printf{(" 5 : Help file.\n\n"}; : - - o i
printf{* 6 : Terminate Program. \n\n"}; C ' ‘ C -0 S
printf{* Please select your prefererices. . .. \n\n" );: . ‘ : ' g

scanf ("%d", &choice); '

retﬁrn}choibe):

I . o
2 . o
X
/*%**t*f*kk********?t***f*****&**********************t**t**w;}*éﬁ : : N R
x - . . . : ! o ) *. . . . o s N
. . FUNCTION THAT READS DATA FROM A FILE L R .
*. | . . co O
******&************y***w********************ww**********wi*w****/‘ T P
- vbid read_data_file() '
o . o ‘ g ‘ : . L L
-« register i,j; . S C L S e
‘help_read_data_file(); o ‘ ! R : - S
in. = fopen("out_seq. dat“ "rh)y ‘ T ' o
‘ 1f(1n) T ' ' L
L0 while(tfeof(in)) '
= . /*fscanf(in, "$d\n", &count), . . e AR
! if (count > Q) , ' gy ' o
{*7 : ' '
fsecanf (in, *%d\n"; &out number),
if {out_ number > 0)
{ .
fscanf(ln,“%d\n , &Length}) ; .
if {Length > 0} . _ n ‘ “ o
{ . : : ' N
. For{j=0; j<Length; j++)} . R e = o
for(i=0; i<out_numbex; i++} J S ! _ T

{ : ' 4
fscanf(in, "8%d", &out_seali] [j]): -

-'(?




LT TweNev s teanss 1s9s || oo

_7g;_€.‘v-7

if {out_seq[i][j] '= O)
if {out_seq[i][F] != 1)
{
. B printf("Bit stream values has to be blnary either 0 or I\n");
L _ printf{“Check your data file\n"):
Tolexit(l);
O L% } /*end of if test*/
Y /*end of for loop*/
} /*end of if test*/
. o else
. - - . prlntf( Number of bit streams should be 9051t1ve\n ),
T . - .printf("Check your data file\n*}; : ‘ :
TR o -exlt(l). ‘ . ‘ . o
' . ) ) ' ' - i ) o
. TR S /*end of if test*/ ! ' L ) S . '_‘\“ _
e else ' * . ' . S _ o o
» e . printf(* Sequence length should be posxtlve\n Yoo o E S
N o printf(*Check your data flle\n y; ‘ T
‘ Lot exit(l); . o A

3 ‘ ‘

o SRy /*end of iE test*/ , ‘ . ‘ . o .
L ‘ I*else ‘ ' . ' o T
L | . [ - - v : N . .

o EE printf{* The ‘initial output test sequence should be pOSlthE\n ) :
¥ o ' printf (*Check ) your data filexn*); - ‘ ‘ . . e i
o . cexit(l); - : T ““"-~‘[-f
. S S ‘ yrr . : ; LA
- S . Ly - /*end of whlle loop* / T e L ST

: . } .. . /*end of if test*/ , o ' R R o

° else" : _ R SN .

‘ o ”‘ prlntf("ERROR OPENING out seq dat. FILE\n ) I ST e ‘
+felosef{in); - - ) g ST ' “
read_lnlt values(),; ‘ ‘ ‘ : . - . )

. S ; . : ’ . - T - .
/*ii*!*‘l****_*******************t*‘k**‘i***'k**‘*************‘****.‘k***‘* L
R FUNCTION THAT READS DATA MANUALLY B T T IR I

. v K . ;
*'I**i\\'*********************************‘k************************/ J
v s vold read_data_man{) S ' o, o
 register-i,j; _ ' : o A Gy
int’ ahswer, try;’ o , R : . S A
. char c<h; ! : : R . Lo e

printf({"Do. ‘you need help 1nstructlons° Answer 1 forf’yes’ and O for 'no’- ?fr
~"scanf ("%d*, &kanswer) ; . ST .
‘1f {answer ==.1) LT T C o \w Lo

printf{"\n* ). ‘ ' o ' C o T R

prlntf(" . Sequence values entered manually by a user\n Yi T :

printf (" - should have the following format\n )i

- printf{"- g : 4 5\n");

printf{* = - SR 0101 O\n“);

printf(" ' ' ‘ S 001 0\n*); . S ST : :

printf (" o o 111o0wm); & c S .
E pr%ntf(l e T Ce 1 1Y 0\n"}; A ' : A '

'




R/

oy

‘_":_.-L.'stnng‘fp;a..ésaf ©

printf (" : ‘ 0 01 0\n*); -
printf {"\n"}; . ' ; E }
”prlntf(' where 4 represents the number of cutput sequences and 5 is\n*)
printf(" N the number of bits of each output sequence \n* ), : Cos
printf("- Input file in the followxng format would mean:\n*); - o . !
. printf{*\n"); . N N .
~ -printf ("PRESS ANY KEY TO CONTINUE®); h
‘ch = getchar{);
getchar(); : ] : . - T
printf ("\n"); : ' o ) ‘ . I .
I /*end of if test*/ - : \ ' -
else‘ . ) . . . - ’ : ’
{ - ) .
printf{“\n"); : , o ST e, .
printf{"PRESS ANY KEY TO CONTINUE"); oo T = R .
ch = getchar(); L . ) - o : N T '
* getthar(); o . o o R B , ) T T
printf{"\n"}; : . . ‘ h : :
y o \ . o S .
EE T printf{"Enter number of output sequences: “); : : e
scanf ("%d", &out_ number) ; ‘ o ' C .
- while {out_number <= 0} ' . . no oL ey
S : . T
‘prlntf(“Number of- b1t streams should be p051t1ve\n ') : .
printf{"Enter number of output seguuences: "); :
oo “scanf {*$d", sout_number) ; . : . e e
L R o /*end of while loop*/ o S e L e
ol . pr;ntf(“\n PR o ' S '
K printf (" Enter length of a sequence. “): . o : )
N scanf ("%d",'sLength) ; . : o S
" while - (Length <= 0). ‘ - <o ‘
o prlntf(“Sequence length should be posxtlve\n ); S U A
: . " printf(*Enter length of a sequence- ”) : ‘ T T
o T i scanf ("%d", &Length) ; ‘ LT —
R o /*end of while. loop*/ ’ o S ar
T T o, printf£({*\n");. o “_' v ﬂf}
. v For{j=0; j<Length; j++) TR T ‘ B L,
! ‘ . for(i=0; i<out numberr 1++) : ‘,- o ) ' R
T ' ‘prlntf("Output seguence #%d / blt #%d "4, 3). ° R
- : . scanf(*%d-", &out seq[ll{j]), . BRI ST
) Jf (out seq(il[j) 1= 0} .. o U
o . 1E {out seq[l][JJ '= 1} R 'g, T D TR
‘ T ( ‘ S
oot prlntf( Blt ‘sStream values has to be- blnary elther 0 or l\n )- o ; L
- printf("output seguence #3d '/ blt #%d. S W D I e i e
scanf {(*%d", tout”Seq(il[31); . G e I
1 /*end of if test*/ B ) . S )
S o } . /*end of for loop*/ o o e
read_init_values_manuallyf); ERRE _ T T ‘ :
/************************t*************1&****:**********tw******** ! i
*. f v ' . \ ” '
L FUNCTION THAT READS THE: PROBABILITY oF SINGLE - oo , . P
* AND DOUBLE ERRORS WITH EEFECT LEFT AT "THE OUTPUT" | Sk S A R
* - OF THE CUT * '
o ) J.‘
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)w*i***tit**********t****t***************************#**t*******é

;ﬁ:gad_init_values_manually()

‘”/kuw****%k****}******%****E**f*****#**t***r****i*****t***********

- . ’ . . . o®

*t****I*tﬁ'ﬁi‘ﬁ!1(it'*I****‘l****"r****ﬂ*‘k*****t**?"***ﬁ**'k**********/

‘.read _S{(}

€ .

prlntf( Enter a probablllty value for Sl: ")
“scanf ("%f", &S1); :

while (c1<0 0) _ o ‘ o .

{ .
" printf(*The probability of single error should be p051t1ve\n Vi
‘printf ("Entexr a probability value for Sl 3¥;
scanf( 3£, &81); . 8
} . . /*end of whlle loop*/ ) .
printf (*\n"); - A
printf(“Enter a probab llty value for Sz. ") ; s D S
- scanf (*%f", &52); & Do e - R
while (52<0 0). : S . . o ‘ .
{

prlntf( The probability of double error should be p051t1ve\n };
printf("Enter a probability value for S2:

NPT seanf (*%£*,&S2) ;

3 . /*end of while locp=/ - S . .
Cprint£(*\n*); = . ' oo R
Yo _ . : .

O

g | FUNCTION THAT READS MANUALLY THE INITIAL QUTBUT - = *

¥ . VALUES DEFINED IN THE ISCAS CIRCUIT DESCRIPTIONS o

* * C
**R*****************************************t*******t***********{ 5\%\\‘“

g

. [ P
' . .

'_n . . o o

.-

int i; . IR
o '.(*prlntf( Enter, the last line number in a c1rcu1t- 1 ! ,/ Gl g
Sy :scanf({*%d", &last_line); . ‘ By ‘fﬁ' ‘
awhlletlast line < @) _ S S oo I s
E ~ e =ARA .‘
‘ prlntr{“The last llne number should be p051t1ve\n), ) o R .
~+ .. printf{"Enter the last line number in a civeuit: );° L iﬁkfﬁ&
\‘*\\\‘H scanf (*%d", &last_line); o 3 P e L
‘ \\% ¢ Yy . R ; R
for (i=0; i<out_number; i++) : ‘ : : R '
‘ jprlntf( Enter the initial line number for output sequence #%d-
"L 1 '
e scanf (*%d*, &init_values[i]};
'Whlle(lnlt —values{i] < -1)
‘ ) { S '
ca o " printf(* The initial line numbershould be posmtlve\n );:
. FE printf(*" Enter the initial line number for output sequence #%d
“~ » j-) l; . . . X o n
R o "scanf("%d' &init valuestl]), ) o . ‘ o .
i) ‘ /*end of while loop*/ : ' :
LT : rprlntf( An"});
Lo B } ' /*end of for loop*/




isting for assaf

*
*
.‘* .
*
*

,readlinit;values()

reglster i; .
fopen( out 11ne numb dat'

_:.n

{ .. :
while(!feof(in))
A

i<out_number;

1n1t _valuesfi]

/*end of for 1oop*/
} /*end od while loop*/
/*end of if ‘test*,

‘ prlntf( ERROR OPENING out llne numb dat FILE\n }
fclose(ln)

FUNCTION THAT READS FROM A FILE THE INITIAL OUTPUT
~“VALUES DEFINED IN THE ISCAS CIRCUIT DESCRIPTIONS

***************i**!**********\I******t***t*ﬁ*****w*k****t\ii!ﬂ-‘kvt

‘fscanf(ln,'%d\n' Einit values[l]).
if (init_values([i] == 0}

init _values{[i};
/*end of if test*/

'prlntf('The initial line number should
prlntf( Check your data flle\n )

.

be positivein®); .

1'}.- .
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Listing forassaf -~ .~~~ %7 - . ‘. " .Tue Nov 19 16:09:56 1986
B4 :;ug:put sequence streams of 5 bits-f'each read from an input

# file "out_seg.dat*". L S o .

45 ) z ,
g110 - B ) ) .

0010 . N . B . .
11110, . B . .
1110 > - o "'.\ ‘ .. ,.__ .
o010 - - . - _— o= :
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# The Comﬁaéﬁion Tree assuming stochastically independent

Z # values for single and double line errors as written
# on the output dataz file "compr_resl.dat".
_Qutput séQuences #0 and #3 are merged with an OR gate into #4.
Output sequences #1 and #2 are merged with an AND gate into #5.
Output sequences #4 and #5 are merged with an XOR gate into #6.
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# The Compaction Tre
# dependent} values

OQutput sequences #0
Qutput sequences #3
Output sequences #2

v
=

e assuming
for single

and #1 are

and #4 are
and #5 are

different probability {stochastically
and decuble line errors (S1=0.33 +182=0.66}.

merged with an AND gate into #3.
merged with an- -OR gate into #5.°
merged with an AND gate into #6. .
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‘Qutput-sequences

# dependent) values

#0
#3
#2

Output segquences
Output seguences

i

el A
H

# The Compaction Tree assuming
for single

and #1 are
and #4 are
and #5 are

different probability {stochastically
and double line errors (S1=0.0 , S2=1.0).

merged with an AND gate into #4. ‘
merged with an OR gate into #5. : ’
merged with an AND gate into #6.
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# The Compaction Tree assuming different

probability (stochastically
# dependent) values for :

single and double line errors (S1=0.05 , $2=0.95).

Output sequences #0 and &1 are mefged with an AND gate into‘#@.
Output sequences #3 and %4 are merged with an OR gate into #5.
Output sequences #2 and #5 are merged with an AND gate into #6.
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:#'Thé'Cdmpaction Tree assuming
# dependent} values for single
S ‘ ) :

-KOQEput'sédaences #0 and. #1 are

“urput sequences #3 and #4 are
- Qutpul sequences #2 and #5 are

s

different prbbability (stochasﬁically
and double line errors (S1=0.1 , 52=0.9).

merged with an AND gate into #4. -
merged with an OR gate into #5.
merged with-an AND gate into #6.
N - " N .
e . ! . e ) .
‘ Lo - ¢ L ¢
P . 0 w
" . i N .‘\“
o ! '\L\_ . i ' .
ST N o
: : T

2




Page

# The Compaction Tree assuming different probability (stochastically
# dependent) values for single and double line errors (Si=1.0 ., §2=0.0).

Output sequences %0 and #1 are merged with an XOR gate into #4.
Output sequences #2 and #3 are merged with an XOR gate into #5.
Output sequences #4 and #5 are merged with an XOR gate into- #5.
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4 The Compaction Tree assuming different probébility (stochastically
# dependent) values for single and double line errors (S1=0.66 , 52=0.33).

Output sequencés #0 and #3 are merged with an GR'gaEe into #4.
. Qutput sequences #1 and #2 are merged with an AND gate into $£5.
. Output sequences #4 and #5 are meérged with an XOR gate into #6. - a
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# The Compaction Tree assuming different probability (stochasticaily
¢ dependent) values for single and double line errors (51=0.9 , s2=0.1).

Output segquences #0 and #1 are merged with an XOR gate into #4,
Qutput sequences #2 and #3 are merged with an XOR gate into #5.
Output sequences #4 and #5 are merged with an XOR gate into #6..
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# dependent) wvalues

‘Cutput sequences #0

Qutput sequences #2:

) Output sequences #4.
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# The Compaction Tree assuming

for single

and #1 are
and #3 are
and #5 are

different probabiiity {stochastically .
and double line erroxrs (S1=0.95 , S52=0.05).

merged with an XOR gate into #4.
merged with an XOR gate into #5.
merged with an XOR gate into #6..
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