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ABSTRACT

Implementation of fault testing environment for embeded cores-based digital circuits is a
challenging endeavor. The subject thesis aims developing techniques in design verification
and test architecture utilizing well-known concepts of hardware and software co-design.
There are available methods to ensure correct functionality, in both hardware and software,
for embeded cores-based systems but one of the most used and acceptable approaches to
realize this is through the use of design for testability. Specifically, applications of built-in
self-test (BIST) methodology in testing embeded cores are considered in the thesis, with
specific implementations being targeted towards ISCAS 85 combinational benchmark
circuits. Experimental results provided in the thesis prove the validity and importance of the
approaches proposed for the design verification and test based on hardware and software

co-design concepts utilizing Altera MAX Plus Il simulation environment.
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CHAPTER 1
INTRODUCTION

Since William Shockley, John Bardeen, and Walter H. Brattain of Bell Laboratories
invented the first primitive transistor in 1948, digital circuit technology has gone a long
way in terms developmental progress. In particular, the growth of integrated circuit
technology (IC) has progressed exponentially in integration scale. The IC technology has
gone through the milestones of small-scale integration (SSI), medium-scale integration
(MS1), large-scale integration (LSI), and very large-scale integration (VLSI).

VLSl
{Very Large Scale
integration)
>10,000 transistors

LSt
(Large Scale Integration}
1,000-10,000 transistors

MSt
{Medium Scale Integration)
10-1,000 transistors

Sl
(Small Scale integration)
<10 transistors

Chip Development
with Integration Scale

Figure 1 Chip development history

Figure 1 shows the integration scale in one single chip. The maximum number of
transistors on a chip approximately doubles every eighteen months. The rule is
commonly known as Moore’s law, which was predicted by Gordon Moore in 1965, and is

shown in Figure 2.
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Figure 2 Moore's law

The number of devices that can be integrated into a chip has been increasing
explosively with advances in VLS| technology. This has enabled the development of very
complicated systems design using a relative small number of chips and boards. With the
development of modern SOC (System-on-a-Chip) technology, it is possible to integrate a
series of modules (cores) into an individual chip. Meanwhile, it has led to large amounts
of time and expense being devoted to ensuring that complex systems are free of defects

or failures.

The IC technology involves in many aspects such as logic design, modeling,
simulation, testing, and fabrication. With increasing density of integration in digital circuit
design, digital circuit testing has assumed significant importance. Verifying that the
system behaviour is correct has become a very challenging task, requiring more
effective and appropriate testing methods to guarantee correct performance of digital
systems.

The type of circuits to be tested can be classified as follows: analog, digital, or mixed-
signal circuits. Analog circuits have the characteristics that the domain of values of the
input and output signals is analog. Digital circuits have the property that the scope of
values of the input and output signals is digital (binary). Mixed-signal circuits are
combined with analog and digital signals in the input and output. Testing mixed-signal



circuits is based on a combination of analog and digital test techniques. This thesis

focuses on testing digital circuits.

In this Chapter, we first introduce some basic concepts in testing. A test is a
procedure to distinguish between good and faulty parts. The term fault refers to physical
difference between a correctly operating circuit with its faulty counterpart. A fault may
result in an error in the system. The error could cause a whole system failure eventually.
Note that a fault does not certainly (or immediately) result in a failure in a system. Here,
a system means chip, array, or board.

Faults can be categorized as permanent faults and non-permanent faults. Permanent
faults exist in a system permanently due to incorrect connection, short circuit, and other
physical defects. Non-permanent faults are present only for a shot time. Since these
faults occur at random (transient or intermittent faults, for example), these may or may
not affect the function of a system. Obviously, the detection for permanent faults is
easier than those of the non-permanent faulfs.

The aim of testing is to distinguish between good and faulty parts. The fault diagnosis
problem is classified as being comprised of fault detection and fault location. Fault
location is more difficult to accomplish based on the complexity of circuits to be tested.

Concurrent tests refer to testing that can be executed during normal operation of
circuit. It is mainly used in fault-tolerant computers for self-testing. Non-concurrent tests
are tests that cannot be performed during normal operation. The advantage of this
method is that it is able to detect and/or locate more complicated faults. Non-concurrent

fault detection is the subject of this thesis.

Design for testability (DFT) is a technique that facilitates non-concurrent tests to be
executed faster with higher fault coverage by adding extra circuitry on the system to-be-
tested. Up to now, many methodologies of design for testability have been developed to
enhance testing ability.

A widely accepted approach is BIST (built-in self-test) to cope with the testing issue at
the chip level. There are two modes for BIST test. One is on-line BIST in which the chip



tests itself under normal operation. Off-line BIST tests the chip under a test mode. A

simple BIST structure is shown below.

Test Pattern Generator Circuit Under Test Result Analyzer

Figure 3 A simplest BIST structure

Test pattern generation is the important part of BIST approach. The main function of
the test pattern generation is to apply specific test patterns to MUT (module under test).
There are several approaches to generate test patterns for MUT. The test patterns could
be exhaustive, pseudoexhautive, pseudorandom, and deterministic compact test sets.

In conventional testing methods, test patterns are normally generated externally by
applying CAD (computer-aided design) tools. Some expensive ATE (automatic test
equipment) is used to exercise the MUT and to determine whether the responses match
those of the fault-free responses of the module, which are stored in memory. With the
high level of integration in a chip these days, testing expenses thus increase rapidly,
requiring need of more complex ATE (the cost of such a testing equipment could well
exceed 2 million US dollars), thereby resulting in much more testing time. To overcome
these disadvantages, some approaches were developed to increase the controllability
and observability of chip testing, making test pattern generation and fault detection

easier. [42]



Figure 4 Automatic test equipment

In exhaustive testing approach, all possible input test patterns will be applied to the
module under test. Suppose we have a combinational logic circuit to test. If this circuit
has N inputs, there are 2" possible input combinations. A simple testing approach is to
apply each of these input test pattern combinations in turn. Then we check the resulting
output. For large circuits, exhaustive testing approach is inappropriate since it takes too
much time and resource. Actually, exhaustive testing approach for logic circuits is

seldom to be invoked.

The main advantage of this approach is that all possible faults can be detected except
bridging faults. Obviously, it is appropriate for small circuit modules since the test
patterns to be dealt with are not that many. As the number of inputs increases, the
testing time becomes intolerable. The specific testing equipment will take years to run to
test a circuit module with 64 inputs. Therefore, exhaustive testing is feasible for circuits
with only small number of inputs (normally no more than 20~25).

An improved approach is pseudoexhaustive testing. The methodology is to partition
the module under test into several sub-modules with proper inputs. Each sub-module is
applied with exhaustive test patterns. This approach completely retains the advantage of
exhaustive testing and significantly decreases the testing time.

Pseudorandom means that it is adequately random close to being truly random. It is
important to note that no test is completely random since there is no ideal random
number generator. However, it is fairly easy to generate pseudorandom test sets.



Pseudorandom testing is widely employed in practice since it generates less test
patterns that apparently reduce the testing time and cost.

To understand implementation of pseudorandom testing, some concepts shall be
emphasized here. One is that of fault coverage that refers to the percentage of faults
that can be detected. The next is test pattern number that means how many test patterns
will be applied in a module under test. If the number is too small, the fault coverage will
be very low. On the other hand, if the number is too high, the testing time will be
prohibitive similar to exhaustive testing.

Pseudorandom testing is extensively implemented for large circuits. A pseudorandom
test sequence is a sequence of numbers generated mathematically. For the deterministic
test patterns, these can be stored on chip as fault-free responses. These can be used
for comparison with the responses of the MUT. However, the storage of a large set of
test patterns increases the chip area and overhead. A compression module significantly
reduces the chip area and reduces overhead. The compaction module can be used to
compress all responses into a single vector (signature) so that the comparison can be
done easily. The compression can be divided into space compression and time

compression. We will discuss it later in details.

We normally use LFSR (linear feedback shift registers) to generate pseudorandom
test patterns and also as response compressor. Figure 5 shows the general structure of
a linear feedback shift register.

Exclusive-OR network

vl ] |

A1 AQ A3 An~1

L) ——LU—» X2 ——LS——P —— X

Figure 5 Linear feedback shift register



Each block represents a D flip-flop. A common clock synchronizes all flip-flops. The
Exclusive-OR network in the feedback path performs modulo-2 addition of the values
(x's) in the flip-flops. A characteristic polynomial represents a linear feedback shift

register with n stages as follows.
P(x)=a,x"+a, x"" +..+a,x’ +ax +a,

For example, to implement P(x) = x* + x + 1, the settings of this linear feedback shift
register should be a;=1, a,=0, a;=1 and a,=1. This linear feedback shift register will
produce a sequence of 7 non-zero binary patterns such as: 001 -> 100 -> 110 -> 111 ->
011 -> 101 -> 010. [8]

As mentioned earlier, BIST technique usually combine compression module with the
MUT to reduce the storage of corresponding response data. Several compression
techniques have been proposed in recent times. These include transition count,
syndrome checking, signature analysis techniques, etc.

The transition count technique counts the total number of transitions from 1 ->0 and 0
-> 1 in a response sequence. For example, if a response sequence S = 100110110, then
the transition count ¢ (S) = 5. Therefore, we only record the transition count number for a
given input sequence instead of storing the entire output response sequence. This
number is then compared with the expected one. [16] If they match, the MUT is fault-
free; otherwise, it is faulty.

The length of the signature must be as short as possible in order to minimize the
amount of memory required to store the fault-free responses. A fundamental problem
with compression techniques is error masking or aliasing [1-4], which occurs when the
signatures from faulty output responses map into fault-free signatures. Aliasing results in
loss of information, which in turn affects the test quality of BIST and reduces the fault

coverage.



The main advantage of transition count technique is that it significantly saves space to
store entire response sequence. However, this technique resuits in many fault-masking
errors. For example, the transition count ¢ (S) = 1 can be generated by the following
response sequences: S1 (0111), S2 (1000), S3 (0011) and S4 (1110). It causes many
faults undetected, and this results in what is called error masking or aliasing. A good

compression technique should minimize this masking effect as much as possible.

The term syndrome is defined as S = K/2", where K is the number of minterms
realized by the circuit module (normally we take the minterm as 1) and n is the number
of input lines [9]. Because the syndrome is a functional testing, various realizations of the
same function might have the same syndrome. Faults are detected by comparing the
output syndrome with the stored fault-free syndrome.

The signature analysis technique uses a unique data compression technique to
reduce long response sequence into a unique code called the signature. Signatures can
be generated by feeding the sequence into an n-bit LFSR (linear feedback shift register).
Signature analysis is widely used in digital circuits testing. A signature analyzer is digital
equipment to detect errors in data streams caused by the faults of module under test. [8]

A conventional signature analysis scheme consists of a shift register and a modulo-2
adder. The block diagram is itlustrated in Fig. 6.

J\ L
Modulo-2 Adder Shift Register Signature >
e
/ "—[/ s

Clock Start Stop

Figure 6 Signature analyzer block diagram




A signature signal is a polynomial generated by a shift register. The signature
analyzer control signals are “clock”, “start” and “stop”. “Clock” signal provides a standard
frequency to signature analyzer. “Start’” and “stop” signals set a time window within

which data compression is performed by the signature analyzer.

The complete mathematical structure of signature analyzer can be presented as

a, (O)= 0 i=1tom

(k)= ()@ > v, (k1)

a,(k)=a,_(k-1) j=2tom k=1tol

where | is normally taken to be equal to or less than 2m-1; hence it determines the length
of sequence to be compressed. The binary code can be mapped into hexadecimal code

and fixed on its memory elements.

Currently signature analysis is widely used in time compression in testing digital
systems. The principle of signature analysis is that long output responses of digital
circuits are represented by short keywords called signatures.

A high-level verification environment consists of a mixed-level hardware and software
co-simulator, test pattern generators, compressor, and comparator. The verification of a
specific digital design is actually a process of ensuring that the logical design of the
circuit module satisfies the required architectural specification.

A theoretical verification environment to be used is shown as follows. In practical
implementation, some modules might have to be modified to fit the simulation
environment. The details of the procedure to be used will be stated later.
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Figure 7 The hardware verification scheme

Before implementing a system or a prototype (circuit model), simulation is a very
important process to emulate the complete process of the system. However, building
and testing a system model is also time- consuming and expensive. Extensive efforts
were devoted to optimize the testing process, viz. Incorporation of space and time
compression techniques, which can be used to reduce testing time and memory space,

thereby, obviously reducing the testing time.

The thesis is divided into several Chapters. Chapter 1 emphasizes the need and
history of digital circuit verification and points out the limitations of conventional
approaches to diagnosing failures of digital systems that employ large-scale and very
large-scale integration. We briefly describe the theory of testable design for digital
circuits. The concepts of testability and testability criteria have been introduced, and

10




approaches of hardware and software co-design and that of response data compression

have been discussed.

The next chapter discusses some important concepts in the context of our system
implementation. For example, the BIST structure we emphasize here will be employed
for our main testing framework subsequently. The response compaction methods, which
are extensively used for testing complex digital circuits, are described in detail.

Chapter 3 presents the implementation of digital circuit verification in detail. It also
covers the methodologies and algorithms. The design procedures for a pseudorandom
test sequence generator are discussed for both random and pseudoexhaustive testing.

The experimental results are analyzed in Chapter 4 to validate the correctness of the
proposed approaches. Analysis of test results is done to evaluate the efficiency of

testing procedure.

The last chapter provides conclusions and future work we will concentrate on, and on

some new methodologies to be developed later.

1



CHAPTER 2

Digital Design Verification Scheme

1. FAULT MODELS

Circuits can be described at different levels of abstraction in the design hierarchy as
follows: behavioral, functional, structural, switch-level, and by geometric description. This
process of fault modeling considerably alleviates the test generation complexity.

Low (high) voltages in digital circuits can be represented by logic value 0 (1).
Accordingly, logic value “x” refers to unknown status and logic value “z" means high-
impedance state. Combinational circuits with defined input patterns have unique logic
values at each internal node and definite output responses.

When a combinational circuit is powered-up, the output responses of the circuit can be

"

determined after a very short period of time. The value “x” appears at the initial state of
sequential circuit since the initial state of memory elements such as flip-flops is usually
unpredictable. Nets are a kind of physical connections without storing any value. If not

driven by a driver (i.e., gate), their value is “Z".

Faults in a digital circuit result from defective components, shorts to voltage source or
ground, signal delays, etc. Faults refer to the effect of the physical faults on the
operation of the system. Therefore, they can be represented by a model, which allows a
mathematical methodology of testing and diagnosis. Three major fault models are
commonly used. There are stuck-at-fault, bridge fault and stuck-open fault models.

Fault models are used to analyze the result of testing. The most popular model is the
stuck-at-fault model. It can be divided into single stuck-at-fault and multiple stuck-at-fault
models. The single stuck-at-fault model is the most common model used to represent
logic faults since the experience shows that 70% of the possible circuit faults can be
accounted for by using a single stuck-fault model [10]. Our major effort will focus on fault

detection and diagnosis of digital circuits based on such single stuck-fault model.

12



The single stuck-fault model assumes that only one fault can exist at any given time in
a logic circuit. A stuck-fault results from a wire being accidentally connected to either
ground or a voltage source. When attached to ground, a wire’s value will be stuck-at
logic O (stuck-at-0).

Similarly, when a wire is connected to a high voltage source, that wire's value will
always be stuck-at logic 1 (stuck-at-1). Stuck-at-1 and stuck-at-O0 faults are often
abbreviated as s-a-1 and s-a-0, respectively.

The stuck-fault model is also used to represent multiple faults in circuits. It assumes
that more than one stuck-at-fault exist in a logic circuit at the same time. For a circuit
with n wires, the possible number of multiple faults is 3"-1, and as such, for large values
of n, it is almost impossible to find test sets for multiple faults in a given circuit.

Bridging faults can occur when wires become physically connected. The resulting
values on the wires depend on the original signal values.

Fault modeling was first developed at logic gate level. Most of the solutions and
techniques that were developed are specifically targeted to circuits at the gate level. Our
fault modeling for verification and implementation is also based on circuits at the gate

level.

2. VERIFICATION SCHEME

The verification scheme involves test pattern generation, faults modeling,
corresponding outputs storage, and comparison with predefined fault-free signatures to
verify whether the faults are detected or not.

The objective in a test scheme development for a digital circuit is to determine the
smallest set of test vectors necessary to verify the correctness of the circuit functions.
The test vectors could be deterministic exhaustive, pseudoexhaustive, or compact, or
even pseudorandom. BIST techniques normally utilize pseudorandom or
pseudoexhaustive test patterns, or on-chip storing of reduced test sets.
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In a large circuit or chip, stuck-faults can occur in any wire. Actually, it is quite difficult
to detect these faults. But quality control systems provide verification scheme to more
effectively to detect these faults in a digital circuit. Figure 8 shows a specific MUT
(Module Under Test) in details.

Figure 8. A simple circuit module under test

There are seventeen gates in this preliminary circuit module: four inventers, five AND
gates, three NAND gates, four NOR gates, and one OR gate. Moreover, we have thirty-
four separate wires, which interconnect these gates. But in real practice, we only
consider nineteen mutually exclusive wires and eliminate the others. Accordingly, we
have got three inputs that are labeled as 1, 2, 3 and four outputs that numbered as 16,
17, 18 and 19.

The main point to emphasize again is that these wires must be mutually exclusive

though sometimes these are split into two wires. Since the fault injection will be based on
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mutually exclusive wires, only one specific fault can be injected on that wire at any one

fime.

Our particular MUT has been designed for testing. Any injected stuck-at-fault can be

detected even if it is in an internal wire.

3. QuTPuT COMPRESSOR

The output compression is utilized to reduce the number of system outputs without
compromising the MUT's fault detection capabilities. Especially, in VLSI circuits or chips,
extensive testing requires more memory to store test patterns and results. Output
compressor will obviously decrease storage needs for memory and speed up the testing
procedure. In Fig. 9, there are three different compressor circuits. They are all aliasing-
free which means all faults can be detected at the outputs of the MUT and the
compressor combined. In practice, the output compressors reduce the number of system

outputs in the present case from four to two.

The output compression approach utilized to design the compression networks makes
use of switching theory concepts such as Hamming distance, sequence weights, cover
table and frequency ordering, together with those of Nth-order missed error probability
estimates under stochastic dependence of line errors in the design based on detectable
single stuck- line faults of the MUT. Here, we will focus on aliasing-free space
compaction. The advantages of this approach are that it achieves zero-aliasing without
any modifications of the MUT and the area overhead and signal propagation delay are
less compared to linear parity tree space compactors. Moreover, the approach uses less

computation in the process of design.

The output compressor can be used in the final hardware circuit realization of the
verification scheme. As shown in Fig. 9, Type 1 is the simplest with least delay time.
Type 2 and Type 3 compressors will be implemented after successful implementation
and complete testing of the first one.
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Figure 9. The preliminary compressor circuitries

The response compaction unit in BIST can be divided into a space compression unit
and a time compression unit. Generally, the output responses coming out of an MUT are
first fed into a space compressor followed by a time compactor. The length of output bit
stream coming out of the time compressor is much shorter than its original length. In
space compression, test responses are usually compressed into only one sequence. [53]

Space compression refers to the process of reducing a r-bit data stream to a g-bit data
stream, where q < r. Space compression provides an effective way to achieve high
quality built-in self-testing of complex circuits with less testing time and area overhead. it
merges test sequences coming from a module under test preferably into a single bit
stream (length r). This single bit stream is then fed into a time compression unit.
Eventually, a compressed sequence length g (q <r) is formed at the output.

The fundamental issue with compression techniques is error masking or aliasing,

which occurs when the signatures from faulty output responses map into fault-free
signatures, eventually affecting the fault detection capability of BIST. [55]

16



4. LoGIC FAULT SIMULATION FOR COMBINATIONAL CIRCUIT

Before implementing fault simulation, it is necessary to provide assumptions to be
used to make analysis feasible. Since we choose single stuck-fault model, we assume
that there is only one fault existing at one time in a circuit. It simplifies fault modeling and

facilitates fault analysis.

Fault simulation is an important aspect in the digital circuit design process and is
employed to detect a set of faults in a fault-injected circuit that are covered by a set of
test vectors. The aim of fault simulation is to simulate a specific circuit with a given set of
faults and to identify the test vectors that would detect those faults. The most important
task is to decide whether a fault is detected by a particular set of test patterns.

For each test pattern, the good circuit is simulated at first or the right result is given.
Then each circuit node is considered in sequence and injected with stuck-at-0 or -1 (s-a-

0 or s-a-1), and the faulty circuit is then simulated.

Single fault propagation takes advantage of the small difference between the fault-free
and faulty circuit. After the fault-free circuit is simulated, the target fault will be directly
injected at the fault site. Signal changes are propagated from the fault site towards the
circuit outputs. If the output responses of a faulty circuit differ from those of the good
one, it means the corresponding fault is detected, and the fault is marked as detected.
The process is repeated for all the nodes of the circuit being set to 0 or 1 until all the
nodes have been tested. All detected faults are then divided by the total number of
nodes in the circuit to give the percentage fault coverage. The type of fault analysis is
called sequential fault grading method [1].

in practical all situations, the gate level simulation is widely adopted. Since we focus
on logic simulation, the timing behavior of the circuit will not be considered. Therefore,
timing models and specification of delays associated with circuit components are not
taken into account.
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The more the number of applied test patterns are, the higher will be the fault coverage
achieved. At the end of the simulation run, there normally remain few hard-to-detect
faults that only stimulate a low circuit activity.

Hardware fault injection is the core of fault simulation. In order to insert a selected
fault on a specific wire without changing the structure of circuit, a method is introduced
as shown in Fig. 10.
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Figure 10. The hardware fault injection scheme

According to the figure, every mutually exclusive wire is interposed with a muitiplexer.
This multiplexer has three input lines which connect normal signal, stuck-at-1, and stuck-
at-0 faults signal conditions. Which line will be connected depends on the 'select' signal.
If the value of the 'select' signal of any multiplexer is at "00", then the wire will carry
signal as it was. On the other hand, if the value is at "01", a logical 1 signal goes through
the multiplexer. it means we inject a stuck-at-1 fault to this wire. Accordingly, if the value
is at "10", a stuck-at-0 fault has been inserted to this wire through the multiplexer.

Finally, if the value is "11", then we will again assume normal operation of this wire.
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We plan to design a general multiplexer that will aliow us to inject the faults at any
wire. It means that we can use this multiplexer to inject stuck-at-faults with change of the
structure of circuit. Table 1 illustrates the truth table associated with any multiplexer of

the type shown in Figure. 10.

SelA SelB Wireln WireOut
0 0 0 0
0 0 1 1
0 1 0 0
0 1 1 0
1 0 0 1
1 0 1 1
1 1 0 0
1 1 1 1

Table 1. Truth Table for Fault-Injecting Multiplexer

We invoke simple K-map expansion and processing, and devise the gate level circuit
schematic for any of the fault injection multiplexer as shown in Fig. 11.

SelA
ey Zell —
[ Wirein D—_——

MOt

Figure 11. The fauit injecting multiplexer

in order to insert a specific fault at a particular wire, we have to divide this wire into
two parts. The forepart of this wire connects to 'Wireln' line of multiplexer. Meanwhile,
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the 'MuxOut' line will link to the real part of the wire. The select signals will controi which
signal can be generated at 'MuxOut'.

5. BIST AND DFT

The purpose of digital circuit testing is to detect any failure or potential errors that will
induce system malfunction. Actually, there are two major causes of failure, design errors
and fabrication defects. In order to detect these faults in digital circuits, IC design
methodology must include an important concept of design for testability (DFT).

Design for testability (DFT) is an essential part of the design process of a complex
circuit. In a word, DFT involves embedding into the circuit some additional feature to
enhance the controllability and observability of the circuit.

Controllability and observability are two key aspects to design for testability.
Controllability refers to the ability to alter the state of every internal node in circuit. It
requires its internal nodes to be accessible so that test signals can be inserted.
Observability is the ability to monitor the state of any node in circuit, so that we can

access correct testing data we need.

Design for testability has to be taken into account throughout the design process for a
complete digital circuit product. To accomplish this objective, many approaches have
been developed to improve the testability of digital circuits. For example, boundary scan
models are embeded into an integrated circuit to facilitate its test, maintenance, and
support. Boundary scan approach has been standardized in IEEE 1149.1, which
specifies a standard interface to provide testability.

There are three approaches that are ad-hoc testing, scan-based approaches, and
built-in self-test (BIST) testing. Here, we will focus on BIST technique.

One aspect of design verification is obviously to detect the faults in the circuit. The

verification scheme not only includes generating faults for simulation, but also recording
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the corresponding circuit outputs. Comparing the circuit outputs with predefined fault-free
values, we can identify whether or not faults have occurred.

In a typical test environment, we need a test pattern generator (TPG) to generate the
stimulus to apply to the module under test (MUT) for the detection of faults. However,
with increasing of complexity of digital circuits, this approach is not suitable. Built-in self-
testing (BIST) provides solution that can overcome many of the shortcomings of
standard testing techniques. Built-in self-testing (BIST) is a design approach that
combines concepts of both built-in test (BIT) and self-test (ST).

BIST refers to designing circuits with additional logic that can be employed to test
proper operation of the primary (functional) logic. BIST can be on-line or off-line,
concurrent or non-concurrent, and can be used in functional and structural mode. On-
line testing can be done during normal functional operating conditions of the MUT. On
the contrary, off-line testing is run when a system is not carrying out its normal functions.
Obviously, real-time error detection is not important to off-line testing mode.

BIST techniques utilize pseudorandom, pseudoexhaustive, or even exhaustive test
patterns or sometimes on-chip storing of reduced test sets to cover as many faults as
possible in the MUT. The basic principle is to use a TPG that sends stimulus to the MUT.
A test data analyzer captures these output streams. The faults are detected by
comparing with fault-free outputs.

The test data analyzer consists of a response compaction unit (RCU), storage for the
fault-free response of the MUT and a comparator. The RCU is comprised of two parts:
space compression unit and time compression unit [1].

Since bit-to-bit comparison is time-consuming, in practice, output bit streams are
compressed into "signatures". Compression techniques involve transition count, parity
checking, and syndrome checking as well as signature analysis. An essential problem of
compression techniques is error masking or aliasing [2], which introduces information
loss and reduces the fault coverage.
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CHAPTER 3
REALIZATIONS OF HARDWARE AND SOFTWARE CO-DESIGN

1. INTRODUCTION

A comprehensive testing system is synthesis of hardware, software, and test
methodology that have evolved to form a solid basis for the test environment. The testing
system must be extended to embed built-in test technology into systems for high
testability.

The test hardware can be a collection of test circuits, power supplies, measuring
devices, and transition devices that have digital-to-analog and analog-to-digital
functions. Buffer memory will be used to store test patterns and output responses.
Moreover, the compression network as an additional testing circuit exists as part of test
hardware. Generally, these can be described by hardware description language, such as
VHDL, Verilog HDL, or other types of hardware description languages. In this research,
Verilog HDL is used to describe the hardware.

Test software is to realize the automation of computerized testing process. The
programs embeded in a chip can control the functions of testing, applying test patterns
to its specific ports. [57] Moreover, it also compares the output responses with stored
fault-free responses. The comparison results are recorded for further analysis. Briefly
speaking, test software will complete test automation and test simulation.

The work in the thesis aims digital design verification through implementation of
relevant hardware and software. The design process is based on embeded cores-based
system-on-chip [5] and is based on well-known principles of hardware and software co-
design. The objective primarily is to implement a combinational logic circuit test
simulation environment [3], and to realize the verification scheme, and to compare the

results to theoretical ones, in order to prove that the test mechanism is working.

There exist many methods to make sure that the design is functioning correctly in
hardware and software, but one of the most efficient and reliable ways is the design for
testability approach. Our objective is to ensure that all detectable faults at the outputs of
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the MUT are captured at the outputs of the test models (MUT and compressor). The
current research attempts to extend these basic principles o accomplish a design that

works in different operational environments.

The program is designed to handle ISCAS 85 combinational benchmark circuits,
which is described by gate-level Verilog HDL. Hence, it is limited to only handle
combinational or acyclic digital circuits with no feedback (or feedforward) loops in the
structure. The testing environment is also based on ISCAS 85 combinational benchmark
circuits. It uses both hardware pseudorandom input test pattern generator and saved

deterministic test vectors.

Developmental environment includes Altera MAX PLUS Il with Verilog HDL and
C/C++ programming language. A software hardware co-design methodology is to be
applied to synchronize the on-board processor and configurable logic blocks.

We choose Verilog HDL since it has a textual format for describing digital circuits and
systems. Verilog HDL as a programming language allows a designer to describe a digital
circuit in a text format rather than in a schematic format. In fact, Verilog HDL can be
used for verification through simulation, timing analysis, test analysis, and logic
synthesis.

Verilog HDL can realize digital circuit design and simulate models at algorithmic, RTL,
gate, and switch levels. it also provides behavioral and structural synthesis. Here, we
simulate models at gate level with structural language. It is defined as the IEEE Standard
1364.

To implement hardware, the design process always follows the top-down design
methodology. It takes a designer from abstract concept down to actual hardware step by
step. The design flow has to guarantee that the desired functionality is achieved
completely and correctly.

Generally, we represent designs in Verilog HDL at three leveis of abstraction:
behavioral level, register transfer level, and structural level.
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In the behavioral level, the design is implemented in terms of the desired algorithm

without regards to actual hardware. So it cannot be synthesized into hardware by the

synthesis tools.

Design in register transfer level is implicitly realized in terms of hardware registers and

combinational logic. The key difference with the behavioral level is that an RTL

description can be translated into hardware by the synthesis tools.

Basically, a design in structural level is modeled by explicit description of logic

primitives and interconnects between them, and it is also named as a gate-level model.
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Figure 12. The detailed hardware verification scheme

24



2. MAX PLUS |l DESIGN ENVIRONMENT

Altera MAX PLUS Il is an integrated digital circuit simulation software. it consists of 11
application programs and the MAX PLUS Il manager. There are hierarchy display,
graphic editor, symbol editor, text editor, waveform editor, floorplan editor, compiler,
simulator, timing analyzer, programmer, and message processor. Several different
design applications can be active simultaneously. Meanwhile, other applications can be
run on the background.

Among them, we mainly focus on compiler and simulator applications. Compiler
application processes logic projects and perform most tasks automatically. Moreover, the
compilation process can be executed for all functions or some functions. Simulator
application includes functional simulation, timing simulation, and linked multi-device
simulation. Here, we will execute functional simulation.

The diagram in Figure 13 illustrates the design flow process of establishing a new

project from conception to completion.
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Figure 13. Design flow chart

The MAX PLUS Il includes design files, ancillary files, and projects. Design files are
used to write ISCAS 85 benchmark circuits with Verilog HDL (suffix is .v). MAX PLUS I
compiler can automatically handle graphic, text, or waveform format design files.
Ancillary files are associated with design files but do not belong to part of the project
hierarchy tree. Here, we import ASCH vector files as input files, and create ASCII table
files as output files.

The MAX PLUS 1l compiler combines with several modules and utilities, such as
compiler netlist extractor, database builder, logic synthesizer, partitioner, etc. To improve
the efficiency of compiler, we simplify this process and set it for functional SNF extractor
compilation. That means this process only includes three modules (compiler netlist
extractor, database buiider, and functional SNF extractor). It skips the fitter, timing and
assembler modules, and facilitates the process. Since the functional SNF does not
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contain timing information, it is generated very fast. But the result is created only if a
project compiles without any errors.

The MAX PLUS 1l simulator verifies the logical operation and internal timing of a
project. Before simulating a project, we must compile it and get a simulator netlist file
(SNF) for functional simulation. During the functional simulation, the simulator ignores
any timing delays.

The hardware software co-design test environment enables the testing to be flexible

and efficient since the program code is compact to be embeded into a board or a chip.
The general flow chart of a testing environment is shown below.
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3. TEST PATTERN GENERATION

In our BIST structure, test generation consists of pseudorandom test pattern generator
and deterministic test pattern generator. We can make a decision as regards which one
is to be used as our test source.

To implement pseudorandom test pattern generator, a simple but efficient algorithm is
developed. The program generates vector file as the input of the MUT. A vector file of
Altera MAX PLUS |l contains information of logic levels of nets within a digital circuit. The
simulator uses vectors to simulate the behaviors of the circuit. Vectors for simulation can
be defined in vector files (.vec) or simulation channel files (.scf). To realize automatic
input file loading, the vector files will be better to simulate, since it is easy to be
generated with text file format by the program. One sample vector file for benchmark
circuit C17 (C17.vec) is showed as follows:

INTERVAL 1;

START 0;

STOP 3ns;

INPUTS N1 N2 N3 N6 N7,
PATTERN

0>10001;

1>01011;

2>10100;

OUTPUTS N22,

OUTPUTS N23;

Here, "INTERVAL 1; START 0; STOP 3ns;" specifies the time units used. It means the
simulation time start from 0 and stop at 3 ns. The interval time is 1. The optional unit
section includes the keyword UNIT followed by a time unit. If no time unit is entered, ns
is the default unit throughout the vector file. The unit section ends with a semicolon (;).

"INPUTS N1 N2 N3 N6 N7;" means there are five inputs which are N1, N2, N3, N6,
and N7. "OUTPUTS N22; OUTPUTS N23;" refers to two outputs in the circuit.

"PATTERN 0>10001; 1>01011;, 2>10100;" represents three sequences of
pseudorandom numbers generated by a pseudorandom test pattern generator (PTPG)
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module. The algorithm [43] for pseudorandom test pattern generator (PTPG) module is
as follows:

Algorithm 1

/fpseudorandom test pattern generator (PTPG) module is to generate a sequence of pseudorandom
numbers that depend on the number of inputs of the specific circuit module. Given an arbitrarily

number, we call it "seed number", and it will generate different pseudorandom numbers.

//choose a pair of integers (m and a) as the multiplier and modulo, respectively. Normally, the

integer m takes on value 2°'-1 (2147483647) and the integer a takes on value 7° (16807).

//module for pseudorandom test pattern generator (PTPG)
PTPG module
{
Config modulo as a constant unsigned long integer 2147483647 @1y
Config multiplier as a constant unsigned long integer 16807 7y,
Get seed number;
Config ran as a static unsigned long integer;
Designate the random number as ran;

Store ran;

ran = (ran * multiplier) % modulo;

——

/
main module
{
/lcall PTPG module every time
random_number = PTPG(seed) % m;
}

This algorithm generates pseudorandom numbers from O to m-1. Here, we set m
equal 2. So the pseudorandom numbers are from 0 to 1.
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Through this algorithm, we can obtain any pseudorandom number group, which
depends on the number of input or combination of input numbers. Then the program
generates a vector file or vector files as the input of MAX PLUS II stimuiation.

As for the deterministic test pattern generator, it is simpler than pseudorandom test
pattern generator, since it is just a textual file followed MAX PLUS |i table file format. It is
imported to MAX PLUS Il as an input file automatically.

For hardware implementation, we can invoke a simple MUX (muiltiplexer) to implement

the choice between pseudorandom test pattern generator and deterministic pattern
generator. The following diagram displays the TPG flow chart.
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4. MODULE UNDER TEST

The testing environment is based on ISCAS 85 combinational benchmark circuits.
These circuits or MUT (module under test) are written in Verilog HDL.

The MAX PLUS {I compiler can import input files with many different formats. It
consists of graphic design files (.gdf), text design files (.tdf), VHDL design files (.vhd),
Verilog design files (.v), waveform design files (.wdf), Altera design files (.adf), etc. In this
work, these circuits for testing are all written with Verilog language.

ISCAS 85 combinational benchmark circuits contain 11 circuits. To realize the
simulation, gate-level description includes detailed ports information. So the circuit
described with gate-level Verilog is easy to implement with fault injection. In order to
accelerate the speed of simulation, we attach some annotation that will not influence the
structure of benchmark circuits. The circuit diagram and Verilog HDL description of

circuit C17 is given below.
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Figure 16. C17 circuit diagram

// Verilog

/7 C17

// Ninputs 5

// Noutputs 2

// Wire 4

// NtotalGates 6
// NANDZ2 6

module C17 (N1,N2,N3,N6,N7,N22,N23),
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input N1,N2,N3,N6,N7;
output N22,N23;
wire N1O,N11,N16,N19;

nand NAND2_1 (N10,N1,N3);
nand NAND2_2 (N11,N3,N6);
nand NAND2_3 (N16,N2,N11);
nand NAND2_4 (N19,N11,N7);
nand NAND2_5 (N22,N10,N16);
nand NAND2_6 (N23,N16,N19);

endmodule

Since we have vector file as input, MAX PLUS Il can invoke it to do fauit-free
simulation. The MAX PLUS 1l will compile this circuit at first. If no errors exist, it will do
simulation next. During this procedure, the program will generate a series of intermediate
and final files. Among these files, we mainly focus on an output file - table file. The table
file format of MAX PLUS Il is as follows:

%
MAX+plus Il 10.1 Date: 08/07/2003 12:46:21
File generated from: C17.scf

INPUTS N1 N2 N3 N6 N7 ;
OQUTPUTS N22 N23;
UNIT ns ;

RADIX HEX ;

PATTERN

% NN%

% NNNNN 22%

% 12367 23%

00>01110=00
1.0>00010=00
20>01110=00
3.0>00001=01

40>01010=11

50>10101=11

6.0>10000=00
7.0>00010=00

80>10101=11

9.0>10000=00
100>11110=10
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11.0>111
120>011
13.0>010
14.0>010
156.0>111
16.0>110
17.0>0000
18.0>10000=00
19.0>01101=11
20.0>10010=00
21.0>00011=01
220> XXX XX=XX

E

1
1
1
0
1
1
0

[ Y G G R ST
O = Q = ==

In this table file, we will ignore the description part and mainly focus on the values of
inputs (N1, N2, N3, N6, N7) and outputs (N22, N23). From "0.0>", we have five input
values and two output values separated by equal symbol. In fact, these values
accurately match input pins N1 to N7 and output pins N22 to N23.

The MUT includes a series of benchmark circuits described with gate-level Verilog

language.

Algorithm 2

//The program will automatically pick up input values and output values, and store to memory.

The algorithm for the MUT is illustrated as follows:

//Opening Verilog file of the MUT and generating the vector file for the MUT.
Find all relevant information of the MUT, such as numbers and names of all inputs, outputs and

wires. Define seed number and test pattern number for specific testing.

//Finding the parameters of Verilog file
Finding the parameters of Verilog file for
{
Designate the inputs array as INPUT
Store INPUT;
Store Ninputs;

and
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Designate the outputs array as OUTPUT
Store OUTPUT;

Store Noutputs;

and

Designate the wires array as WIRE
Store WIRE;

Store Nwires;

b

//Determining the parameters of vector file:
Determine the time of STARTSs and STOPs of vectors;
Determine the size of INTERVAL of vectors;

//Forming the pseudorandom numbers for defined ports (Algorithm 1):

Designate the PATTERN of vectors and forming the pseudorandom numbers for defined ports
For (i=0; i<b_test_pattern; i++)

//Find how many test pattern numbers will be applied;

{
for (count = 0; count < m_input; count++)
//Find how many input ports in circuit;

Generate pseudorandom number in specific port;

}

//Finding the output vector names

Finding the output vector names and replacing them in the vector file;

//Close vector file

Algorithm 3

//The algorithm can automatically conduct MAX PLUS II to run on the background. The
algorithm simplifies the compiler and simulation procedure to improve the performance of MAX

PLUSIL

36



//Preforming a functional SNF extractor file
Preforming a functional SNF extractor file:
{
Open an empty functional SNF extractor file with write mode;
Append one line
"COMPILER PROCESSING_CONFIGURATION\nBEGIN\WnFUNCTIONAL_SNF_EX
TRACTOR = ON;
END;"
Close this functional SNF extractor file

}

//Conducting MAX PLUS II to do compilation and simulation on the background
Conducting MAX PLUS II to do compilation and simulation for

{

Do compilation for specific circuit on the background;

Do simulation for specific circuit with inputting vector file;

Get table file after successful completion.

Duplicate the table file for future fault injection;

}

The compressor module can be included into the MUT. Therefore, the output values
are different from the former values, which have been compressed by a specific
algorithm to reduce the amount of output values storage.

The extra logic of compressor unit must be as simple as possible, and easily embeded

within the MUT. Certainly, it would not introduce signal delays and normal functionality of
the MUT.

5. FAULT INJECTION AND COMPARATOR

Fault injection module is the most important part of the simulation. The hardware fauit

injection technique is essential in order to iteratively insert stuck-at-0 and stuck-at-1
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faults into every mutually exclusive wire. The total number of wires consists of primary
inputs, primary outputs, and internal wires. To implement the fault injection sequentially,
we consider these three parts separately.

The advantage of separation is that we can invoke different algorithm to achieve high
performance. Due to the limited feature of MAX PLUS II, we have to treat the circuit
module as a black box. For input and output of specific module after fault injection, the
structure of this module could not be changed. We just need to change the real values of
input or output. For internal wires of a specific circuit module during injecting one fault at
a time, the structure of the circuit have been maodified, since faults have been inserted in
some part of the circuit.

Fault injection approach is based on inserting faults into module, specifically, through
changing the value of a particular net to realize the fault injection in the whole circuit.
Since we apply MAX PLUS Ii as the simulator (we can not change the internal structure
of MAX PLUS 1), the program runs on the background of MAX PLUS II. So it is
completely independent of the simulator. To speed up the simulation, we invoke some
methods to improve the performance of the program.

To realize injecting stuck-at-faults, the simulator is modeled by forcing the value of the
subject node to all ones or all zeros. It goes through all nodes in the circuit iteratively
with stuck-at-1 and stuck-at-0. In fact, we have to break a wire where we tend to inject a
fault. We do not concern about the value of forepart of the wire and put stuck-at signal
value straight to the rear part of the wire.

Since fault injection in different part of the circuit module needs different algorithms, it

is better to separate them to speed up the running of the program. The following flow
chart shows the fault injection in input ports.
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The fault injection scheme in output ports is similar to that for the input. The difference
is that we skip the MUT testing procedure driven by MAX PLUS Ii. The advantage of this
approach is obviously that it improves the efficiency of program running. The flow chart

of fault injection in output is shown as follows.
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The fault injection in wires is quite difficult to implement due to several reasons. The
first is that the circuit structure changes when the fault is injected into the circuit. We
have to compile and simulate the circuit every time since the circuit is to be treated as a
new one. Besides, we have to identify the wire. Due to huge number of wires in a large
circuit, it is a challenge to speed up the program running. We need an optimized
algorithm to enhance efficiency. The fault injection scheme in wire part is displayed as

follows.
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Algorithm 4

//The pseudocode description of fault injection (input pins) algorithm that can insert faults in

input ports iteratively with stuck-at-0 and stuck-at-1 faults.

//Finding number and name of inputs:

Search the circuit (Verilog format) that is to be tested and find number and name of inputs. Store

in memory (Algorithm 2)

//Determining the parameters of fault injection:
Determining the symbol bit "flag" of stuck-at-0 or stuck-at-1;
Determining the sequence number of test pattern that was applied;

Determining the test pattern number where the fault has been found;

//Injecting one fault at a time in the test circuit
while (start from the first input port, go next by next until the last port)
{
//Determining fault type (stuck-at-0 or stuck-at-1)
if (flag is less than 0)
symbol flag is stuck-at-0;
else

symbol flag is stuck-at-1;

//Taking the test pattern to generate vector file and get output table file (Algorithm 3)
while (invoking test pattern line by line with vector file until the last line)

{

if (output value matches)
no fault found;

else
fault found;
Sequence number increases by one;

}
If (symbol flag is less than 0) switch to stuck-at-1;
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Set up the symbol flag;

Clear sequence number to 0;

}

Algorithm 5

//The pseudocode description of fault injection (output pins) algorithm that can insert faults in

output ports iteratively with stuck-at-0 and stuck-at-1 faults.

//Finding number and name of outputs:

Search the circuit (VERILOG format) that is to be tested and find number and name of outputs.
Store in memory (Algorithm 2)

//Determining the parameters of fault injection:
Determining the symbol bit "flag" of stuck-at-0 or stuck-at-1;
Determining the sequence number of test pattern that was applied;

Determining the test pattern number where the fault has been found;

//Injecting one fault at a time on the test circuit
while (start from the first output port, go next by next until the last port)
{
//Determining fault type (stuck-at-0 or stuck-at-1)
if (flag is less than 0)
symbol flag is stuck-at-0;
else

symbol flag is stuck-at-1;

while (invoking test pattern line by line with vector file until the last line)
{
if (output value matches)
no fault found;

else
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fault found;

Sequence number increases by one;

If (symbol flag is less than 0) switch to stuck-at-1;

Set up the symbol flag;

Clear sequence number to 0;

}

Algorithm 6 (wire)

//The pseudocode description of fault injection (internal wires) algorithm that can insert faults in

internal wires iteratively with stuck-at-0 and stuck-at-1 faults.

//Finding number and name of mutually exclusive wires:
Search the circuit (VERILOG format) that is to be tested and find number and name of internal

wires. Store in memory (Algorithm 2)

//Determining the parameters of fault injection:
Determining the symbol bit “flag” of stuck-at-0 or stuck-at-1;
Determining the sequence number of test pattern that was applied;

Determining the test pattern number where the fault has been found;

//Injecting one fault at a time on the testing circuit
while (start from the first mutually-exclusive wire, go next by next until the last wire)
{
//Determining fault type (stuck-at-0 or stuck-at-1)
if (flag is less than 0)
Symbol flag is stuck-at-0;
else

Symbol flag is stuck-at-1;
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//searching for the name of wire in circuit and store to {w1, w2}
if (found)

//inject fault in specific area

Replace it with symbol flag;
else

continue to search;

//Taking the test pattern to generate vector file and get output table file (Algorithm 3)

while (invoking test pattern line by line with vector file until the last line)

{

if (output value matches)
no fault found;

else
fault found;

Sequence number increases by one;

If (symbol flag is less than 0) switch to stuck-at-1;

Set up the symbol flag;

Clear sequence number to 0;

b

The sequence number indicates which test pattern has been applied. If the fault has
not been detected, the program will take next test pattern to run until the fault can be
detected. In this case, the sequence number will be recorded and will indicate which test

pattern can detect this fault.

The symbol flag refers to which fault has been inserted (stuck-at-0 or stuck-at-1).
Since the procedure is for a specific wire (including input and output), the faults (stuck-
at-0 or stuck-at-1) are injected iteratively, going on to the next wire until all wires have

been tested. In program, the symbol indicates the fault type.
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After applying a set of vector files, the circuit with Verilog language is evaluated. The

results are saved in the file ‘circuit_name.log’.

6. OTHER COMPONENTS

Counter module provides functions to record the number of detected faults for every
test pattern. Since the test patterns we applied are commonly very huge for large
circuits, it is necessary to manage this counter group with minimum operation.

The memory module stores detected faults and the corresponding input test patterns.
To save this massive information, the storing method is commonly adopted as file format
to save computer memory. The memory module stores all information about testing that
includes applied test patterns, detected faults, and where to find them. The result is
yielded from comparator module through comparison of the outputs with fault-free

outputs coming from fault-free module.

Fault-free signatures come from the MUT and Compressor modules without any faults
injected. Fault-free signatures correspond to relative test patterns. Comparator module
can utilize this module to compare the outputs from the MUT and Compressor module

with fault injection.

7. SYNTHESIS

After testing every module separately to ensure its function, we put these modules
together. These modules can be synthesized as a practical simulator. To test a logic
circuit (gate-level Verilog code), we invoke pseudorandom TPG or deterministic TPG to
generate the result and log file finally. During this procedure, MAX PLUS Il is run on the
background.

In order to simulate a given circuit, we shall put this file (circuit described with Verilog
code) with simulator software under a same folder. Since the simulator program will call
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MAX PLUS Il during program running, the direction (path) to MAX PLUS |l has to be
indicated at first. It means the user should set up the path manually. The reason is that
the simulator software must adapt to all kinds of running environments. But normally the
path of MAX PLUS Il is different.

The simulator program not only understands the ISCAS 85 benchmark circuits, but

also all kinds of circuits with Verilog code (gate-level description). To achieve this goal,
the program should be flexible enough for adaptation during simulation.
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CHAPTER 4

Experimental Resuits

1. FAULT COVERAGE

TheaarPses Sanl fimdates Jyas simolensertss e palh My riagt, Qasnglvia
computer with Pentium 11l 600, and 128 MB RAM. To demonstrate the feasibility of the

proposed approaches, independent simulations were conduced on various ISCAS 85

combinational benchmark circuits.

Some of the major objectives achieved through the research could be summarized as
follows:

e Developed a complete fault simulator using C language as general parser, with
a circuit Text description for Verilog conversion;

e Implemented combinational logic circuit test simulation environment;

e Simulated ISCAS 85 combinational benchmark circuits using hardware
pseudo-random input test pattern generator and saved deterministic input test
vectors;

e Realized the verification scheme and compared the results to theoretical ones,
in order to show the validity of the proposed test simulation algorithms;

e Investigated and designed Verilog implementation of the verification scheme;
and

¢ Realized the solution using Altera MAX PLUS 1l design environment and
compared the results to theoretical ones.

A software hardware co-design methodology is to synchronise the on-board processor
and configurable logic blocks. The tested circuits were realized using Verilog language.
The design has to be configured, along with the pseudorandom input test pattern
generator and output registers, and downloaded and verified on an Altera FPGA board.

The logic circuit test simulator we developed has several important advantages as
compared to other simulators. Since the proposed simulator is based on software
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hardware co-design methodology, obviously it can be invoked for practical testing
environments.

The first advantage is that the test circuits can be written in any hardware description
language. No matter whether we use Verilog, VHDL, or AHDL to describe the circuits,
the simulator can handle them efficiently.

Many simulators written for the benchmark circuits are specifically intended for the
netlist formats of the circuits. The circuits in our implementations were written in
hardware description language and the developed simulator can be used to test all such
circuits described in any hardware description language.

As was previously mentioned, the simulator was developed using C language, with a
circuit Text description for Verilog conversion. The simulator is fairly compact to be
embeded in a hardware-testing environment since we have realized a complete logic
circuit test simulation environment besides our simulator. It means that the design can
be configured, along with the pseudorandom input test pattern generator and the output
registers, and downloaded and verified on an Altera FPGA board.

The experimental results for ISCAS 85 combinational benchmark circuits are shown in
Tables 2 and 3. Table 2 presents experimental for pseudorandom inputs, while Table 3
provides results for ISCAS 85 benchmark circuits using deterministic compacted test
vectors. Using the fault simulator, we determined the fault coverage and CPU simulation
time required for all ISCAS 85 benchmark circuits without using space compactors.
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Table 2. Resuits on ISCAS 85 benchmark circuits - pseudorandom test vectors

Circuit name No of test Fault coverage Total time Simulation time
vectors (%) (secs) (secs)

C17 22 100 20 8

C432 199 95.918 1076 430
C499 199 88.889 1027 411

C880 199 92.551 2875 1150
C1355 199 87.223 3858 1543
C1908 199 83.571 9323 3729
C5315 199 97.988 103899 41559
C6288 199 99.306 148271 59308

Table 3. Results on ISCAS 85 Benchmark Circuits - deterministic test vectors

Circuit name No of test Fault coverage Total time Simuiation time
vectors (%) (secs) (secs)
C17 5 100 18 7
C432 46 95.918 542 217
C499 38 88.889 673 269
€880 49 92.551 1923 769
C1355 53 87.223 3363 1345
C1908 45 83.571 8450 3380
C5315 97 97.988 98496 39398
C6288 48 99.306 117088 46835

The following figures show the same results, using both the pseudorandom and

deterministic test patterns, but in a graphical way.
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2. ANALYSIS

The results file "circuit_name.log" contains information from the fault simulation. It is a
text format file, which records the detected faults and fault numbers in details. The

format of C17.log is as follows:

Log file for the circuit C17.bench.
Number of faults detected by each test pattern:

test 1 :9 faults detected 01110=00
test 2 :2 faultsdetected 00010=00
test 3 :0 faults detected 01110=00
test 4 :4 faults detected 00001 =01
test 5 :4 faults detected 01010=11
test 6 :3 faults detected 11
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test 7 :0 faults detected
test 8 :0 faults detected
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test 12:0 faults detected 11101=11
test 13:0 faults detected 01101=11
test 14:0 faults detected 01011 =11
test 15:0 faults detected 01010=11
test 16:0 faults detected 11111=10
test 17:0 faults detected 11011=11
test 18:0 faults detected 00000 =00
test 19:0 faults detected 10000=00
test 20:0 faults detected 01101=11
test 21:0 faults detected 10010=00
test 22:0 faults detected 00011=01

End of fault simulation.

ook ok K koK SUMMARY OF FAULT SIMULATION RESULTS ok ko kK okok
1. Circuit Structure
Name of the circuit c17z
Number of gates 11
Number of primary inputs 5
Number of primary outputs 2
Depth of the circuit 4
2. Simulation parameters
Simulation mode random
Initial random number generator seed 1050420308
3. Simulation results
Number of test patterns applied 22
Fault coverage 100.000 %
Number of collapsed fauits 22
Number of detected faults 22
Number of undetected faults o
4. Total running time 20 seconds
Total Simulation time 8 seconds
* End

Based on our conducted simulation for some combinational circuits, we obtained the
above log file. In this log file, we can find all information we need. For each circuit, we
determined the number of test vectors used, CPU simulation time, and percentage of
fault coverage by running the simulator on a PC-compatible workstation.
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CHAPTER §

Conclusion and Future Work

in this thesis, we developed fault simulator for combinational circuits based on Altera
MAX PLUS |l development environment, and provided experimental results on ISCAS 85
combinational benchmark circuits utilizing the simulator based on the use of
deterministic compact and pseudorandom test inputs. The simulation results validate the
efficacy of the developed approaches.

However, there remains unfinished works to make system complete and
comprehensive as a fault simulation system, capable of handling other faults models
than stuck-at-faults. We believe that the system can be used to handle most classes of
logic circuits described in Verilog HDL. Besides, the simulation technique seems suitable
for collecting statistical data on logic circuits as well.

The simulator can be adapted to handle logic circuits specified in other kinds of
hardware description languages, such as VHDL, etc. The system can automatically
detect which HDL the testing file uses and then treat it accordingly.

To deal with sequential logic, we just need to change formats in test pattern files. For
example, due to the existence of flip-flops in the circuits, the sequential logic circuits
need several time clocks to reach stable states. We can append some signals (or reset
signals) in test pattern file to handle this problem.

Further studies will be done in relation to embeded cores-based systems, specially
targeted towards IP (intellectual property) cores. In the latest SOC (system-on-a-chip)
design, many independent modules can be contained in a single IP core. IP cores can
be CPUs, memories, DSPs, and other various kinds of communication modules. The
advantage of using IP cores [58] is that they speed up the design cycle of large complex
systems, and thereby achieve a shorter time-to-market. But it also increases challenge

for test engineers.
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APPENDIX

1. Attached program source code

s sk ok e s sk sk 3k ok o ok ok o ok s ok sk e sk ke sfe ok sk ok ok ok o o ok o s ofe sk ok ofe s sk ke o ok e ok sk ok ok ke ek kok kok
Welcome to Digital Circuit Verification System
Writer : Liwu Jin

Systems Science

University of Ottawa  Copyright (C) 2003.12

¥ OK K ¥ ¥ K ¥
* K * X X K X

o o o o 3k ok ok ok ok ok sl sk ok o ok s o ok sk ok ok ok sk o ok ol sk sk sk s ook ok sk sk sk stk e kol s sk ckok ok sk ok ok ks ke

#include <stdio.h>
#include <string.h>
#include <stdlib.h>
#include <ctype.h>
f#tinclude <time.h>
#include <iostream.h>
#define max 500
#define Imax 5000
#define wmax 50000
H#define start 0
#define interval 1

FILE *fp;
FILE *fpl;
FILE *fp2;

char *getWord(char *word, int lim);

unsigned long int random_number(unsigned long int seed);
void wait();

int main()

r

¢

char word[lmax];
char wilfmaxj = "\0"
char w2[max] = "\0";

char filename[max] = "\0";

// testing verilog file name

char fname{max] = "\0"; // full file name

char aline[lmax] = "\0"; // read a line in a file
char input{lmax] = "\0"; // input name

char innumflmax] = "\0"; // input

char outnum{Imaxj = "\0"; // output

char output{lmax] = "0"; // ouput name

char wirefwmax] = "\0";
char temp[wmax] = "\0";
char *wd = NULL;

char *ptr;

// wire name

// point
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char fj; // injection "0" or "1"

int m, n, b, p, gen, seq, fseq;
b is testing cycle;

m is input number;

n is output number;

p is wire number

gen is the random number

inti=0j=0a=0;

int found = 1;

int flag, count, ot;

int counter{wmax] = {0}, // counter

unsigned long int seed;
int c;

c is seed number
srand(time(NULL)),;
seed = rand();

open verilog file you want to test

printf( "\nEnter File Name\t:\t");
gets(filename);

strepy(fname, filename);
strcat(fname, ".v");

Jp = fopen(fname, "r");

if(fp == NULL)

{
printf("Could not open file %s!\n", fname);

exit(0);

/

printf("Opening file\t:\\"%s\" \n", fname);

get input, output, wire numbers and arrays
while((getWord(word, max)) != NULL)

{

if (stremp(word, "Ninpuis")==0)
s
t

m=atoi(getWord(word, max)); //m is input number;

printf("Input numbers\t:\t%d\n", m);

/
else if (stremp(word, "Noutputs")==0)
s
!

n=atoi(getWord(word, max)); //n is output number;

printf{"Output numbers\t:\t%d\n", n);
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else if (stremp(word, "Wire")==0)
f
{
p=atoi(getWord(word, max)); //p is wire number;
printf{("Wire numbers\t:\t%d\n", p);
]
s
else if (stremp(word, "input")==0)
{ // printf("Input : \n");
Jor (i=0;i<m;i++) strcat(input, getWord(word, max));
}

else if (stremp(word, "output”)==0)
{7/ printf{"\mOutput : \n"),
Jor (i=0;i<n;i++) strcat(output, getWord(word, max));

/

else if (stremp(word, "wire")==0)

{

Jor (i=0;i<p;i++) strcat(wire, getWord(word, max)),

}
/
fclose(fp), // close verilog file

enter seed number and define test pattern numbers
printf ("\nEnter seed numberit:\t");

cin>>¢;

seed = 1050420308;

b is the test pattern number

b= (m+tnt+p) *2;

printf ("\nEnter test pattern number\t:\t");
cin >> b;

if (b>199) b =199;

pick up the inputs and outputs

strepy(fname, filename);
streat(fname, ".vec”);
remove (fname);

Jp = fopen(fname, "a");
Jorintf (fp, "INTERVAL %d ;\n", interval),

Jprintf (fp, "START %d ;\nSTOP %dns ;", start, (b*interval+stari));
Jfprintf(fo, "\nINPUTS ", i);

strcpy(temp, input);
wd = strtok(temp, "NG");

while (wd = NULL)
{

define "N" or "G" in input, output and wire
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if (input[0] == N
Sprintf (fo,"N%s ", wd);

Jorintf (fp,"G%s ", wd);
wd = strtok(NULL, "NG");

else

}
/ generate random numbers in vector file
Jorintf(fp, ", \WPATTERN\n");

Jor (i=0; i<b; i++)
£
t

forintf(fp, "%d>", i);

Jor (int count = 0; count < m, count++)

{
Jorintf(fp, " *);
gen = random_number(seed) %6 2;
if (gen == 0)
innumfcount] = "0’;
else
innumfcount] ="'I";
Jprintf(fp, "%c", innum{count]),
innum[count] = '\0";
}

Jorintf(fp, "\n");
}
Sfprintf(fp, ";");

4 find outputs
a=0;
strcpy(temp, output),

wd = strtok(temp, "NG");
while (wd = NULL)

{
printf("%d\(N%s\n", ++a, wd);
if (input{0] =='N")
Jorintf (fp, "mOUTPUTS N%s", wd);
else

Jorintf (fp, "\nOUTPUTS G%s", wd);

fprinl‘f(]??, " ; \n r)’.
wd = strtok(NULL, "NG");

65



/

4

V4

//

4

/
felose(fp); // close vector file

setup functional snf extractor

strepy(fname, filename);

streat(fname, ".acf");

fp = fopen(fname, "w");

Sorintf (fp, "COMPILER PROCESSING CONFIGURATION'n
BEGIN\wnFUNCTIONAL_SNF_EXTRACTOR = ON;\nEND;");
Jfeclose(fp),// close acf file ------------

Do complier and simulation
strepy(word, "maxplus2 -c -s -vec ");
streat(word, filename),

streat(word, " -s -vec "),
streat(word, filename),;

strcat(word, ".vec -tbl ");
strcat(word, filename);

streat(word, ".tbl "),

strcat(word, filename);
system(word);

copy table file to backup file
strepy(word, "copy ");
streat(word, filename),;
strcat(word, ".thl ");
strcat(word, filename),;
strcat(word, ".bak"),
system(word),

time_t t1,12;
int difftime = 0;
(voidjtime(&t1);

FAULT INJECTION IN INPUTS
printf("\n--- FAULT INJECTION IN INPUTS---\n");

pick up data from backup file
strepy(fname, filename);
streat(fname, ".bak");

[fp = fopen(faame, "r");
Sfag =-1;

seq = 0;

j=0

Sor (count=0;count<m;count++)
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if (flag<0)

ﬁ — 101’.
else
ﬁ =]
while((fgets(aline, Imax, fp)) != NULL)
{

if ((ptr = strstr(aline, ">")) |= NULL)
¢
1

strepy(aline, ptr+2);

Jor (i=0;i<2*m,i++)
innumfi] = aline[i];

if ((ptr = strstr(aline, "=")) != NULL)
strepy(outnum, ptr+2);

MAXPLUS?2 run on the background

strepy(fname, filename);
strcat(fname, ".vec");
remove(fname);

fpl = fopen(fname, "a");

Sorintf (fpl, "INTERVAL %d ;\n", interval);
forintf (fol,"START %d ;\nSTOP %dns ; ", start, 1);
Sforintf(fpl, "mINPUTS ", i);

strepy(temp, input);

wd = strtok(temp, "NG");
while (wd != NULL)

{

define "N" or "G" in input, output and wire
if (input[0] == N))
Sorintf (fpl,"N%s ", wd);
else
Sorintf (fpl,"G%s ", wd);
wd = striok(NULL, "NG");

/

generate random numbers in vector file
Sorintf(fpl, ";\nPATTERN\n");
strepy(temp, innum);

int i;

if (temp[2*count] == fj)
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ot =0;
goto samefj;

else
inject fault in specific position
temp[2*count] = fj;
Jprintf(fpl, "0>");

Jor (i=0;i<2%m; i++)

{
fprintf(fpl, "%c", templ[i]);
tempfi] = "0

!
S

Sorintf(fpl, "\n");
‘fprln#@], u,. " ;

find outputs

a=0;

strepy(temp, output);

wd = strtok(temp, "NG");

while (wd = NULL)

if (input[0] == 'N’)

Jorintf (fpl,"\nOQUTPUTS N%s", wd);
else

Sprintf (fpl, "\nQUTPUTS G%s", wd);

Jprintf (fpl, " ;\n");
wd = striok(NULL, "NG");

/
Sfelose(fpl); // close vector file

setup functional snf extractor

strepy(fname, filename);

streat(fname, ".acf");

fpl = fopen(fname, "w");

Jprintf (fol, "COMPILER _PROCESSING_CONFIGURATION'n
BEGINWFUNCTIONAL SNF _EXTRACTOR = ON;\nEND;");

Jelose(fpl), // close acf file

Do complier and simulation
strepy(word, "maxplus2 -s -vec ");
streat(word, filename);
strcat(word, " -ta_setup -s -vec ");
streat(word, filename);
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streat(word, ".vec -tbl ");

strcat(word, filename),

streat(word, ".tbl ");

streat(word, filename);

system(word);

complete the simulation and get table file
printf("\n%s", outnum),

strepy(fname, filename);
strcat(fname, ".thl");

Jpl = fopen(fname, "r");

while((fgets(temp, Imax, fpl)) |= NULL)

{
if ((ptr = strstr(temp, "0.0>")) I= NULL)
{
strepy(temp, ptr+7+2%m);
break; //read the output(just one line) in table file then break
2
5
} // end while

felose(fpl),// close temp table file

ot = stremp(outnum, temp);

samefj:
if (seq == b)
{
printf("--- THE END OF TEST PATTERN ---");
break; // if reach the end, break
2
s
else if (ot == 0)
{
printf("\n*** NO fault found ***");
Jelose(fpl);
system("del *.vec"),
/
else
{
printf("n*=** NN *3* FAULT FOUND *** 20N ***\n");
printf("\n%d.:%s\n", flag, outnum);
printf("\n%d: %s\n", flag, temp);
j = counter[seq];
counterfseq] = ++j;
break; //
/

seq++; // test pattern number
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} // end if ((ptr = strstr(aline, ">")) I= NULL)

} // end while ((fgets(aline, Imax, fp)) != NULL)

if (flag<0) count--;

flag=flag*(-1);
rewind(fp);
seq = 0; // test pattern number recounts

} // end big for
Jelose(fp); // close backup file

a=0;

Jor (i=0;i<b;i++)

{
printf("%d-", counter[i]);
a = a + counterfi];

/

printf("\n--- END OF FAULT INJECTION IN INPUTS ---\n");
printf("\n--- TOTAL %d FAULTS FOUND ---", a);
end of fault injection in inputs

FAULT INJECTION IN OUTPUTS

strepy(fname, filename),
strcat(fname, ".bak");

fp = fopen(fname, "r");

flag = -1, // Inject zero first
seq = 0; // The position of fault found
Jj = 0; // add fault number which have been found

Jfor (count=0;count<n;count++)

{
if flag < 0) fj = 0%
else fi ="I";

while((fgets(aline, Imax, fp)) = NULL)
{

if (ptr = strstr(aline, "=")) = NULL)
{

strepy(outnum, pir+2);

if (seq == b)
{
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printf("--- THE END OF TEST PATTERN ---");

break; //if reach the end, break
/

else if (outnum{2*count] == fj)
printf("*** NO fault found ***");

else
{
J = counter{seq];
counterfseq] = ++j;
break; //if found, break while cycle
/
seq+-+;
} // end if=

} // end while line

if (flag<0) count--;

flag = flag*(-1);
rewind(fp);
seq = 0;

}// end big for

Jelose(fp); // close backup file
END OF FAULT INJECTION IN OUTPUTS

FAULT INJECTION IN WIRES
printf("\n-—- FAULT INJECTION IN WIRES---\n");

pick up data from backup file

strepy(fname, filename);
strecat(fname, ".bak"); // table file

Jfp = fopen(fname, "r");

flag =-1;
seq =0,

fseq = 0;
j=0

Jor (count=0;count<p;count++)

s
t
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4 generate vector file
j=0;
/7 strepy(fname, filename);
7 strcat(fname, ".bak"); // table file

/W Jfp = fopen(fname, "r");

strepy(fname, filename);
strcat(fname, ".vec");
remove(fname);

fpl = fopen(fname, "w");

Sprintf (fpl, "INTERVAL %d ;\n", interval);
Jprintf (fpl,"START %d ;\nSTOP %dns ;", start, b);
Sorintf(fpl, "\nINPUTS ", i);

strepy(temp, input);

wd = strtok(temp, "NG");
while (wd |= NULL)

{
74 define "N" or "G" in input, output and wire
if (input[0] =="N)
Sfprintf (fpl,"N%s ", wd);
else
Jorintf (fpl,"G%s ", wd);
wd = strtok(NULL, "NG");
J

Jorintf(fol, ";\nPATTERN\n");

while((feets(aline, Imax, fp)) != NULL)
{

if ((ptr = strstr(aline, ">")) |= NULL)
{

strcpy(aline, ptr+2);

for (i=0;i<2*m;i++)
innum{i] = alinefi];

if ((ptr = strstr(aline, "=")) = NULL)
strepy(outnum, ptr+2);
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generate random numbers in vector file

Jorintf(fpl, "%d> ", j);
for (inti=0;i<2%n; it+)

{
Jprintf(fpl, "%c”, innum/[i]);
innumfi] = "0’
/
Jprintf(fpl, "\n");
JH+;
ifG==b) {
Jprintfifpl, ";");
break;
}
} // end if ((ptr = strstr(aline, ">")) != NULL)
// end while ((fgets(aline, Imax, fp)) != NULL)
find outputs

a=0;
strepy(temp, output);
wd = strtok(temp, "N");

while (wd /= NULL)

{
Jprintf (fol, "\nOQUTPUTS N%s", wd);
Jorintf (fpl, " ;\n");
wd = strtok(NULL, "N");
}
felose(fpl); // close vector file
vector file generated!

inject faults in internal wires

if (found == 1)
{

find wires

a=0;
strcpy(temp, wire);
wd = striok(temp, "N");

while (wd != NULL)
{

if (a == count)
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strepy(word, wd);
74 word represents specific wire name which depends on COUNT
at++;
wd = strtok(NULL, "N"};

strepy(wl, ".N");
streat(wl, word),;
streat(wl, "");

strepy(w2, ".N");
streat(w2, word);
strcat(w2, ")");

/4 printf("%s\t%s\n", wl, w2);
V4 change verilog file with fault injection
4 pick up data from verilog file

strepy(fname, filename);
strcat(fname, ".v"); / verilog file

fp2 = fopen(fhame, "r");

strepy(fname, filename);
strcat(fname, "a.v"); // verilog file
remove(fname),

fpl = fopen(fname, "a");

while (fgets(aline, Imax, fp2) != NULL)
{

strepy(word, "module ");
strcat(word, filename),

/7 In verilog file, find module name and append "a" with it
if ((ptr = strstr(aline, word)) = NULL)
{
strcpy(temp, ptr + strlen(word));
*ptr =0
streat(aline, word),;
streat(aline, "a");
strcat(aline, temp),;

/

74 find "(" at first, then find specific word
else if (ptr = strstr(aline, "(")) |= NULL && (ptr = strstr(aline, wl)) I=

{

NULL)

strepy(temp, ptr + strlen(wl));
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if (flag<0)

strepy(word, ",0,");
else

strepy(word, ", 1,");

strcat(aline, word);
strcat(aline, temp),;

printf("\n%d.: %s", count, aline);

/

else if ((ptr = strstr(aline, "(")) = NULL && (ptr = strstr(aline, w2)) I=

{
strepy(temp, ptr + strlen(w2));

*ptr = 0;

if (flag<0)

strepy(word, ",0)");
else

strepy(word, ",1)");

streat(aline, word);
streat(aline, temp);

Jorintfifpl, "%s", aline);

// end while
fclose(fp2); // temp file
felose(fpl); // verilog file

rewind(fp2);

setup functional snf extractor

strepy(fname, filename);

strcat(fname, "a.acf”);

fpl = fopen(fname, "w");

Sorintf (fpl,"COMPILER_PROCESSING_CONFIGURATIONn
BEGIN\WFUNCTIONAL SNF _EXTRACTOR = ON;\nEND;");
felose(fpl);

close acf file ------------

Do complier and simulation
strepy(word, "maxplus2 -c );

streat(word, filename);
strcat(word, "-s -vec ");
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streat(word, filename);
strcat(word, ".vec -tbl ");
streat(word, filename),
strcat(word, "a.thl ");
streat(word, filename);
streat(word, "a");
system(word),;
system("del *.cnf");

complete the simulation and get table file

rewind(fp);
strepy(fname, filename);
strcat(fname, "a.tbl");

Jpl = fopen(fname, "r");

while((fgets(temp, Imax, fp)) = NULL)
{

if ((ptr = strstr(temp, ">")) != NULL)

{
strcpy(temp, ptr+2);
if (seq == b)
{
printf("mSEQ::: --- THE END OF TEST PATTERN ---
Jound = 1;
seq = 0;

system("del *.hif");
system("del *.acf");
system("del *.mmf");
system("del *.mtb");
system("'del *.tao");
system("'del *.scf");
system("del *.mitf");
system("del *.ndb");
system("'del *.cnf”);
system("del *.pch”);
system("'del * pdb");
system("del *.ilk");
system("del *.0bj");
system("del *.snf");
system("del *.dls");
system("del *.vec");
system("del *.tbl");
system("'del *.bak”);
system("del vc60.*");
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break; //if reach the end, break

else

while((fgets(aline, Imax, fpl)) != NULL)

{
if ((ptr = strstr(aline, ">")) != NULL)
y
¢

strepy(aline, ptr+2);

if (fseq == b)

{
found = 1;
fseq =0;
break; //

else if (fseq == seq)

{
if (strcmp(temp, aline) != 0)
{

J = counter[seq],
counterfseq] = ++j;

found = 1;

fseq = 0;
seq = 0;

felose(fpl);
strepy(word, "del "),
strcat(word, filename);
streat(word, "a.*");
system(word),

break;

else

Jound = 0;
Sseqt-+;
break;

/

}// end else if
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2/ end if

} Hend while
} // end else
if (found == 1)
{
printf("seq:%d.:: :temp:%s", seq, temp);
if (flag<0) count--;
flag=flag*(-1);
rewind(fp);
seq = 0; // test pattern number recounts
break;
/
seq++; // test pattern number
2/ end if
} // end while
felose(fpl);
close temp table file
if (flag<0) count--;
flag=flag*(-1);
rewind(fp);
seq = 0; // test pattern number recounts
// end big for
felose(fpl);

felose(fp); // close bak file
printf("\nSequence:%d", seq);
printf("\nlnput: %s", innum);

printf("\nRight:%s", outnum);
printf("Fault:%s\n", temp),

end of fault injection in wires
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a=0;

Jor (i=0;i<b;i++)

{
printf("%d\t", counter(i]);
a = a + counterfi];

/

double aa, ab = 100.00;
aaq = 2*¥(m+n+p);
ab = (a/aa)*100.00;

printf("\n--- TOTAL %d FAULTS FOUND ---", a);
printf{"\n--- END OF FAULT INJECTION ---\n");

(void)time(&t2);
difftime = (int)t2-t1;
printf("TOTAL TIME:\t%d SECONDS", difftime);

generate a log file to record data
strepy(fname, filename);
strcat(fhame, ".log");

Jp = fopen(fname, "w");

Jprintf (fp,"\t\t%s\n", fname);
Sprintf (fp,"* Log file for the circuit %s.bench.\n", filename);

Jprintf (fp, "Number of faults detected by each test pattern:\n\n");

strepy(fname, filename);
strcat(fname, ".bak”);

Jpl = fopen(fname, "r");

i=0; v
while((fgets(aline, Imax, fpl)) = NULL)
s

{

if (>=b)

break;
if ((ptr = strstr(aline, ">")) != NULL)
s

!
strcpy(aline, ptr+2);

Jprintf (fp, "test %d\t:", ++i);
Jprintf (fp, "%d faults detected\t”, counter(i-1]);
Sfprintf (fo, "%s", aline);

}

felose(fpl);
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Jprintf (fp, "\nEnd of fault simulation.\n");

Jprintf (fp, "\n***************************************************\n'D'

Jorintf (fp, "*\\t\n\d\neF ")

Sforintf (fp, "*\tWelcome to Digital Circuit Verification System\t\t*\n");
Jorintf (fp, "\ \e*\n");

fprintf (fp, "*\tWrzter Liwu Jzn\tSystems Science\t\t\t*\n");

Jprintf (fp, " *\\t\\n\ e\ *\n”

fprintf (fp, "*\tUmverszly of Ottawa tCopyright (C) 2003.5\0\t*\n"),;

Jprintf (fp,"*\t n");

ﬁ”’imf@ "***************************************************\n\n")-
> ’

Jprintf (fp,"*****USUMMARY OF FAULT SIMULATION RESULTS\t****\n\n");

Jorintf (fp," 1. \tCircuit Structure\n");

Jprintf (fp, "\tName of the circuit\t\t\t:\t%s\n", filename),
Sorintf (fp,"\tNumber of gates\t\t\t\t:\t%d\n", m+n+p);
Sforintf (fp,"\tNumber of primary inputs\t\t:\t%d\n", m);
Jorintf (fp,"\tNumber of primary outputs\t\t. \t/ d\n", n);
Jprintf (fp,"\tDepth of the circuit\t\t\t:\t%d\n\n", p);

Jorintf (fp,"2.\tSimulation parameters\n"),
Sprintf (fp, "\tSimulation mode\t\t\t\t: \trandom\n");
Jorintf (fp, "\tInitial random number generator seed\t:\t%d\n\n", seed);

Sfprintf (fp,"3.\tSimulation results\n”);

Sorintf (fp, "\tNumber of test patterns applied\t\t:\t%d\n", b);

Sprintf (fp,"\tFault coverage\t\t\t\t:\t%7. 3f %%\n", ab);

Sforintf (fp,"\tNumber of collapsed faults\t\t:\t%d\n", 2*(m+n+p));
Jfprintf (fp,"\tNumber of detected faults\t\t \t/ d\n", a);

fprintf (fp, "\tNumber of undetected faults\t\t:\t%d\n\n", (2*(m+n+p)-a));

Jorintf (fp, "4.\tTotal running time\t\t\t:\t%d seconds\n", difftime);
Jprintf (fp, "\tTotal simulation time\t\t\t:\t%d seconds\n", 2*difftime/5);

printf ("nLog file generated!\n");

felose(fp); // close log file

Creat vector file for deterministic testing

copy vector file to temp file
strepy(word, "copy ");
streat(word, filename);
strcat(word, ".vec ");
streat(word, filename);
strcat(word, ".tmp");
system(word);
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strepy(fname, filename);
strcat(fname, ".tmp");

fp = fopen(fname, "r");

strcpy(fname, filename);
strcat(fname, ".vec");
fpl = fopen(fname, "w");

i=0;
i=0
while (fgets(aline, Imax, fp) != NULL)
{
strepy(word, ">");
/ Jprintf(fp, "%ed>", i);
7 counter[i] =0 &&
if ((ptr = strstr(aline, word)) != NULL)
{
if (counter(i] /= 0)
{
Jprintf(fpl, "%d>", j);
strepy(temp, ptr + strlen(word));
Jorintf(fpl, "%s", temp);
Jt+
2
J
i
]
S
else fprintf(fpl, "%s", aline);
} // end while
felose(fpl);
Jeclose(fp),
strepy(word, "type ");
strcat(word, filename);
strcat(word, ".vec");
7 system(word);
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V4 Finally, delete all temp files
printf{"\n");
system("'del *.hif");
system("del *.acf");
system("del *.mmf"),
system("del *.mth");
system("del *.tao");
system("del *.scf");
system("del *.mtf");
system("del *.ndb");
system("del *.cnf");
system("del *.pch");
system("del *.pdb");
system("del *.ilk");
system("del *.obj");
system("del *.snf");
system("del *.dls");
system("del *.vec"),
system("del *.tbl");
system("del *.bak");
system("del *.tmp");

system("del vc60.*");

strepy(word, "del ");
strcat(word, filename);
streat(word, "a. *");
system(word),

strepy(word, "type ");
strcat(word, filename);
strcat(word, ".log");
system(word),

return 0;

?
s

char *getWord(char *word, int lim)

s
1

char c=0;
char *w = word;
// pass by non-alnum

while(!isalnum(c = getc(fp)))
if (c==EOF) return NULL;
Fp+ = -
//first character of a word
while(isalnum(c=getc(fp)) && w<word+lim-1|| c=="_)
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*W++ =c;
*y = 0
//terminate string
return word;

/

unsigned long int random_number(unsigned long int seed)

:
[}

const unsigned long int modulo = 2147483647L;
const unsigned long int multiplier = 16807L;
static unsigned long int ran = seed;

/ initial value is used only at the first time

ran = (ran * multiplier) % modulo;
rveturn ran,
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2. Samples of testing files: vector file and log file

C432 vector file sample:

INTERVAL 1 ;

START 0 ;

STOP 199ns ;

INPUTS NI N4 NS N11 N14 N17 N21 N24 N27 N30 N34 N37 N40 N43 N47 N50 N53 N56 N60
N63 N66 N69 N73 N76 N79 N82 N86 N89 N92 N95 N99 N102 N105 N1O8 N112 N115 ;
PATTERN
0>011100001001110000010101010101100000
I>001010101100001111011101011010101101
2>01011111110110000010000011011001000¢0
3>110001101110000011001100100011100000
4>100100111111101111101101110110010100
5>100000011001011110100110011011010001
6>000001010100101110000101000101101000
7>010010100100000000001010101101110000
8>011001101111111010110110010010100111
9>111001001101011110000111110010011100
10>001101110001100110010100110101101010
11>000000110010101000111000111100110110
12>111111100110110011100101110010010100
13>101100110010001111111110111010010101
149000010110011100011111000101011011111
15>0000100111101101117110010001000011001
16>111101001001101000010110101101100011
17>1001010111110111111011110100011000120
18 001101110101000011110000001011101101
19>110101101010001100000010111001010100
20>1010711010100100101010010111110111101
21>000101000101000011011011011110110000
222000010011111110101011100011100001111
23>011101100011101100001100000111100111
24>101110011100000011111111010111011011
25>100110110101111110101000001000110011
26111110000111000001011000111110110101
27>0011110010011011000010111111101001160
28>100100100010001010001001101101001001
29>010100011000001100001011100001100101
30>011101100110111101001011111101100011
31>00111000010011010110010011111100011°0
32>001101111000111111111111001001110100
33>010000110011110001010111001110100101
34>00010000001100100110111000000001001°0
35>010100000010111101111001010010011000
36>110111111011100100101000000000010111
37>101110101000111100000100101101100000
38>000101011001011101001001010111010111
39>1710100110100011011010100100111110111
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40> 101100000100100000001000011101100001
41> 001100101001101111111000000110100011
42> 101101111110110011000010000001601000
435 010100011011101110001101111100000100
dd>100007100101110100010011010000101101
45> 07110001100010106010010010010111000110
OUTPUTS N223 ;
OUTPUTS N329 ;
OUTPUTS N370 ;
OUTPUTS N421 ;
OUTPUTS N430 ;
OUTPUTS N431 ;

OUTPUTS N432 ;
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C432 log file sample:

C432.1og

* Log file for the circuit C432.bench.
Number of faults detected by each test pattern:

test 1 :70 faults detected

0=1010000

test 2 :25 faults detected

1=1111110

test 3 :37 faults detected

0=1100010

test 4  :32 faults detected

0=1101100

test 5 :20 faults derected

0=1101011

test 6 23 faults detected

1=1111001

test 7 :9 faults detected

0=1111111

test 8 -0 faults detected

1=1111110

test 9 2 faults detected

0=1111110

test 10 :8 faults detected

1=1101010

test 11 :2 faults detected

0=1111110

test 12 :6 faults detected

0=1111010

test 13 :4 faults detected

0=1011010

test 14 :17 faults detected

0=1101101

test 15 :10 faults detected
=1001010

test 16 :3 faults detected

1=1101001

test 17 :6 faults detected

1=1101101

test 18 :17 faults detected

1=0101111

test 19 :3 faults detected

0=1011011

test 20 :0 faults detected

0=1101011

test 21 :0 faults detected

1=1111001

01110000100111000001010101010110000
0010101011000011110111010110101011°0
01011111110110000010000011011001000
11000110111000001100110010001110000
10010011111110111110110111011001010
10000001100101111010011001101101000
00000101010010111000010100010110100
0010001011000011100100000110111001°0
01001010010000000000101010110111000
01100110111111101011011001001010011
1110010011010111100001111100100111°0
00110111000110011001010011010110101
00000011001010100011100011110011011
11111110011011001110010111001001010
10110011001000111111111011101001010
00001011001110001111100010101101111
00001001111011011111001000100001100
11110100100110100001011010110110001
10010101111101111110111101000110001
11010111001000100000110111110011010

01100110101101110010000010000101000
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test 22 :15 faults detected
1=1101000

test 23 :0 faults detected
1=1111111

test 24 :1 faults detected
0=1111001

test 25 0 faults detected
0=1101101

test 26 :7 faults detected
1=1111111

test 27 :1 faults detected
0=1111110

test 28 :0 faults detected
1=1000000

test 29 :4 faults detected
1=1011010

test 30 0 faults detected
1=1001000

test 31 :5 faults detected
1=1111011

test 32 :0 faults detected
1=1101010

test 33 :0 faults detected
1=1011010

test 34 0 faults detected
1=1101000

test 35 :3 faults detected
1=1001100

test 36 :0 faults detected
1=1111011

test 37 :0 faults detected
1=1011010

test 38 :0 faults detected
0=1111011

test 39 :0 faults detected
1=1111111

test 40 0 faults detected
1=0111111

test 41 :3 faults detected
1=0101110

test 42 :0 faults detected
0=1111111

test 43 :0 faults detected
0=1111110

test 44 :4 faults detected
1=1101100

test 45 :6 faults detected
0=1011000

test 46 :1 faults detected
1=0101001

00110111010100001111000000101110110
00000100001001010010010101110011010
11010110101000110000001011100101010
00010001101001011100101000010001000
101011010100100101010010111110611110
00010100010100001101101101111011000
01111101010010011001001000011000100
00001001111111010101110001110000111
11111011111000001011011010011010111
01110110001110110000110000011110011
10110101010100000000000001001110101
00000001011010110110100001110010000
11110001100000011110001010000010110
10111001110000001111111101011101101
01101100111010011010010101000000011
01111100101010000001001011110101001
00111010011100101010010001101000110
01001101011000000110001010001011110
101111000010007110111011010011110100
10011011010111111010100000100011001
11001100001000010110111001110111101
10101000110000101101011111001000011
111110000111000001011000111110110190
00111100100110110000101111111010011

10010010001000101000100110110100100
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test 47 :0 faults detected

0=1111111

test 48 :0 faults detected

1=1111010

test 49 0 faults detected

0=1111000

test 50 0 faults detected

0=1111000

test 51 0 faults detected

0=1010000

test 52 0 faults detected

1=1101111

test 53 0 faults detected

0=1111110

test 54 :0 faults detected

I=1101000

test 55 :0 faults detected

1=1111110

test 56 :0 faults detected

0=1111000

test 57 :2 faults detected

1=1110000

test 58 :4 faults detected

1=1010101

test 59 0 faults detected

1=1111001

test 60 :0 faults detected

0=1111110

test 61 :0 faults detected

0=1101111

test 62 :0 faults detected

1=1101011

test 63 :5 faults detected

0=1111101

test 64 0 faults detected

1=1111011

test 65 :0 faults detected

1=1111110

test 66 :1 faults detected

0=1011001

test 67 :1 faults detected

1=1110100

test 68 -0 faults detected

0=1111000

test 69 :0 faults detected
=1111001

test 70 :1 faults detected

0=1011011

test 71 :0 faults detected

1=1111011

000001010101100001001010011101011190
1001100110010111001111001100001001°0
10100011000100110010000000111110010
01101101101101001111111000010100010
01100010100010010000000110001010001
11101101111001001010100101010101111
011000100100000011100011110001001190
00001010111000010001101110111110110
10100010010100010000001010010111011
0101111100000011010111101011101011°0
0101000110000011000010111000011001°0
01110110011011110100101111110110001
00000000100011101010001010100100011
011110100101001010011110010100111190
00101101110100101110001111010111001
10100010101101101000010010111010010
001110000100110101100106011111100011
11110100100101101110110000000100001
J0100110010101111111111100100000010
00110111100011111111111100100111010
01000011001111000101011100111010010
11011010010011101000100110000010110
00111110001000010100001001100100011
00010000001100100110111000000001001

10010011011101000000010000100111011
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test 72 :1 faults detected
0=1110000
test 73 :0 faults detected
0=1111110
test 74 :0 faults detected
0=1111010
test 75 :0 faults detected
0=1101101
test 76 :0 faults detected
1=1011011
test 77 :0 faults detected
1=1101001
test 78 :0 faults detected
1=1111011
test 79 0 faults detected
0=1111011
test 80 :3 faults detected
1=0100000
test 81 :0 faults detected
1=1110000
test 82 :0 faults detected
1=0101000
test 83 :0 faults detected
1=1111101
test 84 :0 faults detected
1=1101001
test 85 0 faults detected
1=1111001
test 86 :0 faults detected
0=1011000
test 87 :0 faults detected
0=1111011
test 88 :0 faulis detected
1=1101000
test 89 -0 faults detected
0=1101010
test 90 0 faults detected
1=1111101
test 91 :0 faults detected
0=1111111
test 92 :0 faults detected
1=1001001
test 93 0 faults detected
0=1011011
test 94 0 faults detected
1=1111001
test 95 :0 faults detected
0=1111010
test 96 0 faults detected
1=1111101

0101000000101111011110010100100110¢0
100711010010001101000111011100101110
11010101011110001110111011000110011
11001000011011011001100101101001101
00101000111010110010111100101111110
00100111111110000110101110000101111
00010011101011001100110001001111111
10101111011100000110110101010001001
11011111101110010010100000000001011
0101000010110100110010110101000101°0
0000001101100010000111111000001101°0
01100110100011000000110011111100100
00101010100101010000101110100100100
10110111110010100110011011100101001
000171111001111011001101010001010011
11000110110010110010110000111100000
10000001101111000010100000111110010
10101010111010011000011011011001011
01011110000011010011110101110006000°0
101007100010010011010101101111000011
11110000100100010011000111001110100
00011011010101100110111101111110011
10011110000100011000101110001100001
01101000011011001110001011010011011

10100111010011010000101101010011101
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test 97 :1 faults detected

0=1101011

test 98 :0 faults detected

I=1111011

test 99 :0 faults detected

0=0111011

test 100:1 faults detected

1=0111001

test 101 :0 faults detected

1=1101011

test 102 :0 faults detected

I1=1011110

test 103 :0 faults detected

0=1111001

test 104 :0 faults detected

0=1111010

test 105 :0 faults detected

0=1111111

test 106 :0 faults detected

0=1101111

test 107 :0 faults detected

0=1101100

test 108 :0 faults detected
=1101111

test 109 :0 faults detected

0=1101010

test 110:0 faults detected

0=1111100

test 111 :0 faults detected

0=1111110

test 112 :0 faults detected

0=1100000

test 113:5 faults detected

1=1111100

test 114 :0 faults detected

0=1111111

test 115 :0 faults detected

0=1010110

test 1161 faults detected

1=1101110

test 117 :0 faults detected

1=1111111

test 118:0 faults detected

1=1111001

test 119 :0 faults detected

1=1011001

test 120:0 faults detected

1=1111101

test 121 :0 faults detected

0=1101111

101110101000111100006010010110110000
10000010101011101000110101001100101
10101010001100111001010100011000101
00010101100101110100100101011101011
J1011001011000010000110110100110011
11011110011100010011001111100011000
J0010001010111111000000010100100011
00100010101110011100100011010000001
01101100011000011111000110010001011
11101100100010001000100111010111111
01100001011000100101110100111001010
11000100110010101000100111100001010
10001001001111011010100011001111001
11011110010111100100011101010000110
11111010010000000011110110110011011
01001010101000011100111111101110000
11010011010001101101010010011111011
10101101010000110001111010011100110
0111010011110011001010111101000111°0
10110000010010000000100001110110000
10000101010000110100010111111100000
J1111011111011110111100100101101001
J1101010101110010101100101100110000
00010110100011010101101000001100100

11000101110110100011110000111101110
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test 122 :0 faults detected

1=1111001

test 123 :0 faults detected

1=1001000

test 124 :0 faults detected

0=0111011

test 125 :0 faults detected

1=1001000

test 126 :0 faults detected

0=1110101

test 127 :0 faults detected

1=1111010

test 128 :0 faults detected
=1101010

test 129 :0 faults detected

1=1011100

test 130:0 faults detected

0=1111010

test 131 :0 faults detected

1=1110100

test 132 :0 faults detected

I1=1101111

test 133 :0 faults detected

0=1111110

test 134 :2 faults detected

1=0001100

test 135 :0 faults detected
=1111111

test 136 :0 faults detected

0=1101001

test 137 :0 faults detected

1=0101101

test 138 :0 faults detected

0=1011010

test 139 :0 faults detected

1=1010000

test 140 :0 faults detected

0=1111110

test 141 :0 faults detected

1=1010000

test 142 :0 faults detected

I=1101110

test 143 :0 faults detected

0=1101110

test 144 :1 faults detected

0=1111100

test 145 :0 faults detected

0=1111000

test 146 :0 faults detected

0=1111101

011110111110000110011000101011000190

10011001100100001010001111011000011

10011001000101110001010101101011100

11010001110100110111001110000010011

0100001101000101000010101011000011°0

11010110011101110010000001010011110

10110010000111111101010011011110100

11100001101110101111010110101000111

10011001000101010101100001010100000

01010111100000101100010101010000010

110011011100111100011101000007110111

001001101101000100001111111061101111

00110010100110111111100000011010001

11000101010100010100110001001100101

01111101110110110000000111101101110

10101011001101011100101010001000101

J1110110111111011111000001100001111

01100001001110010010100110111110111

01101110010101101011001001111101101

01110100001111101011000100011001101

01101000110110001001110111101111001

00010000110110111100000001111101011

10110111111011001100001000000100100

01011000110110100010000000100110110

00011111110011000001001110011010101
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test 147 :0 faults detected

0=1111000

test 148 :0 faults detected

0=1111011

test 149 :0 faults detected

0=1111000

test 1501 faults detected

0=1110000

test 151 :0 faults detected

1=1111110

test 152 :0 faults detected

1=1111101

test 153 :0 faults detected

I1=1111011

test 154 :0 faults detected

1=1011110

test 155 :0 faults detected

0=1111101

test 156 .0 faults detected
=1110000

test 157 :0 faults detected

1=1011110

test 158 :0 faults detected

0=1101110

test 159 :0 faults detected

0=1101101

test 160 :0 faults detected

1=1001000

test 161 :0 faults detected

0=1111010

test 162 :0 faults detected

1=1111001

test 163 :0 faults detected

1=1100000

test 1640 foults detected

0=1011000

test 165 :0 faults detected

I1=1111111

test 1660 faults detected

1=1101000

test 167 :0 faults detected

1=1001000

test 168 :0 faults detected

0=1111000

test 169 :0 faults detected

0=1111111

test 170 :0 faults detected

1=1001011

test 171 :0 faults detected

0=1110000

J1100110111101011011101011011110110
001010101001110010100101010001100190
00111101100100110111100101000000110
01010001101110111000110111110000010
111000100100000011011101106010111000
J10110101011011010111001111110101110
10100001010010100010010100010111110
00100010011100110100111110011110101
10110110111001010111100101100100011
01010001010000101000100000001111111
J10001000011101111000100100011010001
11101010010110100110110010011011101
00111101110011011100100000010011100
00111111111110000001110010011010111
10111111001001011110001011000000100
J1111001011010001110100001001101001
01011100011111001010101001110000100
J1000111100110011010000000000000011
11001101000010000011110010111011100
11010101110101111011111100000110110
11110101011111111001100100111100011
00010001000110101000100101010110010
01001100001011110000110110000110110
JO010111110000001000111111100001011

01010001011110110011101000100010001
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test 172 :0 faults detected
0=1111000
test 173 :0 faults detected
0=1111101
test 174 :0 faults detected
0=1111100
test 175 :1 faults detected
1=1101110
test 176 :0 faults detected
1=1101101
test 177 :0 faults detected
1=1011001
test 178 :0 faults detected
1=1001001
test 179 :0 faults detected
0=1101111
test 180 :0 faults detected
1=1010011
test 181 :0 faults detected
1=1110000
test 182 :0 faults detected
1=1011101
test 183 :0 faults detected
0=0011111
test 184 :0 faults detected
1=1110000
test 185 :0 faults detected
0=1111101
test 186 :0 faults detected
1=1111010
test 187 :0 faults detected
0=1101111
test 188 :0 faults detected
1=1110010
test 189 :0 faults detected
1=1111101
test 190 :0 faults detected
1=1111101
test 191 :0 faults detected
0=1111010
test 192 :0 faults detected
1=1101100
test 193 :0 faults detected
1=1101110
test 194 :1 faults detected
0=1101010
test 195 :0 faults detected
1=1011101
test 196 :0 faults detected
1=1111010

11110011010000001010100010111110010
0110001100101101001101110111000001°0
10]]1]]1]010]100110101100]011001101
10000110010111010001001101000010110
01110111110011001001101000001000100
10000011001111000000100101001111011
11000011000000111111000100001111101
00001100111001001111100001111010000
01110010100111101000111000011101111
01000011001101010101000110101101110
00001011010011100000000101110011001
00011110000110110000100101100010001
01000110001101011110101010011101111
00011110110011000001011000011001101
11010010001011100100111001010100011
11001101100011111101010010001111010
01010011100010011001101001010011001
11011000100011010111001000010010001
00110011111001000010101001100100111
001100000111101011101110010100111190
10011011100010101100100110101000111
11110000110011110110110111100011010
01100011000101001001001001011100011
10110111011001100011000011110101001

01111100001100100001111011000111000
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test 197 :0 faults detected
0=1011011
test 198 :0 faults detected
1=1110000
test 199 :0 faults detected
I1=1111100

11110101000100001000111000001000101
01000011000000101011000000111111011

11100001010110101101001100101001110

End of fault simulation.
*****************************************************
Welcome to Digital Circuit Verification System
Writer : Liwu Jin

Systems Science

University of Otawa ~ Copyright (C) 2003.11
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RkkE AR X SUMMARY OF FAULT SIMULATION RESULTS
1. Circuit Structure
Name of the circuit 432
Number of gates 196
Number of primary inputs 36
Number of primary outputs 7
Depth of the circuit 153
2. Simulation parameters
Simulation mode random
Initial random number generator seed 1050420308
3. Simulation results
Number of test patterns applied 199
Fault coverage 95.918 %
Number of collapsed faults 392
Number of detected faults 376
Number of undetected faults 16
4. Total running time 1076 seconds
Simulation time 430 seconds
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