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ABSTRACT

Digital circuit testing is presented in this thesis. This thesis introduces an
architecture that accelerates benchmarked circuit testing.  Traditionally,
benchmark circuits are tested on software, because of the complexity in
developing a generic hardware architecture capable of testing sequentially or
concurrently. The testing is based on Built-in Self-Test (BIST) techniques. The
circuit testing is accomplished by two hardware implementations, aimed at
increasing execution time with respect to its counterpatt, software. The
implementation realized and executed in hardware, illustrates the advantages of
utilizing hardware platforms for digital circuit testing and it gives a path to
developing mote complex benchmarked circuits; which would have higher fault

coverage.

The novel architecture is targeted for digital circuit testing and adaptive
embedded system applications. These applications vaty in their constraints (i.e.
hard and soft real-time constraints) and environmental conditions (i.e. unknown

and unpredictable).

The novel architecture consists of a fixed hardware unit and a Reconfigurable
Processor Unit (RPU). The RPU employs hardware functional blocks. These
Hardware Blocks (HB) encompass logic that targets their respective applications.
We realize and implement HBs that target digital circuit testing applications, by

means of BIST techniques.

Experimental results are presented in this thesis. In simple terms, the speedup

factors are as high as 1 x 10* for sequential testing.
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Chapter 1

1. Introduction

This thesis introduces an architecture that targets circuit testing on a
reconfigurable architecture. The proposed architecture is built on a soft-core
fixed microprocessor and a Reconfigurable Processor Unit (RPU). The former
guarantees meeting soft and hard deadlines in order to achieve the intended
system functionality, while the latter holds different functional Hardware Blocks
(HB). The HBs can target different applications, such as digital circuit testing,
Digital Signal Processing (DSP), and Digital Image Processing (DIP). This thesis
targets digital circuit testing applications. The reconfigurable digital tester that
has been conceived and developed in this project is capable to running vatious
algorithms for Built-In Self-Testing (BIST) of digital cotes at speeds which are

higher with several orders of magnitude than the cutrent software approaches.

1.1 Failures and Faults

As stated in [1], a failure occurs in a circuit if its operation differs from its
specified behaviour. However, a fault is a physical defect that may or may not
cause a failure. A fault can either be a logical or a non-logical fault. The former
causes the logic value at any point in the circuit to become opposite to the
specified value. The latter occurs by other events such as power failure,
malfunction of the clock signal, etc.... Logical faults can be either localized or
distributed. A local fault only affects a single variable (for example the logical

output), while distributed fault affects more than one variable (for example a



clock malfunction is a distributed fault). Another measure of faults is its duration,
weather the fault is a permanent or temporary fault. A temporaty fault could be
caused by Electro-Magnetic Interference (EMI), as one example, or any other
transient faults or nonrecurring temporary faults. Meanwhile, permanent faults

are recutring faults that are not a result of loose connections or other intermittent

faults.

Roughly 44% [1] of total faults are caused by specification faults and design rule
violations, with exception to intermittent faults. Therefore, we must model for
such faults and detect these faults. By representing the effect of a fault through a
fault model, we obsetve the change the fault generates in the circuit signals.
There are several models that target different faults. The following fault models

are most commonly used:
1. Stuck-at fault
2. Bndging fault

3. Stuck-open fault

1.1.1. Stuck-at fault

The stuck-at model is often refetred to as the classical model, because it proffets
a depiction of the most common types of failures. This model assumes that a
fault in a logic gate results in one of the gate’s inputs, outputs, or inter-wires being
fixed to either a logic 0 (stuck-at-0) (Ground) or a logic 1 (stuck-at-1) (V,u.0)-

Stuck-at-0 and stuck-at-1 ate usually referred to as s-a-0 and s-a-1, respectively.



To clarify the stuck-at fault model used, lets consider an example of a two-input,
one-output digital circuit defined by the Boolean function: C = A + B (Figure 1).
Assume that the second input (B) of the OR gate is unintentionally, by nature of
the faulty gate, is connected to logic 1 instead of the input terminal B. Input B
with a stuck-at 1 (s-a-1) is causing the fault in the circuit, ie., regardless if the

value of A and B are zero, output C will always be stuck to logic 1.

A

Figure 1: OR Gate

Representation of a s-a-1 on terminal B of the OR gate is a very helpful and
useful fault model because it makes testing the circuit (OR gate) easier. However,
stuck-at faults cannot model all kinds of faults especially physical defects of a
Complementary Metal Oxide Semiconductor (CMOS).

1.1.2, Bridging fault

Bridging faults cannot be modeled as stuck-at faults because these faults occur on
lower levels than gate-logic. Such as transistor level faults that have to be studied
through CMOS realization of the gate/function. Btidging faults ate related to
physical faults/defects in semiconductor ot layout. There are three categoties of

bridging faults:



e Input bridging

e Feedback bridging

¢ Nonfeedback bridging

Input bridging conforms to the short-ing of a certain number of inputs into a
function or gate. Meanwhile, feedback bridging implies a short between one of
the output with the mput of a function or gate. Lastly, a nonfeedback bridging
fault is a bridging fault that does not fall in the scope of the two previous bridging
faults.

1.1.3. Stuck-open fault

Stuck-open fault models on the transistor level; similar to the bridging fault
model, this model encompasses models that cannot be modelled as stuck-at fault
models. To test circuits for shorts and open at the transistor level we utilize this
model where a short is represented by a stuck-on transistor and an open is
represented by a stuck-open transistor. A stuck-on transistor means the shott-ing
(shott) of the source and the drain of the transistor, where as a stuck-open

transistor means an open-ing (open) of the source and the drain.

The extent of this thesis is to find logical-local-permanent faults. To represent
these kinds of faults and the effects of these faults, we will utilize the “stuck-at

fault” model, more specifically single stuck-at fault model.

It 1s worth noting that the faults are not always detectable for two reasons.

Firstly, if the fault in a larger than 1 level circuit cancels with another fault, hence



not changing the value of the output. Secondly, faults are not always detected by
obsetving the output of the circuit since the output will seem cotrect for all
combination of the inputs other than the one mentioned above in the example.

These types of undetectable faults are termed hidden faults.

1.2 Testing

The ever-increasing density of Integrated Circuits (IC) has increased the
probability of fault occutrences in digital systems. These systems, which are
designed to operate in the field for an extended period of time, require more
efficient methods of testing to ensure their reliability. Due to the increasing
complexity in the integration of core-based designs, it is essential to find highly

efficient testing techniques that ensure correct system performance

[21BIA5161171-

Verification is essential to the design flow. However, even after verification,
simulation, testing, synthesis, and place & route, we would like to know how well
our design’s functionality is, and more importantly for us, if our design is fault-
free. By introducing s-a-0 and s-a-1 faults we can determine if we have detectable
and undetectable or hidden faults. The former 1s a measure of how well the
circuit responds to fault injections, and the latter is a measure of how reliable the
circuit is, since a hidden fault can give the impression that the circuit is correctly
functioning, while in reality, it is not. These fault injection techniques for testing
digital system have shown to be very efficient in studying circuit behaviour when
faults occur. This is done by applying test patterns generated by a Test Pattern
Generator (IPG) to the CUT and comparing the outputs to known correct
outputs. The outputs that are not affected by a stuck-at fault, are the hidden



faults. The hidden faults need to be identified, and can be identified with the
appropriate test pattern, hence it is imperative to select the approptiate test
pattern. Nevertheless, pseudorandom test pattern generation is the most ideal

TPG as it will be discussed in more details in subsequent chapters.

Now, this type of fault detection system needs to be implemented on a flexible,
module, and scalable system, hence an RPU is essential and will be introduced in

the following sections. First, let understands the evolution to the RPU.

13.  Configurable Computing

Configurable computing refers to the usage of configurable integrated circuits
such as Field Programmable Gate Arrays (FPGAs) or Complex Programmable
Logic Devices (CPLDs) in order to execute tasks. The tasks are modeled as
combination of logic elements and are programmed onto the configurable
integrated circuit. For FPGAs the integrated circuit is represented by the FPGA’s
Look-Up Tables (ILUTSs) (i.e. a circuit’s truth table is represented in a LUT). With
configurable computing, the integrated circuits are configured once on an FPGA

and they are executed in parallel, unlike software which executes sequentially.

The main advantage of such architectures is the ability to be configuted more
than once without going through re-manufacturing the integrated circuits. ‘This
greatly reduces the cost endured in the re-manufacturing of fixed circuits, namely,
Application Specific Integrated Circuits (ASICs). However, ASICs temain faster
in terms of execution time and are not constrained to be of a particular size as
they are specifically manufactured to virtually any required size. Problematically,

configurable architectures are inflexible because they are configured once and
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then the architecture is fixed. However, reconfigurable architectures can be

reconfigured after realization to modify their functions.

14.  Reconfigurable Computing

The field of reconfigurable computing arose to overcome the obstacles posed by
fixed architecture computing and configurable computing. Namely, these are the
inflexibility of fixed architectures and the poor performance of configurable

architectures.

Reconfigurable architectures utilize Programmable Logic Devices (PLDs), such as
FPGAs or CPLDs. A reconfigurable architecture can be loaded with a new
configuration of logic; however, when reconfiguring, FPGA halts its execution

and waits for the new configuration for it to start execution once again.

With this method, the space limitation of configurable architectures is virtually
eliminated because the architecture is reconfigured accordingly with the proper
logic at any given time slice. As well, reconfigurable computing greatly increases
the flexibility and modularity of the device in use. Howevet, the ptice to pay is

the overhead in reconfiguring the whole device.

Nonetheless, pattial reconfiguration (i.e. the ability to configure patt of the FPGA
separately and independently of the rest of the FPGA) is achievable and
beneficial to cut cost of overhead in reconfiguring the whole FPGA. However,
partial reconfiguration is not useful if the rest of the FPGA is temporarily halted.
Therefore, the most favourable architecture is to be able to partially reconfigure
the FPGA while the rest of the FPGA 1is active, termed Run-Time
Reconfiguration (RTR).
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L5.  RunTime Reconfigurable Computing

Runtime reconfigurable computing provides the capability of reconfiguring part
of the FPGA while the rest of the FPGA is active (i.e. one patt of the FPGA may
be reconfigured with different DSP blocks while the othet part is configured with
a processor that utilizes the different DSP blocks as they are reconfigured). This
new paradigm is promising as our digital systems are ever-increasing in
complexity. Runtime reconfiguration can deliver software-like operating system
characteristics, such as task swapping, task scheduling, etc..., with the help of a
processor. The aim is to minimize the overhead acquired from reconfigurable
computing, and to harness the advantage of reconfigurable computing, which is

eliminating the space limitation presented by configurable devices.

To take full advantage of RTR, a second processor was introduced to undertake
the task of managing the runtime reconfiguration. Since the main processor was
already part of our system (which will be explained in the subsequent chapters),
the RTR-processor is referred to as the co-processor. However RTR is outside

the scope of this thesis.

Nevertheless, to pave the way for RTR we propose an RPU that contains
multiple hardware functional units that can be partially reconfigured by the co-

processor once RTR is “up and running”.

1.6.  Reconfigurable Processing Unit

The RPU is a reconfigurable unit which encompasses static hardware functional

units. Hardware functional units are referred to as HBs. Static from the sense
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that once the RPU is executing its HBs, the RPU will not be reconfigured to add

another HB, we just load all the necessary HBs at start-up, hence static HBs.

This thesis spawned from the Embedded Research Architecture for Co-design
Environment (ERACE) project by the Group for Embedded MicroSystems
(GEMS) Research Lab. The project introduces four competing realization of an
algotithm used to catch both detectable and hidden faults with a CUT. The
hardware implementations of the design test architecture and verification
environment are suitable for Built-In Self-Testing (BIST) of digital cores, and
build on the wotk presented in [2] and [8]. This thesis encompasses two of the
four realization used to catch faults, namely Sequential and Parallel hardware

testing.

1.7. Built-In Self-Test

With ever-lasting advancements in Very Latge-Scale Integration (VLSI)
technologies and the desire to satisfy Moote’s law [9] of doubling complexity of
Integrated Circuits (ICs) every 24 months, we observe that today’s chips contain a
very large number of transistors (Figure 2). To verify correct functionality of
these complex chips, we must test these chips as thoroughly as we can. However,
the cost of testing chips has grown dramatically for several reasons: (1) Increased
complexity of ICs; (2) Design For Test (DFT) has become a distinct patt of the
chip development cycle, and; (3) Houtly charges for Automated Test Equipment
(ATE) services has grown because of the time required to test the new ICs

equipped with more transistors and more design complexity.

Therefore a testing technique was introduced to reduce design complexity, cost,

and time required for testing. This is accomplished by reducing reliance upon
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external (pattern-programmed) test equipment (ATE). Seeing as the test patterns
and the expected responses of the Circuit Under Test (CUT) to these test
patterns are utilized by an ATE to verify if the expected responses match the
actual responses, we utilize a BIST for test pattern generation and evaluation of
the output responses on the chip (embedded) to eliminate and/or minimize the

use of the expensive ATE machines.

Moore's Law
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Figure 2: Growth of transistor counts for Intel processors (dots) and Moore's Law
(upper line=18 months; lower line=24 months) [9]

Figure 3 presents a basic BIST structure[1]. BIST encompasses three main

functions. The Test Pattern Generator (IPG) is responsible for generating and
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applying test pattetn to the CUT. Secondly, the CUT is what is the circuit being
tested. Lastly, the output evaluation function is responsible for comparing the
expected responses with the actual response of the circuit. Ideally, 2 BIST system

1s easy to implement and offers high fault coverage.

Circuit Under Test (CUT)
Test Pattern Generator A=D_C Output evaluation
(TPG) B e
[1]
Figure 3: Basic BIST structure[1]
17.1 Test Pattern Generator

There are several different approaches to designing TPGs, however these are the

three most referred to in literature[1]:
¢ Exhaustive testing
¢ DPseudorandom testing

¢ Deterministic testing

Exhaustive testing implies generating all possible test patterns for the CUT. For
example, using our previous example of the OR gate (Figure 1) as our CUT, we
have two imputs mto the OR gate, hence four different test patterns.
Furthermore, a circuit with ‘n” number of inputs has 2" different test patterns to
mnput in the CUT. As the number of inputs increases in a complex circuit the

value for ‘n’ increases, therefore we will have a latge number of different test
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patterns. Exhaustive testing entails utilizing all the different (possible) test
patterns to test the CUT. However, this approach is counter-effective because
testing for all different possible test patterns is time-consuming considering the

alternatives.

Pseudorandom testing implies generating X’ test pattern inputs randomly and
generating far fewer test patterns than its counterpart, exhaustive testing. The
generation of the test pattern is accomplished using Cellular Automation (CA)[1].
CA encompasses flip-flops interconnected to each other with combinational logic
in-between the cells. The combinational logic is responsible for generating the

next state of the connected cell. The combinational logic consists of two rules,

Rule 90 and Rule 160, which are defined as:
Rule90: v+ 1) =y, (O XOR y,,, ()
Rule 160: y; (t+ 1) =y,_, () XOR v, (t) XORy,,, ()

There are other pseudorandom pattern generator schemes; however we utilize

the abovementioned scheme for our BIST structure.

The last approach, deterministic testing, fetches test patterns from a pre-stored
(ROM) set of test patterns. These test patterns are pre-determined.
Deterministic testing implies a full understanding of the CUT and evaluation of
what test patterns will yield most faults ot, ideally, all of the faults. More
importantly, deterministic test patterns are far fewer than exhaustive and
pseudorandom test patterns. However deterministic testing is not ideal because
in most cases the CUT 1s not fully realized; hence a pseudorandom testing
approach is most effective. Nevertheless, pseudorandom and deterministic

testing approaches are realized and implemented in this thesis.
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1.7.2. Output Evaluation

The third function of the BIST structure is the output evaluation function. There
are several approaches to evaluating fault-output responses with fault-free

responses, the following are the most utilized algorithms:

e Transition count

e Signature analysis

e Compaction

Transition count is trivial; it entails the counting of the number of transitions
from 0’ to ‘1’ or ‘1’ to 0’. For example, the output response 1101101001 has a
transition count value of 6. This method does not require the storing of the fault-

free response or fault-responses, hence decreasing storage space.

Signhature analysis was pioneered by Hewlett-Packard Limited. This approach
utilizes data compaction to reduce the data streams by serially inputting the data
through an XOR into a shift-register. The XOR gate is XOR-ing the input data
with one of the shift-register bits. After all the data inputs have passed through, a
special signature 1s left behind in the shift register and is used to compare its self

with other fault-signatures.

Compaction approaches is studied and fulfilled by [10]. The approach studies the
CUT and determines the appropriate combinational logic to minimize the
number of outputs. Naturally, the compaction approach (which consists of a
comparator unit) 1s utilized with CUTs that contain more than one output; which
is the case for most CUTs. This approach 1s very useful in minimizing the

number of outputs, hence decreasing storage space. This approach can cause



17

some fault-responses to be evaluated as fault-free responses; however zero-
aliasing can guarantee (close to 100% in compatison to output evaluation without

a compatatot) the elimination of etror masking or aliasing [11].

18.  Objectives

In this thesis we present a solution for utilizing hardware as the testing platforms
in order to speed up the slow process of fault detection in software. This is
achieved by three main solely developed elements and presented in this thesis.

The elements are as follows:

e A script to translate BENCH standard files to Very-high-speed integrated
circuit Hardware Description Language (VHDL) standard files, while

employing fault-injection scheme for every signal.

e A sequential hardware testing algorithm, where every CUT is injected

with a fault and tested at each signal for all the CUT’s signals sequentially.

e A parallel hardware testing algorithm, where one CUT is instantiated x
times to inject a different fault at each instance and tested each instance,

simultaneously.
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Chapter 2

2. Background

Erstwhile literature has shown fault-injection testing extremely effective when the
circuit has been realized that is the classical approach to fault-injection testing.
However, another approach is an eatly stage of fault-injection testing, primarily at
the entry level. Several authors demonstrated the advantages of eatly stage fault-

injection.

The authors in [12] examine the usefulness of injecting faults at an eatly stage.
What is proposed is to inject faults in VHDL in comparison to injecting faults
after the circuit has been realized. Moreovet, their results are promising and
illustrate the benefit of early stage fault injection. In [12] we see that this can be
done at a very early stage (ie. directly in the HDL (Hardware Desctiption
Language) modules), thence allowing for testing verification during the functional
simulation stages. Although functional simulation is very useful to the whole
design cycle, these simulations will grow dramatically with the number of injected
faults, therefore lacking temporal scalability [13]. Researching further, several
authors utilized the FPGA as prototype platform to achieve greater speedups.
This approach would provide the testing stage with the physical and real-time
mputs and outputs of the digital circuits [14][15]. Thetefore, we decided to

perform our digital circuit testing using BIST techniques on an FPGA platform.

2.1, Benchmarks
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BIST techniques have been vetified, implemented, and tested on many
benchmarks.  These benchmarks were established in the International
Symposium on Circuit And Systems (ISCAS) symposium (l.e. c17, c432, etc...).
The three categoties of benchmarks are combinational, sequential, and core
(combinational plus sequential) benchmark circuits. These three benchmarks
were established in ISCAS’85, ISCAS’89, and ISCAS™99, respectively, and they
will be referred to as ISCAS’85, ISCAS’89, or ISCAS’99 benchmarks. The scope
of this thesis covers the former, ISCAS’85 benchmarks (combinational
benchmark circuits), such as c17 and c432. Each benchmark has a known

number of tests, detected faults, and undetected faults for each test pattern.

2.2, 'Test Pattetns

The test patterns could be generated utilizing one of the following three methods:
Deterministic Test Pattern Generator (DTPG), pseudo-Random Test Pattern
Generator (RTPG), or Exhaustive Test Pattern Generator (ETPG). DTPG has a
known test-set. R1PG could be generated using any pseudo-random techniques,
as implemented in [8] and [10]. ETPG implies using the whole truth table’s

inputs as the test-set.

2.3, Environment

There are two means of implementing test beds for BIST techniques, eithet using
software or hardware. The following two sub-sections (section 2.3.1 and section

2.3.2) describe the software and hardware implementation environments.



20

2.3.1. Software Envitonment

The former has been widely and successfully used as a de facto for prototype
testing of BIST techniques. The software results obtained for this thesis, and
which will be compared to in the subsequent chapters, were obtained by
employing the following software simulators: FSIM[18], ATALANTA[19], and
HOPLE|20]. The software results stem from Dr. Mansour Hanna Assaf and Dr.
Assaf’s thesis [21]. The thesis introduces circuit testing as an application. We
used ATALANTA (fault simulation program developed at Virginia Polytechnic
Institute and State University) to generate the fault-free output sequences needed
to construct our space compactor circuits and to test the benchmatk circuits
using reduced test sets accompanied with a  random testing session.
ATALANTA encompasses both combinational DTPG and ETPG testing
methods, however only the former is utilized. FSIM is a fault simulation program
utilized to generate pseudorandom test sets necessaty to test various
combinational circuits; hence FSIM is employed for combinational RTPG testing.
And HOPE 1is another fault simulation program utilized to generate
pseudorandom test sets, however HOPE is utilized to test various sequential
circuits, not combinational circuit. Therefore, HOPE is outside the scope of this
thesis. For each circuit, we determined the number of applied test vectors, the
simulation CPU time, and the percentage of fault coverage by employing the
above mentioned programs (ATALANTA and FSIM) on a SPARC ULTRAI1

SUN workstation.

2.3.2. Hardware Environment
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To achieve better performance (1.e. processing time it takes to detect all faults) a
hardware system is exploited; more precisely an FPGA (as stated above).
Canadian  Microelectronic  Corporation (CMC) donated the hardware
environment. The environment consists of a hardware platform and its
appropriate software. 'The hardware platform is composed of a Virtex-II
Multimedia development board designed by Xilinx for multimedia prototyping
(Figure 4). The Multimedia board employs a Virtex-II XC2V2000-FF896 as the
FPGA. As well a Xilinx MicroBlaze 32-bit soft-core processor is utilized as the

processor on-chip. The board is also equipped with five independent banks of
512K x 36-bit 130MHz Zero Bus Turnaround (ZBT) Random Access Memory
(RAM) with byte write capabilities.

Figure 4: Multimedia board (hardware environment)
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Furthermore, the Multimedia board is equipped with a Recommended
Standard(RS)-232 pott, a keyboard and mouse interface, and an on-board
network connection, 10/100 Ethernet, with a2 Media Access Control (MAC)
address. Fot on-board uset inputs/outputs, the board provides 10 pushbuttons,
two Dual In-line Package (DIP) switches, and two Light Emitting Diodes (LEDs)
for visual feedback.

The Virtex-II FPGA may be programmed via a Xilinx Parallel-4 cable or a
Compact Flash (CF) (128 Mbits) card. The latter provides high-speed FPGA
configuration, because the CF catd utilizes an embedded (on-board) SystemACE
[22] controller for configurations. Using either of these methods to progtam the
Virtex-II FPGA requites the implementation, synthesis, and place & toute-ing of
the system at hand. 'This is done utilizing the provided Xilinx softwares. The
software constructs a BIT file, which would be the configuration file used with
either of the abovementioned configuration methods. The softwares are ISE 7.1i
and Embedded Design Kit (EDK) 7.11. The latter is used for embedded system
designs and ISE 7.11i is used as a standalone HDL design. The softwares are
executed on a Windows XP IBM computer which is, as well, donated by CMC.
The IBM computer consists of a 2.8GHz dual-threading Intel Pentium 4
processor, 2GB of RAM, and 160GB of memory. Thanks to CMC, this Personal
Computer (PC) allows for dual-threading, whence a system can be simulated and

another system can be compiled simultaneously.

2.4. Literature Review

In most hardware applications, hardware performs better then software in

execution time hence why several authors have realized hardware
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implementations, other than software, which have been developed and tested,

such as [23] - [27], to prove hardware’s speedup performance.

In [23], it is reported that fault injections are injected at the inputs/outputs of the
LUTs (Look Up Tables) and these fault injections are partially reconfigured via a
“Boundary Scan” JTAG [22] (Joint Test Action Group) download (hence off-
board communication). However this approach limits the testing of each gate
because it tests the LUTs which encompass the truth-table of a couple of gates.
In this thesis, we resolve this by injecting faults on evety gate’s inputs/outputs,
hence a finer fault injections approach. And secondly, for off-board
communication, all fault injection selections are realized on-chip, hence no off-
board communication through JTAG, demonstrating a full on-chip on-board
BIST system, where all modules of the BIST system are on-chip and are

autonomously executed.

In [24] — [27], RTR is utilized to manipulate the fault-injections through small-bit
manipulations; one of the two flows for partial reconfiguration [16]. Stuck-at
faults are injected into the LUTs by changing the values of the inputs and outputs
of the LUTs, utilizing small-bit manipulation, without compromising the
executions of the rest of the circuit. The primary downside to this method is the
test’s accuracy, or lack of. The testing strategy used only injects faults (stuck-at-0
ot stuck-at-1) at the inputs or outputs of the CUT, thence restricting the range of
discovered hidden and non-hidden faults. As in Figure 5, if only the inputs or
outputs of the CUT is injected with faults, the in-between (between the input and
output stage) gates and lines are not injected with faults. Hence, in reference to
Figure 5, gates 10 and 11 and lines 8, 9, 12, and 13 are not injected with faults.
Stuck-at-1 and stuck-at-0 faults are refereed to as s-a-1 and s-a-0, respectively.
Keeping in mind Figure 5 as our reference, if we put a s-a-0 at input 2 the output

of gate 10 will always be 1, however if line 12 is always s-a-1, by faults which may
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ot may not cause a failure [1]. There ate many faults that would or wouldn’t
cause similar faults. These faults are stuck-at faults, bridging faults, breaks and
transistor stuck-on/-open faults in Complementary Metal-Oxide Semiconductor
(CMOS), and delay faults. The scope of thesis only covers the former, stuck-at
faults. Nevertheless, all of the pre-mentioned faults are all logical faults as
opposed to non-logical faults which include such faults as the malfunction of the

clock signal, powet failure, and so forth.
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Figure 5: C17 CUT

There is another reason for using other methods of fault injections, other than
using LUTSs as the inputs/outputs of the CUTs. Figure 5 shows the least
complex and smallest circuit of all the ISCAS’85, ISCAS’89, and ISCAS’99
benchmark circuits. Table 1 — Table 3 show how the subsequent circuits grow
dramatically. The data in those tables were calculated using the original BENCH
files provided from [17]. The circuit name provides the number of gates (which
include the inverters) plus the number of lines in the circuit. Cleatly the above

methods of fault injections [23] — [27] can inject faults into the circuit, having a
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colossal drawback to full CUT testing. Moreover, lack of scalability is evident
when the circuits are limited to a specific benchmark or a specific CUT, allowing

for improvements in theit systems.

Table 1: ISCAS'85 benchmark circuits
and their respective gate and line counts

ISCAS'85
Benchmark | Numbet of | Numbet of
Citcuit Name Gates* Lines
C17 6 11

C432 160 272

C499 202 297

C880 383 497

C1355 546 809
C1908 880 1028
C2670 1193 1477
C3540 1669 1871
C5315 2307 3008
C6288 2416 3872
C7552 3512 4040

* These inchude inverters

Table 2: Eleven least complex ISCAS'89 benchmark circuits
and their respective gate, line, and flip-flop counts

ISCAS'89
Benchmark | Number of | Number of | Number of
Circuit Name Gates* Lines Flip-flops

S27 10 17 3
S208 104 104 8
S298 119 179 14
S344 160 184 15
S349 161 188 15
S382 158 224 21
$386 159 227 6
S400 162 238 21
S420 218 202 16
S444 181 263 21
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S510 211 299 6

* These include inverters

If we look more closely on [24], we notice a vital missing detail that the authors
ovetlooked. They state that CTR can be realized by “several VHDL codes
containing different faults and each of them can be executed separately.”[24],
however with the right fault injections techniques, like the one in [8]; which uses
Fault Injection Multiplexers (FIMs) to inject stuck-at faults into any gate’s input
ot output. A Finite State Machine (FSM) was developed to inject stuck-at faults
at every gate’s input and output of the CUT, thence a finer discovery of hidden

and non-hidden faults with one configuration.

Table 3: Eleven least complex ISCAS'99 benchmark citcuits
and their respective gate and flip-flop counts

ISCAS'99
Benchmark | Number of | Number of
Citcuit Name Gates* Flip-flops
Bl 49 5
B2 28 4
B3 160 30
B4 737 66
B5 998 34
B6 56 9
B7 441 49
B8 183 21
B9 170 28
B10 206 17
Bl11 770 31

* These include inverters

The main objective of our research is to demonstrate the advantages of sequential

CTR and parallel CTR and to illustrate the speed-ups associated with digital
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circuit testing using BIST fot software versus sequential CTR and sequential CTR
versus parallel CTR.
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Chapter 3

3. System Architecture

The overall system architecture was initially conceived and designed for genetic

co-processing non-specific application. The system architecture went through a

couple of revisions the first of which is on Figure 6[28]. The original architecture

was presented in WISES 2004 [28]

. That system consists of two high-level

components: the Application Flow (AF) and the Reconfiguration Flow (RF), as

presented in Figure 6[28]. The former is executed as a softwate program, with

some of its parts being executed on Hardware Blocks (HBs) that are dynamically

inserted and removed under RF’s control to/from the Reconfigurable Processing

Unit (RPU).
1
ApplicaionFlow - AF |R F — Recorfigir ation Flow
1
)
EMy OM E OMg EMg
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! ! |
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1

Figure 6: High level system architecture
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The hardware/software partitioning of AF is performed by a just-in-time (JIT)
compiler, which generates both the AF and RF, as well as ensures proper
synchronization between the two flows. The system architecture includes the

following components:

* An application element AE consists of a soft IP microprocessot (uB,) which is

used as the execution unit for the main system application;

* A reconfiguration element RE contains a second soft IP microprocessor (uBy)

which is employed as the execution unit for the RTR of the RPU;

* A reconfigurable processing unit (RPU) is used as the execution unit for the

tasks to be mapped directly in hardware;

*A shared application on-chip memory (OM,) stores the user data and

instructions for the AF;

* A reconfiguration on-chip memoty (OMp) stotes the bitstreams for the different
tasks of the RF.

The operation of the application flow (AF) and reconfiguration flow (RF) are
shown in Figure 7.
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Figure 7: Application and reconfiguration flows of the system

The Internal Configuration Access Port (ICAP) is the FPGA interface that allows
for the dynamic partial reconfiguration of the RPU with the appropriate HBs
under the control of the reconfiguration flow through the HWICAP controllet.
While the application flow (AF) runs on the AE, the teconfiguration flow (RF),
which runs on the RE, sends the signal RTR_PREP_HB to the ICAP controllet
(HWICAP) to start the loading of the first HB bitstream (of length “Size”, from
the address “BRAM Offset” in OMR) onto the RPU. Once that HB is ready
within the RPU, the HWICAP sends back a “Done” signal to the RE. The newly
placed HB begins execution as soon as it is enabled. Upon completion, the HB
sets the flag RTR_DONE to make the application flow aware that it is ready for
use. Once the application flow has prepared the data that the HB needs for
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computation, it makes the HB aware of this by asserting the DATA_READY
flag. The application flow continues to run as long as it does not need the results
computed by the HB. The latter asserts EXE_DONE when it completes its task
and has prepared the results to be read by the application flow. When the
application flow needs these results, it checks the EXE_DONE flag, and blocks
if it is not yet set. The application flow gets the results and then asserts
DATA_ACK to acknowledge to the HB that it has received the valid data. Once
this HB is no longer needed it can be replaced with another one. Also, another
HB can be loaded at a different location of RPU as soon as the cutrent uploading

process is finished.

The system architecture is composed of three major parts: Just-In-Time (JIT)
complier, Run-Time Reconfiguration (RTR), and Reconfigurable Processing Unit
(RPU), which are part of the ERACE project by the GEMS Research Lab. The
whole project was concetved and realized, from beginning to end, by Dr. Voicu
Groza, Rami Abielmona, Mohammad El-Kadti, Arkan Khalaf, and myself. The
three components were realized in detail by their respective primes; Mohammad
El-Kadri is responsible for the JIT compiler, Arkan Khalaf was responsible for
RTR, and I was responsible for the RPU.

Other variations of the architecture were also presented [28], [29], [30], [31], and
[32].

3.1 Just-In-Time compiler

The first thesis concentrated on designing an Application Modelling Language

(AML) that will create two source codes for each element in the architecture; the
Application Element (AE) and the Reconfigurable Element (RE). The former is
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meant to operate as the main processor of the whole system, and the latter
operates as a co-processot, only executing tasks when initiated by the AE. The
flow starts with the user writing their system using the AML, and then the AML
transfers the user’s requirements to a Just-In-Time (JIT) compiler, which goes
about creating the two source codes. The JIT compiler consists of a profiler,
pattitioner, and synchronizet. The profilet tuns through the AML code and
searches for “hot spots” (hot spots are areas in the code that will run frequently
and/ot consume a majotity of the execution time). Once the hot spots ate
located, the partitioner searches the hardware libraty to see if the found hot spot
(usually a function or loop statement) has a treplacement implemented in
hardware. If that is the case, the pattitioner replaces that part of the code with a
specific hardware code to be utilized by the synchronizer. The synchronizer will
synchronize the code that will be executed on the AE with the code that will be
executed on the RE. The AE source code will contain the free-hot spot code and
the RE source code will contain the hot spot code. The synchronizer then
compiles these sources codes and provides them to the two MicroBlazes

employed on each element (AE and RE).

For clarity, let use a simple example of the following three instructions:
1. B+0Q
2. Matrix multiplication of a 10 x 10 matrix
3. (result of instruction 2) — (tesult of instruction 1)

The profile will detect instruction 2 as a hot spot. Then the pattitioner will search
the hardware library to find an equivalent function to teplace the software
execution of a matrix multiplication (as we know that matrix multiplication

consumes a lot of time). Assuming there is a hardware equivalent function in the
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hardware library, we teplace instruction 2 with a wait statement. Then we pass
the new code to the synchronizer (at this point the only difference in the code is
instruction 2 containing a wait statement instead of a matrix multiplication). The
synchronizer will output two source codes, one for the AE and another for the
RE. The AE soutce code will contain insttuction 1 and 3 with a wait statement
before instruction 3 (very important to wait because instruction 3 dependence on
instruction 2 results). The RE source code will encompass instruction 2 only.
Finally, when the MicroBlazes are powered-on with their respective source codes,
the MicroBlazes start executing their first instructions respectively. Since
mnstruction 2 will eventually execute on hardware, therefore insttuction 2 should
be done executing before instruction 1 is done executing, and if instruction 2
requires longer time, then the wait statement in the AE will wait for the tesults of
instruction 2 then continue to instruction 3. Keep in mind, this is a vety simple
example, however it conveys the value of the JIT complier into the whole project.
Henceforth, in summary this system is composed of two high-level components,
namely the application flow (AE) and the reconfiguration flow (RE). These two
flows will be generated by a Just-In-Time (JIT) compiler of the source code
which will extract the flows from the latter as well as ensute synchronization

between them. This JIT compiler is outside the scope of this thesis.

3.2. Run-Time Reconfiguration

Run-Time Reconfiguration allows patt of the FPGA to be reconfigured while the
other parts are functioning uninterruptedly. The RTR thesis allows the project
greater flexibility by allowing the execution of different hardware functions
(hardware function will be referred to as Hardware Block (HB)) at different time

slots. Suppose the space allocated for an HB is only big enough for one
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instruction of the size of the matrix multiplication. Iet’s introduce a 4"
instruction, which is a matrix division. Since there is no space for the 4®
instruction, given that the 2™ instruction is occupying the space allocated for the
HBs, we cannot execute the 4™ instruction in hardware. However, with RTR,
once an HB has expired its lifespan (once the results for instruction 2 are
attained), the new HB (4™ instruction) can be reconfigured on the FPGA while
the rest of the FPGA is operating (this operation is usually termed “on-the-fly”
configuration). This RTR is outside the scope of this thesis.

3.3.  Reconfigurable Processing Unit

The above architecture is useful as a co-processor design, benefiting in speedups
and power conservation. However our BIST application does not require a co-
processor and will be executed as a stand-alone processing unit. Henceforth the
proposed final architecture is a modification of the original architecture. These
modifications were the elimination of AE and OM, blocks and the removal of
the MAB because the RcP can access the OM, via the ComBus. As well RcP
was renamed to RPU because this block’s functions are no longer executed as a
co-processor but as a hardware accelerator and OM, was just rename OM.
Figure 8 illustrates the modified application specific architecture. To revive the
idea of our application, the testing of digital circuits would be executed in the
RPU and the uBy would be out soft-cote processor to maintain statistics on bus

utilization.
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RPU

OMs

Figure 8: Modified application specific system architecture

Elaborating further, the above architecture figures are high-level block diagrams
and they were designed without significant parallelism and multi-tasking in mind.
While Figure 9 and Figure 10 are more detailed high-level block diagrams which
have more tasks utilizing the buses to illustrate the multi-tasking and parallelism
depth. Furthermore, Figure 9 and Figure 10 were realized from Figure 6 and
Figure 8 respectively. Also, it should be noted that the notation uB, refers to
MicroBlaze Reconfiguration block and the notation OM, refers to On-chip

Memory Application.
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Figure 10: Modified and detailed application specific system architecture

Hitherto we haven’t explained our final architecture for our specific application.

We have only demonstrated the thought process to approach our final
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architecture. Accordingly, the proposed final architecture, as shown on Figure
10, consists of an RPU attached on the OPB_R. The RPU’s own design went
through a couple of stages. The static design was designed as a static co-processor
(hardware accelerator), while the dynamic design utilizes RTR functionality in
order to tespond to the changing environment inputs. The RPU allows for the
simultaneous execution of multiple hardwate units, by exploiting a JIT compiler
in order to maintain hardware and software flow synchronization. The JIT

compiler’s description and RTR is outside the scope of this thesis.
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Figure 11: The RPU high-level block diagtam

The following is a brief description of the components in Figure 10 and Figure

11:

OPB_R: This is the On-board Petipheral Bus[22] utilized by the components

for communication.
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uB_R: This is the MicroBlaze utilized as a soft-core processor. The pB_R will
aid in gatheting statistics on bus utilization and screen outputs of internal

registers. The screen outputs are sent via the serial port.

LM: This is the Local Memory which houses the uB_R source code. The LM
connects to the uB_R via a Data (D) and an Instruction (I) bus. The size of the
LM is 32 KB.

RPU: This is the Reconfigurable Processing Unit which is where the functional
hardware is executed. The RPU encompassed different HBs, and for our

application these HBs are CUT's (c17, c¢432, etc...).

FSL: This is the Fast Simplex Link (FSL) to and from uB_R and RPU. These
ESLs allow the MicroBlazes to communicate to the appropriate HBs, within the
RPU, directly.

OMA: This is the On-chip Memory. The OM, will store the user data and the
results of the HBs.

LED, INTC, and Timer: These are leds, intetrupt controller, and timer

respectively. These are other tasks that are utilizing the bus as well.
Serial Port: This is just used as a tool by the pB_R to output data to the user.

OPB20OPB Bridge: This is a bridging component from OPB_R to OPB_RPU
to allow for the MicroBlaze to communicate through OPB_R to the HBs. As
well we propose the addition of Local Memory (LM) to OPB_RPU to allow

inter-communication between HBs.

That is our system architecture used to test digital circuits. Fach HB

encompasses the CUT plus the utilized BIST technique. There are two different
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strategies that are employed, Sequential CTR (Compile-Time Reconfiguration)
and Parallel CTR.

3.4. Sequential Compile-Time Reconfiguration

This strategy is a Sequential CIR realization of the fault-model (Figure 12), where
the CUT and compressors [21] are synthesized and mapped to the target device,
with FIMs (discussed below in section 3.8.1) built mto the CUT. The
compressor 1s a module which executes a method of reducing the number of bits
in the original circuit response during testing in which no or minitnal information
is lost, so the original output sequence can be fully tegenerated from the

compressed sequence[33].

This allows us to sequentially perform test verification on the circuit by applying
the test patterns and recording the circuit’s behaviour for each applied test
pattern and injected fault. This will provide us with our sequential hardware

benchmark results.
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Figure 12: Sequential CTR High-Level Block Diagram

In Figure 12, note that the use of three compressors (Compressor #1 — #3) is to
identify the most efficient compressor and the compressor with the least amount
of information lost and we use a comparator (Comparator #1 — #3) for each
compressor and another comparator (comparator #4) to test the effect of not

utilizing a compressor.

Figure 12 shows the HB atchitecture and all the inner modules. The BIST
technique is encompassed within the CUT and FSM. We introduce a stuck-at-0
and a stuck-at-1 for each line in the circuit; hence in Figure 5 (C17 benchmark
circuit) we would introduce 22 stuck-at faults (11 stuck-at-0 and 11 stuck-at-1
faults). These stuck at faults are injected utilizing FIMs technique. The hardware
fault injection technique is imperative in order to iteratively inject faults to evety
mutually-exclusive wire, and to test both the stuck-at-0 and stuck-a-1 faults. For
that matter, a plan was formulated that is realized from[8] and will be elaborated

on in section 3.8.1.

The flow of FSM for executing the CUTs is shown in Figure 13. The flow starts
of by initializing the values of the FSM, and then injecting a stuck-at on one of

the lines, and then accepts the test pattern input. From the test pattern input we
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know the real output (L.e. the CUT’s output without any fault injections) and we
have the fault mjected CUT output. We then use 3 different compressors to see
if any of them will make a significant difference for future research. FEach
compressor 1s designed differently and respectively to the CUT. Once at the
comparator stage, we detected if there are any discrepancies between the real
outputs and the fault injected CUT’s outputs. If a fault is detected we increment
a counter for the respective compressor, as well we keep track of the fault causing
injections and their respective test patterns. These values are read by the uB_R
and then displayed for the user. Then we repeat the above steps for a different
mput until all the mputs have been executed, and then we inject a stuck-at on a
different line. We are done testing once we run every permutation of test

patterns and fault injections.
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3.5.  Parallel Compile-Time Reconfiguration

This strategy is a partially-Parallel CIR realization of the fault-model, where n *
m * 2 CUTs are synthesized and mapped to the target device, with one patticular
fault-injection applied to each CUT. Hence, the test patterns are applied to all the
CUTs simultaneously, providing us with the circuit’s behaviour for each applied
test pattern only. Note that in a fully-parallel strategy, n * m *1* 2 CUTs are

synthesized and mapped, where,
n is the number of wires in the CUT;
m is the number of test patterns used;
1is the number of available test patterns; and
2 is the number of stuck-at faults to inject.

Figure 14 demonstrates how the high level block diagram is represented.
Moreover, if you compare parallel CTR with sequential CTR you will notice the
differences are the CUT’s are synthesized with one faults already injected.
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Figure 14: Parallel CTR High-Level Block Diagram

Conversely, in a partially-parallel strategy, only n * m * 2 CUTs are required.
Hence, if realizing a fully-parallel strategy, one clock cycle is required to generate
the circuit’s behaviour for all applications of test patters and injected faults. This
strategy was not utilized due to the unrealistic abuse of logical resources, as well
as the fact that all the test patterns are not known at compile-time, specifically in
the pseudo-random test pattern generation stage. Therefore, partially-parallel
CTR strategy is referred to as parallel CTR strategy. This strategy is similar, in
implementation, to the sequential CTR strategy, however, the FSM (Figure 15)
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does not inject any faults into the CUT, as they are already synthesized into the

circuit. This will provide us with our parallel hardware benchmark results.
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3.6. Pseudo-Random Number Generator

A hardware Random Number Generator (RNG) was developed by Rami
Abielmona [34]. Having understood the full implementation of the RNG
(utilizing rule 90 and rule 160) we have decided to utilize the RNG for our
RTPG.

3.7.  Sctipt to convert BENCH to VHDL

A script was designed and implanted using Python 2.4 to create VHDL files by
parsing through BENCH files. BENCH files are the standard format of files fot
benchmark circuit. The following is an example of the C17 BENCH file:

#c17

# 5 inputs

# 2 outputs

# 0 inverter

# 6 gates (6 NANDs)

INPUT(1)
INPUT(2)
INPUT(3)
INPUT(6)
INPUT(7)

OUTPUT(22)
OUTPUT(23)

10 = NAND(, 3)
11 = NAND(3, 6)
16 = NAND(2, 11)
19 = NAND(11, 7)
22 = NAND(10, 16)
23 = NAND(16, 19)
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The inputs and outputs include the wire number with-in the parenthesis. The last
block include the new wire number and what Boolean function make-up that

wite. Therefore, wire 10 is a NAND gate of wire 1 and wite 3.

The first challenge is that the number sequence used is not sequential. So, that

was the first thing the parser executes. The result being this:

#cl7

# 5 inputs
# 2 outputs
# 0 inverter

# 6 gates (6 NAND:s )

INPUT(1)
INPUT(2)
INPUT(3)
INPUT(4)
INPUT(5)

OUTPUT(10)
OUTPUT(11)

6 = NAND(1, 3)
7 = NAND(3, 4)
8 = NAND(2, 7)
9 = NAND(7, 5)
10 = NAND(, 8)
11 = NAND(S, 9)

As shown, the wire numbers are sequenced. This was impottant, because we did
not want to discard any signal declarations in the VHDL code, therefore only
having to declare 1 to 11 wites (signals).

The next step is trivial if you do not have to take into consideration that a

multiplexer has to be inserted at every wire (signal). To solve this challenge we
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split every wire into two wires, one wire is pre-multiplexer and the other wire is
post-multiplexer. By observing the above modified BENCH file code it’s trivial
that the input signals tie to the pre-multiplexed signals and the output signals tie
to the post-multiplexed signals. The last block, utilizes pre-multiplexed signals
between the parenthesis and the output signal is tied to post-multiplexed signals.
By slightly increasing the complexity of our code we can now use the
GENERATE function in VHDL to generate 11 multiplexers all of which have
the pre-multiplexed signals tied to the post-multiplexed signals. Hete is the

VHDL code, the parser create, for converting C17 BENCH file to VHDL:
libtary IEEE;

use IEEE.STD_LOGIC_1164.ALL;

use IEEE.STD_LOGIC_ARITH.ALL;

use IEEE.STD_LOGIC_UNSIGNED.ALL;

entity c17_cut is
generic
(
I_DWIDTH: integer := 5;
O_DWIDTIL integer:=2;
NUM_WIRE: integer:= 11
)
port
(
idata :instd_logic_vector(0 to I_DWIDTH-1);
i_select :instd_logic_vector(0 to NUM_WIRE*2); -- You need from 0 to 22 selects inputs to pick the
value for a specific mux.
o_data :outstd_logic_vector(0 to O_DWIDTH-1)
)

end c17_cut;

architecture rtl of c17_cut is
signal wire_in2_mux : std_logic_vector(0 to NUM_WIRE);
signal wire_out_mux : std_logic_vector(0 to NUM_WIRE);
type MUX_INPUT_TYPE is array(0 to NUM_WIRE) of std_logic_vector(0 to 1); - This will make a

double array of length 11 with two values for each select input.



signal mux_select : MUX_INPUT_TYPE,

begin
-- input values
wire_in2_mux(1) <= i_data(0);
wire_in2_mux(2) <= i_data(1);
wire_in2_mux(3) <= i_data(2);
wire_in2_mux(4) <= i_data(3);

wire_in2_mux(5) <=1i_data(4),

-- output values
o_data(0) <= wire_out_mux(10);

o_data(1) <= wire_out_mux(11);

-- internal values

wire_in2_mux(6) <= not(wirc_out_mux(1) and wire_out_mux( 3));
wire_in2_mux(7) <= not{wire_out_mux(3) and wire_out_mux( 4));
wire_in2_mux(8) <= not(wire_out_mux(2) and wire_out_mux(7));
wire_in2_mux(9) <= not(wire_out_mux(7) and wire_out_mux( 5));
wire_in2_mux(10) <= not(wire_out_mux(6) and wire_out_mux( 8));

wire_in2_mux(11) <= not(wire_out_mux(8) and wire_out_mux(9));

-- Tty to generate a function to convert 22 inputs into 11 inputs with two values each. Hence,
-- making a double array from a single array.
convert : for jin 1 to NUM_WIRE generate

mux_select()(0) <= i_select(24-1);

mux_select(j)(1) <= i_select(2*});

end generate convert;

multiplexers : foriin 1 to NUM_WIRE generate
wire_out_mux()) <= '0' when (mux_select(i)="10") else
'1"' when (mux_select®="01") else
wire_in2_mux(i);

end gencrate multiplexers;

end rtl;

50
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3.8.  Fault-Injection Techniques

In this wotk, two fault-injection techniques could be utilized for hardware
designs. The first involves fault-injection multiplexers, and is used in the
sequential CTR strategy, while the second fault-injection technique involves fault-
injection LUT, and could be used in parallel CTR and other advanced hardware
configuration (RTR).

38.L Fault-Injection Multiplexer

The hardware fault injection technique 1s imperative in order to iteratively inject
faults to every mutually-exclusive wire, and to test both the stuck-at-0 and stuck-
at-1 faults. As we can see in the figure (Figure 16), every mutually-exclusive wite
now has a FIM introduced within it, which allows us to either run the wire as is,
or inject stuck-at-0 or stuck-at-1 faults. If the value of the select signals of any
multiplexer are at 007, then we will run the wire as 1s, while if the values are at
”01”, then we will inject a stuck-at-1 fault indicated by the logical 1 value coming
into the multiplexer, and if the values are at ”10”, then we will inject a stuck-at-0
fault indicated by the logical 0 value coming into the multiplexer. Finally, if the

values are at 7117, then we will again assume normal operation of the wire.



52

16=

Figure 16: The FIMs scheme in hardware (this is part of the C17 CUT)

Because of the design of the FIMs and the way the VHDL code has been
generated it is possible to recetve a vector input to inject the fault with only one
of the bits set to ‘1”. Hence you would have ‘1000000000000000’ vectot as the
fault injection input vector. The vector will not to inject a fault into the circuit
because the first bit is not used, this will get the user an opportunity to tetrieve
the true output of the circuit. However, ‘0100000000000000° injects a s-a-0 on
line 1, then to inject a s-a-1 on line 1 all we have to do is shift the vector right by
one, therefore 0010000000000000”. If you keep shifting right, that will allow the
circuit to be injected with every possible fault injections, henceforth the parser
made complicated things to eventually make them simply during execution and

generalization of the parser allows the patser to create any combinational circuit

BENCH file into a VHDL file with multiplexers that are easily accessible.

3.8.2. Fault-Injection Look Up Table
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The hardware fault injection LUT is essential in order to inject faults to circuits at
the post-synthesis stage. Transpiring in the synthesis stage, all the logical circuits
are placed into LUTs that represent the circuits’ input and output behaviour,
hence not permitting the user access to inject faults to every mutually-exclusive
wite (this point was discussed in detail in the Background section), however it
allows the user to inject faults at the post-synthesis stage. Conversely, unlike
sequential CTR, parallel CIR doesn’t require FIMs nor fault-injection LUT as its
strategy, we can use the latter however for simplicity we simply inject faults early

in the design stage, at the HDL stage, pre-synthesis.
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Chapter 4

4, Results, show-offs, and trade-offs

Software, sequential hardware, and patallel hardware circuit testing are compared
in this chaptet. The focus is to determine the trade/show-offs associated with
the fundamentals of the three approaches: software costs increase gradually with
circuit complexity, test length and fault list size. Sequential hardware has a
significant initial cost, associated with FPGA synthesis and implementation;
however the execution speed is the trade-off. Parallel hardware has the same
costs as its predecessot (sequential hardware), plus the costs of memoty because
of its nature of duplication, then again the execution speed is greater than its

forerunner and much greater than software.

In order to compare the three approaches, two ISCAS’85 circuits, ¢17 and c432,
and two recognized circuits, ec13 (full-addet) and ec37, have been used as test

vehicles.

Software simulation has been carried out using a widely used fault simulation
tools, ATALANTA and FSIM. Furthermore, hardware testing was catried out
using the Xilinx Multimedia board encompassing a Xilinx Virtex-II 2000 FPGA,
operating at a frequency of 50 MHz, together with Xilinx Platform Studio (EDK)
v. 711

The following are performance measures that will be extracted from our

hardware circuit testing:

L. Speed of computation of each BIST implementation
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1. Number of faults detected vetsus number of faults injected (1.e. fault

coverage and number of faults undetected)
iii.  Number of test patterns versus total test time
tv.  Memoty usage
v.  Bus utilization

From the software aspects, only the first four performance measures are

available.

We executed four different digital circuits, c17, ¢432, ec13, and ec37. The former
two circuits (c17 and c432), as aforementioned, are benchmark circuits. The
latter two circuits (ec13 and ec37) are circuits used in literature to give a vatiety of
testing features, since the gap between c17 and c432 is large (with respect to
number of gates and number of lines, see Table 1). The ec13 and ec37 circuits do
not retain all of the abovementioned softwate petformance of measures.
Nevertheless, these circuits illustrate the hardware circuits’ modularity in

executing different circuits.

4.1. C17 benchmatk circuit

The expetimental results obtained from softwate testing of a deterministic and a

pseudorandom Test Pattern Generations (IPG) of the C17 circuit are as follows:
Deterministic testing (according to ATALANTA)

Input (I) Output (O)
Test1: 01111 00 8 faults detected
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Test2: 11010 11 8 faults detected
Test 3: 10000 00 3 faults detected
Test4: 10101 11 3 faults detected
Fault coverage: 100%
Number of test patterns applied: 4

Number of detected faults: 22

Memory used: 2433 Kbytes
CPU time: 0.017 seconds

From these results we can see that the deterministic test patterns were used as
inputs (i.e. the test patterns were provided before testing commenced) for the
C17 circuit and next to the test pattetn inputs are their respective fault-free
outputs. With every test pattern input, the program (ATALANTA and FSIM
have the same output format) injects a fault on every signal and counts the
number of faults detected from those injections (i.e. we keep the input fixed and
we Inject all the faults and we detect for each injection to detect a fault). As we
can see in the C17 circuit, test 1 detects 8 faults out of 22 fault injections, test 2
detects 8 faults out of 22 fault injections, test 3 detects 3 faults out of 22 fault
mjections, and test 4 detects 3 faults out of 22 fault injections. If the total
number of detected faults from all the tests (le. 8 + 8 + 3 + 3) is equal to the
total number of fault injections for each test (L.e. 22), then the fault coverage is a
100%. As mentioned in the previous chapter, ATALANTA and FSIM were
executed on a SUN SPARC unit, hence CPU time and memoty used is referring
to the execution time needed and memoty used to execute all of the tests. Lastly,
the total number of test patterns applied is 4 as compared to 32 for the
pseudorandom testing. For deterministic and pseudorandom testing, the total
number of test pattetns applied is ptedetermined.

In this chapter, all of the result formats for ATANLANTA and FSIM progtams
will have the same formats as described in previous paragraph. Note that T
refers to Input and ‘O’ refers to Output.

Pseudorandom testing (according to FSIM)

I O
Test 1: 00000 00 5 faults detected



Test 2:00110
Test 3:01010
Test 4: 01101
Test 5: 00011
Test 6: 00110
Test 7:11101
Test  8: 00000
Test 9:10110
Test 10: 00001
Test 11:10110
Test 12:10110
Test 13: 10011
Test 14: 11000
Test 15: 00111
Test 16: 00000
Test 17:11001
Test 18:10111
Test 19: 10100
Test 20: 01111
Test 21: 01010
Test 22: 11111
Test 23: 10101
Test 24: 11011
Test 25: 01001
Test 26: 00101
Test 27: 00101
Test 28: 00100
Test 29:11101
Test 30: 10010
Test 31: 00110
Test 32:11010

Fault coverage:

00
11
11
01
00
11
00
10
01
10
10
01
11
00
00
11
10
10
00
11
10
11
11
11
01
01
00
11
00
00
11

1 faults detected
8 faults detected
1 faults detected
1 faults detected
0 faults detected
0 faults detected
0 faults detected
2 faults detected
0 faults detected
(0 faults detected
0 faults detected
1 faults detected
0 faults detected
2 faults detected
0 faults detected
0 faults detected
0 faults detected
0 faults detected
1 faults detected
0 faults detected
0 faults detected
0 faults detected
0 faults detected
0 faults detected
0 faults detected
0 faults detected
0 faults detected
0 faults detected
0 faults detected
0 faults detected
0 faults detected

100%

Number of test patterns applied: 32
Number of detected faults: 22

Memory used:
CPU time:

397 Kbytes
0.017 seconds
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The above results were accomplished using and software simulators ATLANTA
and FSIM, both of which don’t provide the fault occurrence (i.e. at which line did
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the faults occur). However, in our design we will extract the exact line that
caused the faults. Moreover, our design will reveal if the occurring fault was a

stuck-at-0 or a stuck-at-1 fault.

The experimental results obtained from hardware sequential testing of a

deterministic and a pseudorandom TPG of the C17 ate as follows:

Deterministic sequential testing

I
Test 1:
Test 2:
Test 3:
Test 4

O

Fault coverage:

Number of test patterns applied:
Number of detected faults:
Memory used:

CC:
@ 50 MHz

Localization:
Input: 01111
Input: 01111
Input: 01111
Input: 01111
Input: 01111
Input: 01111
Input: 01111
Input: 01111
Input: 01111
Input: 11010
Input: 11010
Input: 11010
Input: 11010
Input: 11010
Input: 11010

01111 00 9 faults detected
11010 11 6 faults detected
10000 00 2 faults detected
10101 11 5 faults detected

100%

4

22

32 Kbytes
88 Clocks
1.76 us

Circuit Output: 10 True Output: 00
Circuit Output: 11 True Output: 00
Circuit Output: 11 True Output: 00
Circuit Output: 10 True Output: 00

Circuit Output: 11
Circuit Output: 11
Circuit Output: 01
Circuit Output: 10
Circuit Output: 01
Circuit Output: 00
Circuit Output: 10
Circuit Output: 00
Circuit Output: 00
Circuit Output: 01
Circuit Output: 10

True Output
True Output
True Output
True Output:
True Output
True Output
True Output
True Output
True Output

: 00
: 00
: 00
: 00
: 00
- 11
- 11
- 11
: 11

True Output: 11
True Output: 11

Mux-1 Stuck-at-1
Mux-3 Stuck-at-0
Mux-4 Stuck-at-0
Mux-6 Stuck-at-0
Mux-7 Stuck-at-1
Mux-8 Stuck-at-0
Mux-9 Stuck-at-0
Mux-10 Stuck-at-1
Mux-11 Stuck-at-1
Mux-2 Stuck-at-0
Mux-3 Stuck-at-1
Mux-7 Stuck-at-0
Mux-8 Stuck-at-1
Mux-10 Stuck-at-0
Mux-11 Stuck-at-0
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Input: 10000 Circuit Output: 11 True Output: 00 Mux-2 Stuck-at-1
Input: 10000 Circuit Output: 01 True Output: 00 Mux-5 Stuck-at-1
Input: 10101 Circuit Output: 01 True Output: 11 Mux-1 Stuck-at-0
Input: 10101 Circuit Output: 10 True Output: 11 Mux-4 Stuck-at-1
Input: 10101 Circuit Output: 10 True Output: 11 Mux-5 Stuck-at-0
Input: 10101 Circuit Output: 01 True Output: 11 Mux-6 Stuck-at-1
Input: 10101 Circuit Output: 10 True Output: 11 Mux-9 Stuck-at-1

As we can see the above output format only differs from ATALANTA and
FSIM by the addition of a localization table. The localization table localizes the
fault, hence it localizes the signal (wire) the fault occurred at and if a s-a-0 (stuck-
at-0) ot s-a-1 (stuck-at-1) caused the fault to be detected. This table is important
for comparison with other literature and vice-verse. Since hardware is best
measured with Clock Cycles (CC), we have employed a clock counter to keep
track of the number of CC needed to complete testing. The CC and its
equivalence to time with respect to the clock speed (50MHz) are presented. The
same output format is presented for all hardware testing (sequential CIR or

parallel CTR).

Pseudorandom sequential testing

I O
Test 1: 11010 11 6 faults detected
Test2: 11101 11 1 faults detected
Test 3: 00100 00 8 faults detected
Test4: 00111 00 3 faults detected
Test 5: 00001 01 2 faults detected
Test 6: 11110 10 2 faults detected

Fault coverage: 100%
Number of test patterns applied: 63
Number of detected faults: 22

Memoty used: 32 Kbytes



CC:
(@ 50 MHz

Localization:
Input: 11010
Input: 11010
Input: 11010
Input: 11010
Input: 11010
Input: 11010
Input: 11101
Input: 00100
Input: 00100
Input: 00100
Input: 00100
Input: 00100
Input: 00100
Input: 00100
Input: 00100
Input: 00111
Input: 00111
Input: 00111
Input: 00001
Input: 00001
Input: 11110
Input: 11110

1386 Clocks
27.72 us

Circuit Output: 11 True Output: 00
Circuit Output: 11 True Output: 10
Citcuit Output: 11 Ttue Output: 00
Circuit Output: 11 True Output: 00
Circuit Output: 11 True Output: 01
Circuit Output: 11 True Output: 10
Citcuit Output: 11 True Output: 10
Circuit Output: 00 True Output: 10
Circuit Output: 00 True Output: 11
Circuit Output: 00 True Output: 01
Circuit Output: 00 True Output: 10
Circuit Output: 00 True Output: 11
Circuit Output: 00 True Output: 01
Circuit Output: 00 True Output: 10
Circuit Output: 00 True Output: 01
Circuit Output: 00 True Output: 01
Circuit Output: 00 True Output: 01
Circuit Output: 00 True Output: 01
Circuit Output: 01 True Output: 00
Circuit Output: 01 True Output: 00
Circuit Output: 10 True Output: 00
Circuit Output: 10 True Output: 00

Mux-2 Stuck-at-0
Mux-3 Stuck-at-1
Mux-7 Stuck-at-0
Mux-8 Stuck-at-1
Mux-10 Stuck-at-0
Mux-11 Stuck-at-0
Mux-4 Stuck-at-1
Mux-1 Stuck-at-1
Mux-2 Stuck-at-1
Mux-5 Stuck-at-1
Mux-6 Stuck-at-0
Mux-8 Stuck-at-0
Mux-9 Stuck-at-0
Mux-10 Stuck-at-1
Mux-11 Stuck-at-1
Mux-3 Stuck-at-0
Mux-4 Stuck-at-0
Mux-7 Stuck-at-1
Mux-5 Stuck-at-0
Mux-9 Stuck-at-1
Mux-1 Stuck-at-0
Mux-6 Stuck-at-1
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Since we are only testing combinational circuit we can calculate the expected

execution time to test one CUT. To compare our hardware expected results with

software results, we have executed the ¢17 using the ATALANTA simulator,
with 4 test inputs (deterministic testing) (i.e. 01111, 11010, 10000, and 10101).

The simulator needed a total time of 17 ms to finish execution. Our hardware

needs 88 Clock Cycles (CC) for deterministic testing, which translates to 1.76 us,

with a 50 MHz clock; transforming into a speedup of 1 x 10*. And our hardware

needs 1386 CC for random testing, which translates to 27.72 s, with a 50 MHz

clock; transforming into a speedup of 6 x 10°.
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Nevertheless, these speedups can even be improved with a parallel hardware

implementation at the cost of memory.

The experimental results obtained from hardware parallel testing of a

deterministic and a pseudorandom TPG of the C17 are as follows:

Deterministic parallel testing

Test 1:
Test 2:
Test 3:
Test 4:

Fault coverage:

I
01111
11010
10000
10101

O

00 9 faults detected
11 6 faults detected
00 2 faults detected
11 5 faults detected

100%

Number of test patterns applied: 4

Number of detected faults: 22
Memoty used: 32 Kbytes
CC: 4 Clocks
@ 50 MHz 0.08 ps
Localization:

The localization of the fault causing wires is the same as sequential testing.

Pseudorandom parallel testing

Test 1:
Test 2:
Test 3:
Test 4:
Test 5:
Test 6:

I
11010
11101
00100
00111
00001
11110

Fault coverage:
Number of test patterns apphied: 63

O

11 6 faults detected
11 1 faults detected
00 8 faults detected
00 3 faults detected
01 2 faults detected
10 2 faults detected

100%
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Number of detected faults: 22
Memory used: 32 Kbytes
CC: 63 Clocks
@ 50 MHz 1.26 us
Localization:

The localization of the fault causing wites is the same as sequential testing.

The speedup between sequential and parallel testing is 22 times faster for both
testing methods (deterministic and pseudorandom). This conforms with our
theoretical understanding, that the speedup between sequential and parallel

testing is equal to the number of fault injections.

4.2, EC13 benchmark circuit

The EC13 circuit is a full-adder circuit. This circuit shows the use of testing
functional circuits, as some circuits, as simple as a full-adder, can encompass

faults that will be detected. As well, this circuit presents a smaller logic than C17.

The expetimental results obtained from hardware sequential testing of a

deterministic and a pseudorandom TPG of the EC13 are as follows:
Deterministic sequential testing

I O
Test 1: 101 01 7 faults detected
Test2: 100 10 5 faults detected
Test3: 111 11 3 faults detected
Test4: 001 10 1 faults detected



Test5: 010 10 0 faults detected

Fault coverage:

100%

Number of test patterns applied: 5

Number of detected faults:

Memory used:
CC:
@ 50 MHz

Localization:

Input:
Input:
Input:
Input:
Input:
Input:
Input:
Input:
Input:
Input:
Input:
Input:
Input:
Input:
Input:

101
101
101
101
101
101
101
100
100
100
100
100
111
111
111

Input: 001

Circuit Output: 01
Circuit Output: 01
Circuit Output: 01
Circuit Output: 01
Circuit Output: 01
Circuit Output: 01
Circuit Output: 01
Circuit Output: 10
Circuit Output: 10
Circuit Output: 10
Circuit Output: 10
Circuit Output: 10
Circuit Output: 11
Circuit Output: 11
Circuit Output: 11
Circuit Output: 10

16

32 Kbytes
80 Clocks
1.6 ps

True Output: 10
True Output: 11
True Output: 10
True Output: 10
True Output: 00
True Output: 11
True Output: 00
True Output: 01
True Output: 11
True Output: 11
True Output: 00
Ttrue Output: 11
True Output: 01
True Output: 10
True Output: 01
True Output: 01

Pseudorandom sequential testing

Test 1:
Test 2:
Test 3:
Test 4:
Test 5:

I O
010 10 8 faults detected
000 00 3 faults detected
001 10 1 faults detected
011 01 2 faults detected
111 11 2 faults detected

Fault coverage:
Number of test patterns applied: 63
Number of detected faults:
Memory used:

100%

16
32 Kbytes

Mux-1 Stuck-at-0
Mux-2 Stuck-at-1
Mux-3 Stuck-at-0
Mux-5 Stuck-at-0
Mux-6 Stuck-at-0
Mux-7 Stuck-at-1
Mux-8 Stuck-at-0
Mux-3 Stuck-at-1
Mux-4 Stuck-at-1
Mux-6 Stuck-at-1
Mux-7 Stuck-at-0
Mux-8 Stuck-at-1
Mux-2 Stuck-at-0
Mux-4 Stuck-at-0
Mux-5 Stuck-at-1
Muzx-1 Stuck-at-1



CcC: 1008 Clocks
@ 50 MHz 20.16 ps
Localization:

Input: 010 Circuit Output: 10 True Output: 01
Input: 010 Circuit Output: 10 True Output: 00
Input: 010 Circuit Output: 10 True Output: 01
Input: 010 Circuit Output: 10 True Output: 11
Input: 010 Circuit Output: 10 True Output: 00
Input: 010 Circuit Output: 10 True Output: 11
Input: 010 Circuit Output: 10 True Output: 00
Input: 010 Circuit Output: 10 True Output: 11
Input: 000 Circuit Output: 00 Ttrue Output: 10
Input: 000 Circuit Output: 00 True Output: 10
Input: 000 Circuit Output: 00 True Output: 10
Input: 001 Circuit Output: 10 True Output: 00
Input: 011 Circuit Output: 01 True Output: 00
Input: 011 Circuit Output: 01 True Output: 00
Input: 111 Circuit Output: 11 True Output: 01
Input: 111 Circuit Output: 11 True Output: 10

Mux-1 Stuck-at-1
Mux-2 Stuck-at-0
Mux-3 Stuck-at-1
Mux-4 Stuck-at-1
Mux-5 Stuck-at-0
Mux-6 Stuck-at-1
Mux-7 Stuck-at-0
Mux-8 Stuck-at-1
Mux-2 Stuck-at-1
Mux-5 Stuck-at-1
Mux-7 Stuck-at-1
Mux-3 Stuck-at-0
Mux-6 Stuck-at-0
Mux-8 Stuck-at-0
Mux-1 Stuck-at-0
Mux-4 Stuck-at-0
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The experimental results obtained from hardware parallel testing of a

deterministic and a pseudorandom TPG of the EC13 ate as follows:

Deterministic parallel testing

Test 1:
Test 2:
Test 3:
Test 4:
Test 5:

I O
101 01 7 faults detected
100 02 5 faults detected
111 03 3 faults detected
001 02 1 faults detected
010 10 O faults detected

Fault coverage: 100%
Number of test patterns applied: 5
Nutnber of detected faults: 16
Memory used: 32 Kbytes

CC:

5 Clocks

@ 50 MHz 0.1 ps
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Localization:
The localization of the fault causing wites is the same as sequential testing,

Pseudorandom parallel testing

I O
Test1: 010 10 8 faults detected
Test2: 000 00 3 faults detected
Test3: 001 10 1 faults detected
Test4: 011 01 2 faults detected
Test5: 111 03 2 faults detected

Fault coverage: 100%
Number of test patterns applied: 63
Number of detected faults: 16
Memory used: 32 Kbytes
CC: 63 Clocks
@ 50 MHz 1.26 ps
Localization:

The localization of the fault causing wires 1s the same as sequential testing.

The speedup between sequential and parallel testing is 16 times faster for both
testing methods (deterministic and pseudorandom). Once again, this conforms
with out theoretical understanding, that the speedup between sequential and

parallel testing is equal to the number of fault injections.

4.3. EC37 benchmark circuit
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The EC37 circuit is mote complex than the C17 circuit but not as complex as the

C432 circuit.

The experimental results obtained from hardware sequential testing of a

deterministic and a pseudorandom TPG of the EC37 are as follows:

Deterministic sequential testing

I O
Test 1: 011 1010 7 faults detected
Test2: 010 1000 9 faults detected
Test3: 110 1010 2 faults detected
Test4: 111 1010 1 faults detected

Fault coverage: ' 100%
Number of test patterns applied: 4

Number of detected faults: 19
Memory used: 32 Kbytes
CC: 160 Clocks
@ 50 MHz 3.2 us
Localization:

Input: 011 Circuit Output: 1010 True Output: 1000 Mux-3 Stuck-at-0
Input: 011 Circuit Output: 1010 True Output: 0010 Mux-4 Stuck-at-1
Input: 011 Circuit Output: 1010 True Output: 0010 Mux-13 Stuck-at-0
Input: 011 Circuit Output: 1010 True Output: 0010 Mux-17 Stuck-at-0
Input: 011 Circuit Output: 1010 True Output: 1110 Mux-18 Stuck-at-1
Input: 011 Circuit Output: 1010 True Output: 1000 Mux-19 Stuck-at-0
Input: 011 Circuit Output: 1010 True Output: 1011 Mux-20 Stuck-at-1
Input: 010 Circuit Output: 1000 True Output: 1010 Mux-1 Stuck-at-1
Input: 010 Circuit Output: 1000 True Output: 1010 Mux-3 Stuck-at-1
Input: 010 Circuit Output: 1000 True Output: 1011 Mux-5 Stuck-at-1
Input: 010 Circuit Output: 1000 True Output: 1010 Mux-7 Stuck-at-0
Input: 010 Circuit Output: 1000 True Output: 1011 Mux-10 Stuck-at-1
Input: 010 Circuit Output: 1000 True Output: 1011 Mux-11 Stuck-at-1
Input: 010 Circuit Output: 1000 True Output: 1011 Mux-14 Stuck-at-0
Input: 010 Circuit Output: 1000 True Output: 1010 Mux-16 Stuck-at-0
Input: 010 Circuit Output: 1000 True Output: 1010 Mux-19 Stuck-at-1



Input: 110 Citcuit Output: 1010 True Output: 1000 Mux-1 Stuck-at-0
Input: 110 Circuit Output: 1010 True Output: 1000 Mux-7 Stuck-at-1
Input: 111 Circuit Output: 1010 True Output: 0010 Mux-9 Stuck-at-1

Pseudorandom sequential testing

I
Test 1:
Test 2
Test 3:
Test 4:
Test 5:

O

Fault coverage:

Number of test patterns applied:

Number of detected faults:
Memory used:

CC:
@ 50 MHz

Localization:

Input: 010
Input: 010
Input: 010
Input: 010
Input: 010
Input: 010
Input: 010
Input: 010
Input: 010
Input: 010
Input: 010
Input: 010
Input: 101
Input: 101
Input: 100
Input: 100
Input: 011
Input: 011
Input: 111

Circuit Output:
Circuit Output:
Circuit Output:
Citcuit Output:
Circuit Output:
Circuit Output:
Circuit Output:
Circuit Output:
Circuit Output:
Citcuit Output:
Circuit Output:
Circuit Output:
Circuit Output:
Circuit Output:
Circuit Output:
Circuit Output:
Circuit Output:
Circuit Output:
Circuit Output:

010 1000 12 faults detected
101 1010 2 faults detected
100 1010 2 faults detected
011 1010 2 faults detected
111 1010 1 faults detected

100%

60

19

32 Kbytes
2400 Clocks
48 us

1000 True Output:
1000 True Output:
1000 True Output:
1000 Ttrue Output:
1000 True Output:
1000 True Output:
1000 True Output:
1000 True Output:
1000 True Output:
1000 True Output:
1000 True Output:
1000 True Output:
1010 True Output:
1010 True Output:
1010 True Output:
1010 True Output:
1010 True Output:

1010 True Output
1010 True Output

1010 Mux-1 Stuck-at-1
1010 Mux-3 Stuck-at-1
1011 Mux-5 Stuck-at-1
1010 Mux-7 Stuck-at-0
1011 Mux-10 Stuck-at-1
1011 Mux-11 Stuck-at-1
1011 Mux-14 Stuck-at-0
1010 Mux-16 Stuck-at-0
0000 Mux-17 Stuck-at-0
1100 Mux-18 Stuck-at-1
1010 Mux-19 Stuck-at-1
1001 Mux-20 Stuck-at-1
0010 Mux-13 Stuck-at-0
1000 Mux-19 Stuck-at-0
1000 Mux-1 Stuck-at-0
1000 Mux-7 Stuck-at-1
1000 Mux-3 Stuck-at-0
: 0010 Mux-4 Stuck-at-1
: 0010 Mux-9 Stuck-at-1
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The experimental results obtained from hardware parallel testing of a

deterministic and a pseudorandom TPG of the EC37 are as follows:

Deterministic parallel testing

Test 1:
Test 2:
Test 3:
Test 4:

I O
011 1010 7 faults detected
010 1000 9 faults detected
110 1010 2 faults detected
111 1010 1 faults detected

Fault coverage: 100%
Number of test patterns applied: 4
Number of detected faults: 19
Memoty used: 32 Kbytes
CC: 4 Clocks
@ 50 MHz 0.08 ps
Localization:

The localization of the fault causing wires is the same as sequential testing.

Pseudorandom parallel testing

I O

Test 1:
Test 2:
Test 3:
Test 4:
Test 5:

010 1000 12 faults detected
101 1010 2 faults detected
100 1010 2 faults detected
111 1010 1 faults detected
011 1010 2 faults detected

Fault coverage:

Number of test patterns applied:
Number of detected faults:
Memory used:

CC:

@ 50 MHz

100%

60

19

32 Kbytes
60 Clocks
1.2 pus



69

Tocalization:
The localization of the fault causing wires is the same as sequential testing,

The speedup between sequential and parallel testing is 40 times faster for both
testing methods (deterministic and pseudorandom). Once again, this conforms
with our theoretical understanding, that the speedup between sequential and

paralle] testing is equal to the number of fault injections.

4.4, C432 benchmark circuit

The experimental results obtained from software testing of a deterministic and a

pseudorandom TPG of the C432 are as follows:
Deterministic testing (according to ATALANTA)

I nput Output
Test 1: 101010000110111110010010111100011010 1011010 64 faults detected
Test 2: 101000010011001111111110100000001001 0001100 90 faults detected
Test 3: 100011101001001011100000100010000111 1011100 20 faults detected
Test 4: 111110010001010011011111001011110111 1101100 17 faults detected
Test 5: 100110001001001111011100010011001000 1101010 13 faults detected
Test 6: 110010010110111101100011110001001110 1101001 33 faults detected
Test 7: 111011111111011110111011111010111110 1001111 25 faults detected
Test 8: 000110110011110101100010010010111011 1101010 7 faults detected
Test 9: 110101110110000001100101101000011100 1101011 24 faults detected
Test10: 011000101111000111110001111111110110 1010110 19 faults detected
Test 11: 001101001011111000100110000100100101 1101000 22 faults detected
Test 12: 110100010100001010110101000101101011 0110110 13 faults detected
Test 13: 001110000000000010111000100101101001 0001001 11 faults detected
Test 14: 000011100001011100001111101010001000 1011111 9 fauits detected
Test 15: 100010110110101110110010100111100111 1001000 7 faults detected
Test 16: 100110100111011110000010101111010100 1011110 11 faults detected



Test 17:
Test 18:
Test 19:
Test 20:
Test 21:
Test 22:
Test 23:
Test 24:
Test 25:
Test 26:
Test 27:
Test 28:
Test 29:
Test 30:

Test 31

Test 32:
Test 33:
Test 34:
Test 35:
Test 36:
Test 37:
Test 38:
Test 39:
Test 40:
Test 41:
Test 42:
Test 43:
Test 44:

Test 45
Test 46
Test 47
Test 48

Fault coverage:

Number of test patterns applied:
Number of detected faults:
Memoty used:

CPU time:

000100011001011011010010000001111111
110111001001001111110001111000010011
110111110000100100101010101011100000
000011100100111111100010101010000011
101101110101110101111000001101001000
111000100001000011111111010010010110
011011100111111011010100110101010011
011111101100111001101111011001001110
101110010001001100110100000111101000
111100101011100110110001010110011000
100010111110110001100010010101001101
110110101010101000010101111101010010
001110110101100101010001100001101110
000000110010101111001001111111011100
:000101110111001111111011110011101011
100111011000100101111000100110001010
111101110111010101001110000000110110
101000001011110101000001110001111000
001001010010111010010011000010000001
101110011001010000110101011110010001
011100010001100100110001101100100000
000110010100110010010110000000111101
011001011011101111101000010111001100
000001001100010001100001001100110001
000100110011101111001001000101101001
111101000000011001111000001100111110
001000100111001100011101011111110100
100100111101001111110111110110000001
:110100001011101100000001111111111111
:110011111101100000111000010000011001
:001110100110010110100110000001110010
: 000000000000000000000000000000000000

99.237%

48

524

2499 Kbytes
0.200 seconds

Pseudorandom testing (according to FSIM)

1111100
0100111
1011001
1101110
0111101
1001100
1111100
1101110
0111011
0101010
1111101
0111001
1011000
0111000
1001001
0101111
1011011
1001001
1111111
0111101
1010000
1101101
1111000
1111110
0101100
1011101
1011110
0111110
0110000
1111010
1101101
0000000
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1 faults detected
9 faults detected
6 faults detected
7 faults detected
17 faults detected
4 faults detected
1 faults detected
2 faults detected
6 faults detected
5 faults detected
3 faults detected
5 faults detected
9 faults detected
5 faults detected
3 faults detected
3 faults detected
4 faults detected
3 faults detected
1 faults detected
1 faults detected
7 faults detected
6 faults detected
1 faults detected
1 faults detected
1 faults detected
3 faults detected
1 faults detected
3 faults detected
4 faults detected
1 faults detected
2 faults detected
10 faults detected
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I'nput Output
Test 1: 000000000000000000000000000000000000 0000000 122 faults detected
Test 2: 011000001011110010000010010011001100 1111000 33 faults detected
Test 3: 111010100000000111111110100111011110 0101001 38 faults detected
Test 4: 011000011110111101110011010111000101 1101000 20 faults detected
Test 5: 101011110110000010101111011001001110 1101001 14 faults detected
Test 6: 100100100011101001110000000110011101 1011100 25 faults detected
Test 7: 111111101010100110110100111001100011 1011010 18 faults detected
Test 8: 100111110101011010100011010100100111 1001000 25 faults detected
Test 9: 101000010101001110110010100111011111 0111110 17 faults detected
Test 10: 000101100111001101111111011111001111 1011110 11 faults detected

... (The test of the test results are in APPENDIX A)

Test 598: 000011101010101111111101110101111011 1001111 O faults detected
Test 599: 011000011011000100010010000110101000 1010000 O faults detected
Test 600: 000001101101000011111000101111001110 1111110 O faults detected
Test 601: 100100001011100111011111000011111010 1001001 O faults detected
Test 602: 101111000111100110100000010000001000 1111010 O faults detected
Test 603: 110110000001101010010000011011100001 1011001 O faults detected
Test 604: 101101110101110000001001011100111111 0111101 O faults detected
Test 605: 011101111001010010000010111001010001 1111001 O faults detected
Test 606: 101111100011011001010111110101001011 1111100 O faults detected
Test 607: 101110100100101001100000111010100110 1101110 O faults detected
Test 608: 001010001001111001111110001000100000 1001100 O faults detected

Fault coverage: 99.237%

Number of test patterns applied: 608

Number of detected faults: 520 plus 4 undetected faults
Memoty used: 463 Kbytes

CPU time: 0.083 seconds

The above results were accomplished using and software simulators ATLANTA
and FSIM, both of which don’t provide the fault occutrence (i.e. at which line
did the faults occut). However, in our design we will extract the exact line that
caused the faults. Moreover, our design will reveal if the occutring fault was a

stuck-at-0 or a stuck-at-1 fault.
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The experimental results obtained from hardware sequential testing of a

deterministic and a pseudorandom TPG of the C432 are as follows:
Deterministic sequential testing

I (in hex) O (in hex)
Test 1: A133FE8090 0C 115 faults detected
Test 2: 8E92E08870 5C 23 faults detected
Test 3: F914DF2F70 6C 13 faults detected
Test4: 9893DC4C80 6A 19 faults detected
Test 5: CI6F63C4E( 69 28 faults detected
Test 6: EFF7BBEBEO 4F 14 faults detected
Test 7: 1B3D624BB0 6A 8 faults detected
Test 8: D76065A1C0 6B 19 faults detected
Test9: 62F1F1FF60 56 18 faults detected
Test 10: 34BE261250 68 18 faults detected
Test 11: D142B516B0 36 6 faults detected
Test 12: 3800B89690 09 2 faults detected
Test 13: OE170FA880  5F 8 faults detected
Test 14: 8B6BB29E70 48 3 faults detected
Test 15: 9A7782BD40  5E 9 faults detected
Test 16: DC93F1E130 27 5 faults detected
Test 17: DF092AAEO00 59 6 faults detected
Test 18: 0E4FE2A830 G6E 5 faults detected
Test 19: B75D783480 3D 19 faults detected
Test 20: 7ECEGFG4EQ0  GE 1 faults detected
Test 21: B913341E80 3B 6 faults detected
Test 22: F2B9B15980 2A 1 faults detected
Test 23: 8BEC6254D0 7D 1 faults detected
Test 24: DAAA15F520 39 3 faults detected
Test 25: 3B595186FE0 58 8 faults detected
Test 26: 032BCIFDCO 38 1 faults detected
Test27: 1773FBCEBO 49 1 faults detected
Test 28: 9D897898A0  2F 2 faults detected
Test 29: 7119318200 50 9 faults detected
Test 30: 194C9603D0 6D 3 faults detected
Test 31: 65BBE85CCO 78 1 faults detected
Test 32: - DOBBO1FFF0O 30 2 faults detected
Test 33: CFD8384190  7A 6 faults detected
Test 34: 3A65A60720 6D 2 faults detected
Test 35: 0000000000 00 3 faults detected
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Fault coverage: 98.98%
Number of test patterns applied: 48

Number of detected faults: 388

Memoty used: 32 Kbytes
CC: 18816 Clocks
@ 50 MHz 376.32 ps
Localization:

Input: A133FE8090 Citcuit Output: 0C True Output: 10 Mux-2 Stuck-at-1

Input: A133FE8090 Circuit Output: 0C True Output: 7F Mux-6 Stuck-at-1

Input: A133FE8090 Circuit Output: 0C True Output: 1E Mux-10 Stuck-at-1
Input: A133FE8090 Circuit Output: 0C True Output: 0D Mux-14 Stuck-at-1
Input: A133FE8090 Circuit Output: 0C True Output: 4C Mux-16 Stuck-at-0
Input: A133FE8090 Circuit Output: 0C True Output: 0B Mux-18 Stuck-at-0
Input: A133FE8090 Circuit Output: 0C True Output: 2C Mux-19 Stuck-at-0
Input: A133FE8090 Citcuit Output: 0C True Output: 4B Mux-20 Stuck-at-0
Input: A133FE8090 Circuit Output: 0C True Output: 1C Mux-21 Stuck-at-0
Input: A133FE8090 Circuit Output: 0C True Output: 2B Mux-23 Stuck-at-0

... (The rest of the test results are in APPENDIX B)

Input: CFD8384190 Circuit Output: 7A- True Output: 6A Mux-77 Stuck-at-0
Input: CFD8384190 Circuit Output: 7A True Output: 6A Mux-119 Stuck-at-1
Input: CFD8384190 Circuit Output: 7A True Output: 6A Mux-129 Stuck-at-0
Input: CFD8384190 Circuit Output: 7A True Output: 6A Mux-144 Stuck-at-0
Input: CFD8384190 Citcuit Output: 7A True Output: 6A Mux-159 Stuck-at-1
Input: 3A65A60720 Circuit Output: 6D True Output: 70 Mux-137 Stuck-at-1
Input: 3A65A60720 Circuit Output: 6D True Output: 6E Mux-143 Stuck-at-1
Input: 0000000000 Circuit Output: 00 True Output: 30 Mux-46 Stuck-at-0
Input: 0000000000 Circuit Output: 00 True Output: 08 Mux-182 Stuck-at-0
Input: 0000000000 Circuit Output: 00 True Output: 08 Mux-184 Stuck-at-0

Pseudorandom sequential testing

I (in hex) O (in hex)
Test 1: 183A183AA0 00 105 faults detected
Test 2: 18FE18FEEQ 58 37 faults detected
Test 3: 016F016FF0 5D 23 faults detected
Test4: E326E32660 5D 19 faults detected



Test5: C712C71220 7C 17 faults detected
Test 6: 3639363990 1F 15 faults detected
Test7: 7FDB7FDBB0 40 18 faults detected
Test 8: E3B1E3B110 14 8 faults detected
Test9: 264B264BB0 6E 11 faults detected
Test 10:  6F956F9550 47 11 faults detected
Test 11: F8BCF8BCCO 78 3 faults detected
Test 12: 63B763B770 50 8 faults detected
Test 13: 80F280F220 5E. 1 faults detected
Test 14: B802B80220 00 2 faults detected
Test 15: 46CF46CFF0 70 4 faults detected
Test 16: B806B80660 59 2 faults detected
Test 17: A3FDA3FDDO0 2D 4 faults detected
Test 18: DFC6DFC660 6C 4 faults detected
Test 19: 8DB68DB660 6F 1 faults detected
Test 20: 1C4A1C4AA0 G6E 2 faults detected
Test21: 108D108DD0 7D 2 faults detected
Test 22: F774177440 78 1 faults detected
Test23: 4ED74ED770 7E 1 faults detected
Test 24: 3874387440 78 1 faults detected
Test 25: ESDCESDCC0 78 2 faults detected
Test 26: C2F5C2F550  5E 2 faults detected
Test 27: 8005800550 79 12 faults detected
Test 28: 4EF14EF110 60 3 faults detected
Test 29: 88EC88ECCO 78 1 faults detected
Test 30: 4CAF4CAFFO 67 1 faults detected
Test 31: 79B679B660 58 1 faults detected
Test 32: E3DFE3DFF0 2E 3 faults detected

Fault coverage: 82.91%
Number of test patterns applied: 779

Numbet of detected faults: 325

Memory used: 32 Kbytes

CC: 305368 Clocks
@ 50 MHz 6107.36 ps
Localization:

Input: 183A183AA0 Circuit Output: 00 True Output: 60 Mux-2 Stuck-at-1
Input: 183A183AA0 Circuit Output: 00 True Output: 3F Mux-6 Stuck-at-1
Input: 183A183AA0 Circuit Output: 00 True Output: 4E Mux-10 Stuck-at-1
Input: 183A183AA0 Circuit Output: 00 True Output: 1D Mux-14 Stuck-at-1
Input: 183A183AA0 Circuit Output: 00 True Output: 6C Mux-18 Stuck-at-1
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Input: 183A183AA0 Circuit Output: 00 True Output: 3B Mux-22 Stuck-at-1
Input: 183A183AA0 Circuit Output: 00 True Output: 4A Mux-26 Stuck-at-1
Input: 183A183AA0 Circuit Output: 00 True Output: 09 Mux-30 Stuck-at-1
Input: 183A183AA0 Circuit Output: 00 True Output: 58 Mux-34 Stuck-at-1
Input: 183A183AA0 Circuit Output: 00 True Output: 20 Mux-38 Stuck-at-0

... (The rest of the test results are in APPENDIX C)

Input: 8005800550 Circuit Output: 79 True Output: 6D Mux-160 Stuck-at-1
Input: 4EF14EF110 Citcuit Output: 60 True Output: 70 Mux-137 Stuck-at-1
Input: 4EF14EF110 Circuit Output: 60 True Output: 70 Mux-144 Stuck-at-1
Input: 4EF14EF110 Circuit Output: 60 True Output: 63 Mux-149 Stuck-at-1
Input: 88EC88ECCO Circuit Output: 78 True Output: 79 Mux-172 Stuck-at-1
Input: 4CAF4CAFF(O Circuit Output: 67 True Output: 70 Mux-138 Stuck-at-1
Input: 79B679B660 Circuit Output: 58 True Output: 5C Mux-169 Stuck-at-1
Input: E3DFE3DFF0 Circuit Output: 2E True Output: 30 Mux-135 Stuck-at-1
Input: E3DFE3DFFO Circuit Output: 2E True Output: 26 Mux-139 Stuck-at-1
Input: E3ADFE3DFFO Circuit Output: 2E True Output: 30 Mux-140 Stuck-at-1

To compare our hardware expected results with software results, we have
executed the c17 using the ATALANTA simulator, with 48 test inputs
(deterministic testing). The simulator needed a total time of 200 ms to finish
execution. Out hardware needs 18816 CC for deterministic testing, which
translates to 0.376 ms, with a 50 MHz clock. A speedup of 53 x 10. And our
hatdware needs 305368 CC for random testing, which translates to 6.1ms, with a

50 MHz clock. A speedup of 33 x 10.

Nevertheless, these speedups can even be improved with a parallel hardware
implementation at the cost of memory. The improvement would generate a
speedup of 392, which is the number of fault injection in the C432 circuit.
Thence, deterministic parallel testing would requite 18816 / 392 = 48 CC, which
translates to 0.96 ps at 50 MHz. And, random parallel testing would require
305368 / 392 = 779 CC, which translates to 15.58 ps at 50 MHz.
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Unfortunately, the appropriate tools weren’t accessible to prove this design for a
large scale circuit, as the C432. Nonetheless, parallel testing increases execution
speed by a factor of the number of fault injection in the given circuit, and this has

been illustrated in ec13 and ec37 circuits.
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Chapter 5

5. Conclusion and wotk ahead

In this thesis, a novel co-processor architecture was introduced. It is targeted for
adaptive embedded system applications, and is capable of handling variant
functions (arithmetic, DSP, MAC, etc...). A task is available for the RPU to use
once it is implemented in HDL and its respective bitstream is generated. The
entire system is being implemented on a System-on-Chip (SoC), with a soft-cote
microprocessor handling all real-time deadlines and a reconfigurable co-processor
allowing for the parallel execution of multiple hardware functional units, with the
help of a just-in-time compiler that manages both the application and

reconfiguration flows.

In our work we have utilized the abovementioned architecture and presented a
novel approach to digital circuit testing using BIST techniques on an RPU. The
approach has been compated to traditional software testing (software simulators)
and embedded software testing. The dominance of the new approach has been

demonstrated on four circuits, with great speedups.

As it was demonstrated, all of the tests achieved 100% fault coverage with the
exception of C432 circuit, reaching 82.91% fault coverage for pseudorandom
sequential testing. Howevet, the reason for not reaching 100%, the test was
interrupted after 780 test patterns have been applied. The interruption was
applied because we were comparing our results with other literatures’ results
which have tested approximately 780 test patterns. Given the two approaches

(software and sequential hardware) were utilizing the same seed for random
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number generation the fault coverage would be similar. Moreover, hardware
testing has achieved superior fault coverage than its counterpart software testing.
Additionally, there wete no variances in fault coverage, both achieved identical
results, between sequential hardware testing and parallel hardware testing, proving
once again, that parallel hardware testing is simply a trade-off of execution speed

to memory usage.

Furthermore, the speedups between software and sequential hardware testing, as
noted in the results chaptet, were as latge as 1 x 10°. However, what is worth
noting is that since these CUT’s are combinational circuits, hardware testing will
not decrease in performance while complexity of the CUTs increase, on the
contrary, software suffers in performance as the complexity of the CUTs grows,
given hardware testing an upper hand in digital circuit testing and a brighter

future.

Lastly, we observe, when comparing parallel versus sequential hardware testing,
parallel testing will always outperform sequential testing by a factor of the
number of fault injections (hence the number of wires in a circuit), therefore the
larger the circuit the larger the factor of speedup between parallel and sequential
hardware testing. Consequence, parallel testing requires more logic utilization.
For example when comparing the EC37 parallel deterministic testing versus
sequential deterministic testing, while keeping in mind that the EC37 circuit has
40 fault injections. We notice that sequential deterministic testing only utilizes
714 (6%) out of 10752 slices and 729 (3%) out of 21504 slice flip flops and 1194
(5%) out of 21504 4-input LUTs. While, its counterpart, parallel deterministic
testing, utilizes 759 (7%) out of 10752 slices and 735 (3%) out of 21504 slice flip
flops and 1280 (5%) out of 21504 4-mput LUTs. From those numbers we

confirm the rise in logic utilization in all 3 aspects (shices, slice flip flops, and 4-
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input LUTSs), however at this small rise in cost petformance is increase by a factor

of 40.

Beneficial improvements to the architecture include adjustments of how the
retrieval of the test parameters and results are achieved. One option is to utilize
the already employed Fast Simplex Links (FSLs) between the hardware block and
MicroBlaze. The FSL is a uniditectional buffer that can operate using 8-, 16-, or
32-bit data transfers, with a buffer length limited by the number of Block RAMs
(BRAMs) available on the patticular reconfigurable device (in this case, the
Vittex-II contains 56 BRAMs, totally 112 kB of total addressable on-chip RAM).
This added module (FSL) relieves congestion on the bus while other tasks are

simultaneously being executed and uti]jzing the bus.

Another valuable improvement is to reduce the number of outputs outputted by
any CUT by utilizing the previously mentioned space compaction compressors.
These compressors are zero-aliasing, as all the faults that can be detected at the
outputs of the CUT, can also be detected at the outputs of the CUT and the
compressor combined. The compressor reduces the number of system outputs,
which would provide us with a smaller number of outputs to first store, and then

compare.

An additional favourable improvement is to embark on testing the other two
benchmark circuit types, ISCAS’89 and ISCAS’99. ISCAS’89 benchmatk circuits
poses a challenge as the benchmark circuits it provides ate not combination, they
are sequential, hence challenging to detect when the circuit has completed testing
of the circuit, and speedups might not be as notable as the combinational
ISCAS’85 circuits.  Nevertheless, once improvements for testing ISCAS’89
circuits have been completed, the next and final milestone for circuit testing is to

go on board with testing ISCAS’99. ISCAS’99 benchmark circuits are complete
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cores with both sequential and combinational circuits coupled together. Digital
core testing would the testing field’s ultimate goal, because the testing architecture
can employ their system to test any core of any shape and size. This sort of
system would be utilized in factory lines as the final stop to examine if the ICs

enclose any stuck-at faults.

The work ahead of this thesis is vast for both the application and architecture.
As this thesis concentrated on the stuck-at fault testing as the application, other
fields can easily take advantage of this architecture by employ their own specific
hardware blocks that essentially act as hardware accelerators, fields such as DSP,

Digital Image Processing (DIP), etc....
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The following is the output results for pseudorandom testing (according to

FSIM) of the C432 benchmark circuit (the test patterns that yielded zero fault

detection were omitted):

test
test
test
test
test
test
test
test
test
test
test
test
test
test
test
test
test
test
test
test
test
test
test
test
test
test
test
test
test
test
test
test
test
test
test

Output
1011010
0001100
1011100
1101100
1101010
1101001
1001111

Input
1:101010000110111110010010111100011010
2:101000010011001111111110100000001001
3: 100011101001001011100000100010000111
4:111110010001010011011111001011110111
5:100110001001001111011100010011001000
6: 110010010110111101100011110001001110
7:111011111111011110111011111010111110
8: 000110110011110101100010010010111011 1101010
9: 110101110110000001100101101000011100 1101011
10: 011000101111000111110001111111110110 1010110
11:101100101011101011010001010101001011 1111100
12: 001000101011101111101111111110101111 1001011
13: 101101010001110110001110011111000001 1011011
14: 011011001001001111010001000000110000 1101111
15:110111010111100111001001111001101101 1101000
16: 110101001110001101111001001011111100 1011110
17: 110010010011011111010001001111100110 1011000
18: 110100101011010010110001110000011010 0110010
19: 100110011010100111110101100001011110 1101001
22:110101001111110001110001000101110110 1011100
24: 010001101110011001001110011010100000 1110000
26: 111000001000011110101001001001101011 1001101
28:110100110100110100000010101011100000 1111101
30: 001100110100111111010101100010110111 1001101
31: 001101001111101011000010010001111000 1111100
32:110101100010111011001110011010001010 1101100
34: 010110011011100011001011011010011101 1100100
35: 001010101110110011100100101000101111 1101101
38: 000011000111010101100101010101100011 1111111
39: 010101010110111000010100101101110011 1110000
40: 111111111100101001100101000110111100 1111011
41: 001001000001101000111111100110101001 1111111
50: 000010011001101111000110110100111010 1111010
51: 111101011111000000110000110000000010 1111010
52:110000011000011101111001001111111011 1011101

64 faults detected
90 faults detected
20 faults detected
17 faults detected
13 faults detected
33 faults detected
25 faults detected
7 faults detected
24 faults detected
19 faults detected
6 faults detected
12 faults detected
15 faults detected
21 faults detected
2 faults detected
4 faults detected
2 faults detected
12 faults detected
2 faults detected
2 faults detected
11 faults detected
11 faults detected
13 faults detected
2 faults detected
1 faults detected
2 faults detected
4 faults detected
2 faults detected
2 faults detected
1 faults detected
5 faults detected
3 faults detected
10 faults detected
1 faults detected
1 faults detected



test
test
test
test
test
test
test
test
test
test
test
test
test
test
test
test
test
test
test
test
test
test
test
test
test
test
test
test
test
test
test
test
test

53:111101010010110000110010010000100011 1111101
54:110010110011100011111001101010010110 1001100
57:011101110110111001000100000001100100 1111100
58: 001000010001011110100001001100010001 0001101
61: 101110100101100100111000000011111001 1101110
62: 100001100010011101010010111100001100 1111000
63: 110000000100110011011010001101101010 1101110
64: 110110011110100011011110010111110000 1101100
68: 101111001011000000010011101110010000 0101111
69: 101111010111111001101000111110101011 1001100
70: 010010101011010010111010110000000000 1111010
71:011110111111000001111010111001000110 1111001
72: 110000100000001100010110101100011010 0110000
84: 101000011100000000101010010110000010 1101010
92: 111101000101100001011010111001011010 1101110
94: 010001011100101101111111001110110010 1110000
99: 100110011111111011001111110011110010 1101100
101: 100010001100001000000101011110001100 1111110
104: 001110010101010111000100000100010000 1111011
106: 011001001111010000110101001110001001 1101111
114: 100001101010111111010000000001110110 1011001
115: 011101011111001100001000001100000110 1010000
117: 000011111110000101101110100000111111 1001111
126: 101010000001001111111011111110111100 0111000
136: 000100000100000100100001000110110100 1111110
143:111111100011010011111111010111110100 1001100
151:100011110011001011111001000011111101 1011111
173: 000100000110111110111100011101110110 1011010
178:111110101010100100000011110010011011 0101010
190: 011001101001100101111101101000110110 1010000
212: 000100011011111101011001111111100001 0101100
219: 010100100011100100010101101000110000 1110000
226: 010001011101000010100101111000000010 1110000

test 246: 100101100011110000010111000111110010 0111101
test 273: 100000010011100010011111011010100011 0011011

1 faults detected
1 faults detected
1 faults detected
1 faults detected
3 faults detected
1 faults detected
1 faults detected
1 faults detected
2 faults detected
1 faults detected
1 faults detected
5 faults detected
1 faults detected
1 faults detected
3 faults detected
1 faults detected
2 faults detected
1 faults detected
1 faults detected
1 faults detected
2 faults detected
1 faults detected
1 faults detected
2 faults detected
1 faults detected
2 faults detected
1 faults detected
1 faults detected
1 faults detected
1 faults detected
2 faults detected
1 faults detected
1 faults detected
1 faults detected
2 faults detected

89
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The following is the localization output tesults for deterministic sequential and

parallel testing of the C432 benchmark circuit (the test patterns that yielded zero

fault detection wete omitted):

Input: A133FE8090
Input: A133FE8090
Input: A133FE8090
Input: A133FE8090
Input: A133FE8090
Input: A133FE8090
Input: A133FE8090
Input: A133FE8090
Input: A133FE8090
Input: A133FE8090
Input: A133FE8090
Input: A133FE8090
Input: A133FE8090
Input: A133FE8090
Input: A133FE8090
Input: A133FE8090
Input: A133FE8090
Input: A133FE8090
Input: A133FE8090
Input: A133FE8090
Input: A133FE8090
Input: A133FE8090
Input: A133FE8090
Input: A133FE8090
Input: A133FE8090
Input: A133FE8090
Input: A133FE8090
Input: A133FE8090
Input: A133FE8090
Input: A133FE8090
Input: A133FE8090
Input: A133FE8090
Input: A133FE8090
Input: A133FE8090
Input: A133FE8090
Input: A133FE8090

Citcuit Output: 0C True Output:
Circuit Output: 0C True Output:
Circuit Output: 0C True Output:
Circuit Output: 0C True Output:
Circuit Output: 0C True Output:
Circuit Output: 0C True Output:
Citcuit Output: 0C T'rue Output:
Circuit Output: 0C True Output:
Circuit Output: 0C True Output:
Citcuit Output: 0C Ttue Output:
Citcuit Output: 0C T'rue Output:
Citcuit Output: 0C True Output:
Citcuit Output: 0C True Output:
Circuit Output: 0C True Output:
Citcuit Output: 0C True Output:
Circuit Output: 0C T'rue Output:
Citcuit Output: 0C Ttrue Output:
Circuit Output: 0C True Output:
Circuit Output: 0C True Output:
Citcuit Output: 0C True Output:
Circuit Output: 0C True Output:
Circuit Output: 0C T'rue Output:
Citcuit Output: 0C T'tue Output:
Circuit Output: 0C True Output:
Citcuit Output: 0C Ttue Output:
Circuit Output: 0C True Output:
Citcuit Output: 0C True Output:
Citcuit Output: 0C True Output:
Circuit Output: 0C True Output:
Citcuit Output: 0C T'rue Output:
Circuit Output: 0C True Output:
Circuit Output: 0C True Output:
Circuit Output: 0C True Output:
Citcuit Output: 0C True Output:
Citcuit Output: 0C True Output:
Circuit Output: 0C True Output:

10 Mux-2 Stuck-at-1

7F Mux-6 Stuck-at-1

1E Mux-10 Stuck-at-1
0D Mux-14 Stuck-at-1
4C Mux-16 Stuck-at-0
0B Mux-18 Stuck-at-0
2C Mux-19 Stuck-at-0
4B Mux-20 Stuck-at-0
1C Mux-21 Stuck-at-0
2B Mux-23 Stuck-at-0
1B Mux-25 Stuck-at-0
7A Mux-26 Stuck-at-1
69 Mux-30 Stuck-at-1
68 Mux-34 Stuck-at-1
10 Mux-38 Stuck-at-0
30 Mux-40 Stuck-at-0
10 Mux-42 Stuck-at-0
40 Mux-45 Stuck-at-1
40 Mux-47 Stuck-at-1
30 Mux-50 Stuck-at-0
20 Mux-52 Stuck-at-0
20 Mux-54 Stuck-at-0
40 Mux-55 Stuck-at-0
20 Mux-56 Stuck-at-1
10 Mux-57 Stuck-at-1
40 Mux-58 Stuck-at-0
40 Mux-59 Stuck-at-0
40 Mux-60 Stuck-at-0
40 Mux-61 Stuck-at-0
40 Mux-62 Stuck-at-0
40 Mux-63 Stuck-at-0
40 Mux-64 Stuck-at-0
40 Mux-65 Stuck-at-0
20 Mux-66 Stuck-at-1
10 Mux-67 Stuck-at-1
20 Mux-68 Stuck-at-1



Input: A133FE8090
Input: A133FE8090
Input: A133FE8090
Input: A133FE8090
Input: A133FE8090
Input: A133FE8090
Input: A133FE8090
Input: A133FE8090
Input: A133FE8090
Input: A133FE8090
Input: A133FE8090
Input: A133FE8090
Input: A133FE8090
Input: A133FE8090
Input: A133FE8090
Input: A133FE8090
Input: A133FE8090
Input: A133FE8090
Input: A133FE8090
Input: A133FE8090
Input: A133FE8090
Input: A133FE8090
Input: A133FE8090
Input: A133FE8090
Input: A133FE8090
Input: A133FE8090
Input: A133FE8090
Input: A133FE8090
Input: A133FE8090
Input: A133FE8090
Input: A133FE8090
Input: A133FE8090
Input: A133FE8090
Input: A133FE8090
Input: A133FE8090
Input: A133FE8090
Input: A133FE8090
Input: A133FE8090
Input: A133FE8090
Input: A133FE8090
Input: A133FE8090
Input: A133FE8090
Input: A133FE8090
Input: A133FE8090
Input: A133FE8090
Input: A133FE8090
Input: A133FE8090
Input: A133FE8090
Input: A133FE8090
Input: A133FE8090
Input: A133FE8090

Circuit Output: 0C True Output: 10
Circuit Output: 0C True Output: 20
Circuit Output: 0C True Output: 10
Citcuit Output: 0C True Output: 20
Citcuit Output: 0C True Output: 10
Circuit Output: 0C True Output: 20
Circuit Output: 0C True Output: 10
Circuit Output: 0C T'rue Output: 20
Citcuit Output: 0C Ttrue Output: 10
Circuit Output: 0C True Output: 20
Circuit Output: 0C Ttue Output: 10
Circuit Output: 0C True Output: 20
Circuit Output: 0C True Output: 10
Circuit Output: 0C Ttrue Output: 40
Circuit Output: 0C True Output: 00
Citcuit Output: 0C True Output: 4C
Circuit Output: 0C True Output: 0B
Circuit Output: 0C True Output: 20
Citcuit Output: 0C True Output: 10
Circuit Output: 0C True Output: 20
Citcuit Output: 0C True Output: 20
Circuit Output: 0C True Output: 20
Circuit Output: 0C True Output: 20
Circuit Output: 0C True Output: 20
Circuit Output: 0C True Output: 20
Circuit Output: 0C True Output: 20
Citcuit Output: 0C True Output: 20
Circuit Output: 0C True Output: 10
Citcuit Output: 0C Ttrue Output: 10
Circuit Output: 0C True Output: 10
Circuit Output: 0C True Output: 10
Citcuit Output: 0C True Output: 10
Citcuit Output: 0C Ttue Output: 10
Circuit Output: 0C True Output: 10
Citcuit Output: 0C True Output: 10
Circuit Output: 0C True Output: 20
Circuit Output: 0C True Output: 10
Circuit Output: 0C True Output: 10
Circuit Output: 0C T'rue Output: 10
Citcuit Output: 0C True Output: 10
Circuit Output: 0C True Output: 10
Circuit Output: 0C True Output: 10
Circuit Output: 0C True Output: 10
Circuit Output: 0C True Output: 10
Circuit Output: 0C True Output: 10
Circuit Output: 0C True Output: 00
Circuit Output: 0C True Output: 2C
Circuit Output: 0C Ttue Output: 0B
Citcuit Output: 0C True Output: 10
Citcuit OQutput: 0C True Output: 10
Citcuit Output: 0C True Output: 10

Mux-69 Stuck-at-1
Mux-70 Stuck-at-1
Mux-71 Stuck-at-1
Mux-72 Stuck-at-1
Mux-73 Stuck-at-1
Mux-74 Stuck-at-1
Mux-75 Stuck-at-1
Mux-76 Stuck-at-1
Mux-77 Stuck-at-1
Mux-78 Stuck-at-1
Mux-79 Stuck-at-1
Mux-80 Stuck-at-1
Mux-81 Stuck-at-1
Mux-82 Stuck-at-0
Mux-84 Stuck-at-1
Mux-85 Stuck-at-1
Mux-99 Stuck-at-0
Mux-104 Stuck-at-0
Mux-105 Stuck-at-0
Mux-106 Stuck-at-0
Mux-107 Stuck-at-0
Mux-108 Stuck-at-0
Mux-109 Stuck-at-0
Mux-110 Stuck-at-0
Mux-111 Stuck-at-0
Mux-112 Stuck-at-0
Mux-113 Stuck-at-0
Mux-114 Stuck-at-0
Mux-115 Stuck-at-0
Mux-116 Stuck-at-0
Mux-117 Stuck-at-0
Mux-118 Stuck-at-0
Mux-119 Stuck-at-0
Mux-120 Stuck-at-0
Mux-121 Stuck-at-0
Mux-122 Stuck-at-0
Mux-123 Stuck-at-1
Mux-124 Stuck-at-1
Mux-125 Stuck-at-1
Mux-126 Stuck-at-1
Mux-127 Stuck-at-1
Mux-128 Stuck-at-1
Mux-129 Stuck-at-1
Mux-130 Stuck-at-1
Mux-131 Stuck-at-1
Mux-133 Stuck-at-1
Mux-134 Stuck-at-1
Mux-147 Stuck-at-0
Mux-153 Stuck-at-0
Mux-154 Stuck-at-0
Mux-155 Stuck-at-0



Input: A133FE8090
Input: A133FE8090
Input: A133FE8090
Input: A133FE8090
Input: A133FE8090
Input: A133FE8090
Input: A133FE8090
Input: A133FE8090
Input: A133FE8090
Input: A133FE8090
Input: A133FE8090
Input: A133FE8090
Input: A133FE8090
Input: A133FE8090
Input: A133FE8090
Input: A133FE8090
Input: A133FE8090
Input: A133FE8090
Input: A133FE8090
Input: A133FE8090
Input: A133FE8090
Input: A133FE8090
Input: A133FE8090
Input: A133FE8090
Input: A133FE8090
Input: A133FE8090
Input: A133FE8090
Input: A133FE8090
Input: 8E92E08870
Input: SE92E08870
Input: 8E92E08870
Input: SE92E08870
Input: 8E92E08870
Input: 8E92E08870
Input: 8E92E08870
Input: 8E92E08870
Input: 8E92E08870
Input: 8E92E08870
Input: 8E92E08870
Input: BE92E08870
Input: 8E92E08870
Input: 8E92E08870
Input: 8E92E08870
Input: 8E92E08870
Input: 8E92E08870
Input: 8E92E08870
Input: 8E92E08870
Input: 8E92E08870
Input: 8E92E08870
Input: 8E92E08870
Input: SE92E08870

Citcuit Output: 0C True Output: 10 Mux-156 Stuck-at-0
Circuit Output: OC True Output: 10 Mux-157 Stuck-at-0
Circuit Output: 0C True Output: 10 Mux-158 Stuck-at-0
Circuit Output: 0C True Output: 10 Mux-159 Stuck-at-0
Citcuit Output: 0C True Output: 10 Mux-160 Stuck-at-0
Citcuit Output: 0C True Output: 10 Mux-161 Stuck-at-0
Circuit Output: 0C True Output: 10 Mux-162 Stuck-at-0
Circuit Output: 0C True Output: 00 Mux-163 Stuck-at-1
Circuit Output: 0C True Output: 1C Mux-164 Stuck-at-1
Circuit Output: 0C True Output: 0B Mux-169 Stuck-at-0
Circuit Output: 0C True Output: 04 Mux-174 Stuck-at-0
Circuit Output: 0C Ttrue Output: OF Mux-175 Stuck-at-0
Citcuit Output: 0C True Output: OE Mux-176 Stuck-at-0
Citcuit Output: 0C True Output: 0D Mux-177 Stuck-at-0
Circuit Output: 0C True Output: 0B Mux-178 Stuck-at-1
Citcuit Output: 0C True Output: 0D Mux-181 Stuck-at-0
Circuit Output: 0C True Output: 04 Mux-183 Stuck-at-1
Circuit Output: 0C True Output: 04 Mux-184 Stuck-at-1
Circuit Output: 0C True Output: 0D Mux-185 Stuck-at-1
Circuit Output: 0C True Output: 0D Mux-188 Stuck-at-1
Citcuit Output: 0C True Output: 04 Mux-189 Stuck-at-0
Citcuit Output: 0C True Output: 0D Mux-190 Stuck-at-0
Circuit Output: 0C True Output: OF Mux-191 Stuck-at-0
Citcuit Output: 0C True Output: OE Mux-192 Stuck-at-0
Circuit Output: 0C T'rue Output: 0D Mux-193 Stuck-at-0
Circuit Output: 0C True Output: 08 Mux-194 Stuck-at-0
Circuit Output: 0C True Output: OE Mux-195 Stuck-at-1
Circuit Output: 0C True Output: 0D Mux-196 Stuck-at-1
Circuit OQutput: 5C True Output: 6F Mux-7 Stuck-at-0
Circuit Output: 5C True Output: 5F Mux-9 Stuck-at-0
Circuit Output: 5C True Output: 4F Mux-16 Stuck-at-1
Citcuit Output: 5C True Output: 4F Mux-21 Stuck-at-1
Citcuit Output: 5C True Output: 6B Mux-22 Stuck-at-1
Citcuit Output: 5C True Output: 68 Mux-35 Stuck-at-0
Citcuit Output: 5C True Output: 4F Mux-45 Stuck-at-0
Citcuit Output: 5C True Output: 4F Mux-46 Stuck-at-1
Circuit Output: 5C True Output: 4F Mux-61 Stuck-at-1
Circuit Output: 5C True Output: 4F Mux-73 Stuck-at-0
Circuit Output: 5C True Output: OF Mux-82 Stuck-at-1
Citcuit Output: 5C True Output: 4F Mux-83 Stuck-at-0
Citcuit Output: 5C True Output: 1C Mux-85 Stuck-at-0
Citcuit Output: 5C True Output: 4F Mux-90 Stuck-at-0
Circuit Output: 5C True Output: 4F Mux-117 Stuck-at-1
Circuit Output: 5C True Output: 4F Mux-127 Stuck-at-0
Circuit Output: 5C True Output: 4F Mux-132 Stuck-at-1
Circuit Output: 5C True Output: 4F Mux-140 Stuck-at-0
Circuit Output: 5C True Output: 4F Mux-157 Stuck-at-1
Citcuit Output: 5C True Output: 4F Mux-162 Stuck-at-1
Citcuit Output: 5C True Output: 5F Mux-163 Stuck-at-0
Circuit Output: 5C True Output: 4C Mux-164 Stuck-at-0
Circuit Output: 5C True Output: 5F Mux-166 Stuck-at-1
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Input: F914DF2F70
Input: F914DF2F70
Input: F914DF2F70
Input: F914DF2F70
Input: F914DEF2E70
Input: F914DF2F70
Input: F914DF2F70
Input: F914DF2E70
Input: F914DF2E70
Input: F914DF2F70
Input: F914DF2EF70
Input: F914DF2F70
Input: F914DF2F70
Input: 9893DC4C80
Input: 9893DC4C80
Input: 9893DC4C80
Input: 9893DC4C80
Input: 9893DC4C80
Input: 9893DC4C80
Input: 9893DC4C80
Input: 9893DC4C80
Input: 9893DC4C80
Input: 9893DC4C80
Input: 9893DC4C80
Input: 9893DC4C80
Input: 9893DC4C80
Input: 9893DC4C80
Input: 9893DC4C80
Input: 9893DC4C80
Input: 9893DC4C80
Input: 9893DC4C80
Input: 9893DC4C80
Input: C96F63C4E0
Input: C96F63C4EQ
Input: CO6F63C4E0
Input: CO6F63C4E0
Input: CO6F63C4EQ
Input: CO6F63C4EQ
Input: CO6F63C4EQ
Input: COGF63C4EOQ
Input: CO6F63C4EQ
Input: CO6F63C4EQ
Input: CO6F63C4E0
Input: C96F63C4EQ
Input: C96F63C4E0
Input: C96F63C4E0
Input: C96F63C4E0
Input: C96F63C4EQ
Input: CO6F63C4E0
Input: CO6F63C4EQ
Input: C96F63C4ED
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Circuit Output: 6C True Output: 6D Mux-12 Stuck-at-0
Circuit Output: 6C True Output: 59 Mux-19 Stuck-at-1
Circuit Output: 6C True Output: 79 Mux-31 Stuck-at-0
Circuit Output: 6C True Output: 59 Mux-72 Stuck-at-0
Circuit Output: 6C True Output: 6D Mux-84 Stuck-at-0
Circuit Output: 6C True Output: 6D Mux-98 Stuck-at-1
Circuit Output: 6C True Output: 59 Mux-109 Stuck-at-1
Circuit Output: 6C True Output: 59 Mux-122 Stuck-at-1
Circuit Output: 6C True Output: 70 Mux-132 Stuck-at-0
Circuit Output: 6C True Output: 6D Mux-133 Stuck-at-0
Circuit Qutput: 6C True Output: 4C Mux-134 Stuck-at-0
Circuit Output: 6C True Output: 70 Mux-146 Stuck-at-1
Circuit Output: 6C True Output: 6D Mux-151 Stuck-at-1
Circuit Output: 6A True Output: 69 Mux-24 Stuck-at-1
Citcuit Output: 6A Ttue Output: 69 Mux-26 Stuck-at-0
Circuit Output: 6A True Output: 69 Mux-27 Stuck-at-1
Circuit Output: 6A True Output: 7A Mux-29 Stuck-at-0
Circuit Output: 6A True Output: 79 Mux-33 Stuck-at-0
Citcuit Output: 6A True Output: 70 Mux-91 Stuck-at-1
Circuit Output: 6A True Output: 6C Mux-99 Stuck-at-1
Circuit Output: 6A True Output: 6B Mux-100 Stuck-at-1
Citcuit Output: 6A Ttrue Output: 69 Mux-101 Stuck-at-0
Circuit Output: 6A True Output: 69 Mux-150 Stuck-at-0
Circuit Output: 6A True Output: 69 Mux-171 Stuck-at-0
Circuit Output: 6A True Output: 6C Mux-178 Stuck-at-0
Circuit Output: 6A True Output: 6B Mux-179 Stuck-at-0
Circuit Output: 6A True Output: 69 Mux-180 Stuck-at-1
Circuit Output: 6A True Output: 6B Mux-186 Stuck-at-1
Circuit Output: A True Output: 68 Mux-187 Stuck-at-0
Circuit Output: 6A Ttrue Output: 68 Mux-192 Stuck-at-1
Circuit Output: 6A True Output: 6E Mux-194 Stuck-at-1
Circuit Output: 6A True Output: 68 Mux-195 Stuck-at-0
Circuit Output: 69 True Output: 61 Mux-1 Stuck-at-0
Circuit Output: 69 True Output: 7D Mux-15 Stuck-at-0
Circuit Output: 69 True Output: 7A Mux-24 Stuck-at-0
Circuit Output: 69 True Output: 5D Mux-28 Stuck-at-1
Circuit Output: 69 True Output: 5D Mux-30 Stuck-at-0
Citcuit Output: 69 True Output: 5D Mux-31 Stuck-at-1
Citcuit Output: 69 True Output: 70 Mux-49 Stuck-at-1
Circuit Output: 69 True Output: 5D Mux-51 Stuck-at-0
Circuit Output: 69 True Output: 5D Mux-52 Stuck-at-1
Citcuit Output: 69 True Output: 5D Mux-64 Stuck-at-1
Citcuit Output: 69 True Output: 5D Mux-78 Stuck-at-0
Circuit Output: 69 True Output: 61 Mux-92 Stuck-at-1
Circuit Output: 69 True Output: 70 Mux-93 Stuck-at-1
Circuit Output: 69 Ttue Output: 5D Mux-95 Stuck-at-0
Circuit Output: 69 True Output: 6A Mux-101 Stuck-at-1
Circuit Output: 69 True Output: 60 Mux-102 Stuck-at-0
Circuit Output: 69 True Output: 5D Mux-112 Stuck-at-1
Citcuit Output: 69 True Output: 70 Mux-138 Stuck-at-1
Circuit Output: 69 True Output: 61D Mux-145 Stuck-at-1



Input: C96F63C4E0 Circuit Output: 69 True Output: 70 Mux-148 Stuck-at-1
Input: CO6F63C4E0 Circuit Output: 69 True Output: 60 Mux-151 Stuck-at-0
Input: C96F63C4E0 Circuit Output: 69 True Output: 60 Mux-172 Stuck-at-0
Input: C96F63C4E0 Circuit Output: 69 True Output: 6A Mux-180 Stuck-at-0
Input: C96FG3C4E0 Citcuit Output: 69 True Output: 60 Mux-181 Stuck-at-1
Input: C96F63C4E0 Circuit Output: 69 True Output: 6B Mux-187 Stuck-at-1
Input: CO6F63C4E0 Circuit Output: 69 True Output: 68 Mux-188 Stuck-at-0
Input: C96F63C4EQD Circuit Output: 69 True Output: 68 Mux-193 Stuck-at-1
Input: C96F63C4E0 Circuit Output: 69 True Output: 68 Mux-196 Stuck-at-0

Input: EFF7BBEBEO
Input: EFF7TBBEBEOQ
Input: EFF7BBEBEO
Input: EFF7BBEBEO
Input: EFF7BBEBEO
Input: EFF7TBBEBEO
Input: EFF7BBEBEO
Input: EFF7BBEBEQ
Input: EFF7BBEBEO
Input: EFF7BBEBEO
Input: EFF7BBEBEO
Input: EFF7BBEBEOQ
Input: EFF7BBEBEO
Input: EFF7BBEBEO
Input: 1B3D624BB0
Input: 1B3D624BB0
Input: 1B31D624BB0
Input: 1B3D624BB0
Input: 1B3DD624BB0
Input: 1B3DD624BB0
Input: 1B3D624BB0
Input: 1B3D624BB0
Input: D76065A1C0
Input: D76065A1C0
Input: D76065A1C0
Input: D76065A1C0
Input: D76065A1C0
Input: D76065A1C0
Input: D76065A1C0
Input: D76065A1C0
Input: D76065A1C0
Input: D76065A1C0
Input: D76065A1C0
Input: D76065A1C0
Input: D76065A1C0
Input: D76065A1C0
Input: D76065A1C0
Input: D76065A1C0
Input: D76065A1C0
Input: D76065A1C0
Input: D76065A1C0

Citcuit Output: 4F True Output: 1E Mux-4 Stuck-at-1
Citcuit Output: 4F True Output: 1E Mux-6 Stuck-at-0
Circuit Output: 4F True Output: 5SE Mux-8 Stuck-at-0
Citcuit Output: 4F True Output: 58 Mux-32 Stuck-at-0
Circuit Output: 4F True Output: 1E Mux-39 Stuck-at-0
Circuit Output: 4F True Output: 50 Mux-41 Stuck-at-1
Citcuit Output: 4F True Output: 50 Mux-53 Stuck-at-1
Citcuit Output: 4F True Output: 1E Mux-58 Stuck-at-1
Circuit Output: 4F True Output: 50 Mux-88 Stuck-at-1
Circuit Output: 4F True Output: 40 Mux-94 Stuck-at-0
Citcuit Output: 4F Ttue Output: 50 Mux-97 Stuck-at-1
Circuit Output: 4F True Output: 40 Mux-141 Stuck-at-0
Circuit Output: 4F True Output: 40 Mux-166 Stuck-at-0
Circuit Output: 4F True Output: 40 Mux-175 Stuck-at-1
Circuit Output: 6A True Output: 70 Mux-43 Stuck-at-1
Circuit Output: 6A True Output: 3D Mux-49 Stuck-at-0
Circuit Output: 6A True Output: 4A Mux-50 Stuck-at-1
Circuit Output: 6A True Output: 3D Mux-63 Stuck-at-1
Circuit Output: 6A True Output: 4A Mux-76 Stuck-at-0
Citcuit Output: 6A True Output: 70 Mux-89 Stuck-at-1
Circuit Output: 6A True Output: 4A Mux-93 Stuck-at-0
Circuit Output: 6A True Output: 4A Mux-111 Stuck-at-1
Circuit Output: 6B True Output: 5C Mux-20 Stuck-at-1
Circuit Output: 6B True Output: 5C Mux-22 Stuck-at-0
Citcuit Output: 6B True Output: 5C Mux-23 Stuck-at-1
Citcuit Output: 6B True Output: 70 Mux-37 Stuck-at-1
Circuit Output: 6B True Output: 5C Mux-47 Stuck-at-0
Circuit Output: 6B True Output: 5C Mux-48 Stuck-at-1
Circuit Output: 6B True Output: 5C Mux-62 Stuck-at-1
Circuit Output: 6B True Output: 5C Mux-74 Stuck-at-0
Circuit Output: 6B True Output: 70 Mux-86 Stuck-at-1
Circuit Output: 6B True Output: 5C Mux-91 Stuck-at-0
Circuit Output: 6B True Output: 60 Mux-100 Stuck-at-0
Circuit Output: 6B True Output: 5C Mux-110 Stuck-at-1
Circuit Output: 6B True Output: 70 Mux-140 Stuck-at-1
Circuit Output: 6B True Output: 6C Mux-147 Stuck-at-1
Circuit Output: 6B True Output: 60 Mux-149 Stuck-at-0
Citcuit Output: 6B True Output: 60 Mux-170 Stuck-at-0
Citcuit Output: 6B True Output: 60 Mux-179 Stuck-at-1
Circuit Output: 6B True Output: 68 Mux-186 Stuck-at-0
Circuit Output: 6B True Output: 68 Mux-191 Stuck-at-1

Input: 62F1F1FF60 Circuit Output: 56 True Output: 5E Mux-1 Stuck-at-1
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Input: 62F1F1FF60
Input: 62F1F1FF60
Input: 62F1F1FF60
Input: 62F1F1FF60
Input: 62F1F1FF60
Input: 62F1F1FF60
Input; 62F1F1FF60
Input: 62F1F1FF60
Input: 62F1F1FFG60
Input: 62F1F1FF60
Input: 62F1F1FFG0
Input: 62F1F1FFG0
Input: 62F1F1FF60
Input: 62F1F1FF60
Input: 62F1F1FF60
Input: 62F1F1FF60
Input: 62F1F1FF60
Input: 34BE261250
Input: 34BE261250
Input: 34BE261250
Input: 34BE261250
Input: 34BE261250
Input: 34BE261250
Input: 34BE261250
Input: 34BE261250
Input: 34BE261250
Input: 34BE261250
Input: 34BE261250
Input: 34BE261250
Input: 34BE261250
Input: 34BE261250
Input: 34BE261250
Input: 34BE261250
Input: 34BE261250
Input: 34BE261250

Circuit Output: 56 T'rue Output: 5SE Mux-2 Stuck-at-0
Circuit Output: 56 True Output: 70 Mux-3 Stuck-at-0
Citcuit Output: 56 True Output: 5SE Mux-5 Stuck-at-1
Circuit Output: 56 True Output: 50 Mux-8 Stuck-at-1
Circuit Output: 56 True Output: 50 Mux-10 Stuck-at-0
Citcuit Output: 56 True Output: 7E Mux-11 Stuck-at-0
Circuit Output: 56 True Output: 50 Mux-13 Stuck-at-1
Citcuit Output: 56 True Output: SE Mux-92 Stuck-at-0
Circuit Output: 56 True Output: 50 Mux-96 Stuck-at-0
Citcuit Output: 56 True Output: 5SE Mux-139 Stuck-at-0
Circuit Output: 56 True Output: 50 Mux-143 Stuck-at-0
Circuit Output: 56 True Output: 5E Mux-165 Stuck-at-0
Circuit Output: 56 True Output: 50 Mux-167 Stuck-at-0
Circuit Output: 56 True Output: 5SE Mux-174 Stuck-at-1
Circuit Output: 56 True Output: 50 Mux-176 Stuck-at-1
Citcuit Output: 56 True Output: SE. Mux-183 Stuck-at-0
Circuit Output: 56 True Output: 5SE Mux-189 Stuck-at-1
Circuit Output: 68 True Output: 6F Mux-4 Stuck-at-0
Citcuit Output: 68 True Output: 5B Mux-32 Stuck-at-1
Circuit Output: 68 True Output: 5B Mux-34 Stuck-at-0
Citcuit Output: 68 True Output: 5B Mux-35 Stuck-at-1
Citcuit Output: 68 T'rue Output: 78 Mux-36 Stuck-at-0
Circuit Output: 68 True Output: 5B Mux-53 Stuck-at-0
Citcuit Output: 68 True Output: 5B Mux-54 Stuck-at-1
Circuit Output: 68 True Output: 5B Mux-65 Stuck-at-1
Citcuit Output: 68 True Output: 5B Mux-80 Stuck-at-0
Citcuit Output: 68 True Output: 6F Mux-94 Stuck-at-1
Circuit Output: 68 True Output: 5B Mux-97 Stuck-at-0
Citcuit Output: 68 True Output: 60 Mux-103 Stuck-at-0
Circuit Output: 68 True Output: 5B Mux-113 Stuck-at-1
Circuit Output: 68 True Output: 70 Mux-142 Stuck-at-1
Cigcuit Output: 68 True Output: 6B Mux-149 Stuck-at-1
Circuit Output: 68 True Output: 60 Mux-152 Stuck-at-0
Circuit Output: 68 True Output: 60 Mux-173 Stuck-at-0
Citcuit Output: 68 Ttue Output: 60 Mux-182 Stuck-at-1

Input: D142B516B0 Circuit Output: 36 True Output: 3E Mux-3 Stuck-at-1

Input: D142B516B0 Circuit Output: 36 True Output: 33 Mux-11 Stuck-at-1
Input: D142B516B0 Circuit Output: 36 True Output: 5C Mux-18 Stuck-at-1
Input: D142B516B0 Citcuit Output: 36 True Output: 49 Mux-28 Stuck-at-0
Input: D142B516B0 Circuit Qutput: 36 True Output: 40 Mux-51 Stuck-at-1
Input: D142B516B0 Citcuit Qutput: 36 True Output: 06 Mux-83 Stuck-at-1

Input: 3800B89690 Citcuit Output: 09 True Output: 20 Mux-44 Stuck-at-0
Input: 3800B89690 Citcuit Output: 09 True Output: 20 Mux-48 Stuck-at-0

Input: OE170FA880
Input: OE170FA880
Input: OE170FA880
Input: 0E170FA880
Input: 0E170FA880
Input: 0E170FA880
Input: 0E170FA880
Input: 0E170FA880

Circuit Output: 5F True Output: 4F Mux-9 Stuck-at-1
Citcuit Output: 5F T'rue Output: 4F Mux-40 Stuck-at-1
Circuit Output: 5F True Output: 4F Mux-67 Stuck-at-0
Citcuit Output: 5F True Output: 4F Mux-87 Stuck-at-0
Citcuit Output: 5F True Output: 4F Mux-114 Stuck-at-1
Citcuit Output: 5F True Output: 4F Mux-124 Stuck-at-0
Circuit Output: 5F True Output: 4F Mux-136 Stuck-at-0
Citcuit Output: 5F True Output: 4F Mux-154 Stuck-at-1
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Input: 8B6BB29E70 Citcuit Output: 48 True Output: 50 Mux-95 Stuck-at-1
Input: 8B6BB29E70 Citcuit Output: 48 True Output: 4E Mux-96 Stuck-at-1
Input: 8B6BB29E70 Citcuit Output: 48 True Output: 49 Mux-102 Stuck-at-1
Input: 9A7782BD40 Citcuit Output: SE True Output: 39 Mux-41 Stuck-at-0
Input: 9A7782BD40 Circuit Output: 5E True Output: 4E Mux-42 Stuck-at-1
Input: 9A7782BD40 Circuit Output: 5E True Output: 39 Mux-59 Stuck-at-1
Input: 9A7782BD40 Citcuit Output: 5E True Output: 4E Mux-69 Stuck-at-0
Input: 9A7782BD40 Circuit Output: 5E Ttue Output: 4E Mux-88 Stuck-at-0
Input: 9A7782BD40 Citcuit Output: 5E True Output: 4E Mux-115 Stuck-at-1
Input: 9A7782BD40 Citcuit Output: 5E True Output: 4E Mux-125 Stuck-at-0
Input: 9A7782BD40 Circuit Output: 5E True Output: 4E Mux-137 Stuck-at-0
Input: 9A7782BD40 Circuit Output: 5E Ttue Output: 4E Mux-155 Stuck-at-1
Input: DC93F1E130 Circuit Output: 27 True Output: 30 Mux-5 Stuck-at-0
Input: DC93F1E130 Circuit Output: 27 True Output: 20 Mux-7 Stuck-at-1
Input: DCI93F1E130 Circuit Output: 27 True Output: 3A Mux-27 Stuck-at-0
Input: DC93F1E130 Circuit Output: 27 Ttrue Output: 60 Mux-39 Stuck-at-1
Input: DC93F1E130 Circuit Output: 27 True Output: 30 Mux-144 Stuck-at-1
Input: DF092AAEQO Circuit Output: 59 True Output: 49 Mux-33 Stuck-at-1
Input: DF092AAEQO Circuit Output: 59 True Output: 49 Mux-79 Stuck-at-0
Input: DF092AAEO00 Circuit Output: 59 True Output: 49 Mux-120 Stuck-at-1
Input: DF092AAEQ0 Circuit Qutput: 59 True Output: 49 Mux-130 Stuck-at-0
Input: DF092AAEQ0 Circuit Output: 59 True Output: 49 Mux-146 Stuck-at-0
Input: DFO92AAEQO0 Citcuit OQutput: 59 True Output: 49 Mux-160 Stuck-at-1
Input: OE4FE2A830 Citcuit Output: 6E True Output: 7E Mux-13 Stuck-at-0
Input: OE4FE2A830 Citcuit Output: 6E True Output: 5F Mux-68 Stuck-at-0
Input: OB4FE2A830 Circuit Output: 6E True Output: 5F Mux-107 Stuck-at-1
Input: 0OE4FE2A830 Citcuit Output: 6E True Output: 70 Mux-136 Stuck-at-1
Input: 0OE4FE2A830 Circuit Output: 6E True Output: 6F Mux-141 Stuck-at-1
Input: B75D783480 Circuit Output: 3D True Output: 2E. Mux-14 Stuck-at-0
Input: B75D0783480 Circuit Output: 3D True Output: 2E Mux-15 Stuck-at-1

Input: B751D783480
Input: B75DD783480
Input: B75D783480
Input: B751D783480
Input: B75D783480
Input: B75DD783480
Input: B75DD783480
Input: B75DD783480
Input: B75D783480
Input: B75D783480
Input: B75D783480
Input: B75D783480
Input: B7510783480
Input: B75DD783480
Input: B75DD783480
Input: B75D783480
Input: B75D783480

Circuit Output: 3D True Output: 2E Mux-17 Stuck-at-1
Circuit Output: 3D True Output: 2E Mux-44 Stuck-at-1
Circuit Output: 3D True Output: 2E. Mux-70 Stuck-at-0
Circuit Output: 3D True Output: 2E Mux-71 Stuck-at-0
Circuit Output: 3D True Output: 2E Mux-89 Stuck-at-0
Circuit Output: 3D True Output: 30 Mux-98 Stuck-at-0
Citcuit Output: 3D True Output: 2E Mux-108 Stuck-at-1
Circuit Output: 3D True Output: 2E. Mux-116 Stuck-at-1
Circuit Output: 3D True Output: 2E Mux-126 Stuck-at-0
Circuit Output: 3D True Output: 2E Mux-138 Stuck-at-0
Circuit Output: 3D True Output: 30 Mux-145 Stuck-at-0
Circuit Output: 3D True Output: 2E. Mux-156 Stuck-at-1
Circuit Output: 3D True Output: 3E. Mux-167 Stuck-at-1
Circuit Output: 3D True Output: 30 Mux-168 Stuck-at-0
Circuit Output: 3D True Output: 30 Mux-177 Stuck-at-1
Circuit Output: 3D True Output: 38 Mux-185 Stuck-at-0
Circuit Output: 3D True Output: 38 Mux-190 Stuck-at-1

Input: 7TECEGFG64E0 Circuit Output: 6E True Output: 66 Mux-139 Stuck-at-1
Input: B913341E80 Circuit Output: 3B True Output: 2B Mux-25 Stuck-at-1
Input: B913341E80 Circuit Output: 3B True Output: 2B Mux-75 Stuck-at-0
Input: B913341E80 Circuit Output: 3B True Output: 2B Mux-118 Stuck-at-1



Input: B913341E80 Circuit Output: 3B True Output: 2B Mux-128 Stuck-at-0
Input: B913341E80 Citcuit Output: 3B True Output: 2B Mux-142 Stuck-at-0
Input: B913341E80 Citcuit Output: 3B True Output: 2B Mux-158 Stuck-at-1
Input: F2B9B15980 Citcuit Output: 2A T'tue Output: 30 Mux-135 Stuck-at-1
Input: 8BEC6254D0 Circuit Output: 7D True Output: 7A Mux-12 Stuck-at-1
Input: DAAA15F520 Circuit Output: 39 True Output: 3A° Mux-150 Stuck-at-1
Input: DAAA15F520 Circuit Output: 39 True Output: 31 Mux-165 Stuck-at-1
Input: DAAAI5F520 Circuit Output: 39 True Output: 3B Mux-170 Stuck-at-1
Input: 3B595186E0 Circuit Output: 58 True Output: 49 Mux-36 Stuck-at-1
Input: 3B595186E0 Citcuit Output: 58 True Output: 49 Mux-81 Stuck-at-0
Input: 3B595186E0 Circuit Output: 58 True Output: 70 Mux-90 Stuck-at-1
Input: 3B595186E0 Circuit Output: 58 True Output: 49 Mux-121 Stuck-at-1
Input: 3B595186E0 Circuit Output: 58 True Output: 49 Mux-131 Stuck-at-0
Input: 3B595186E0 Circuit Output: 58 True Qutput: 49 Mux-148 Stuck-at-0
Input: 3B595186E0 Citcuit Output: 58 True Output: 49 Mux-161 Stuck-at-1
Input: 3B595186E0 Circuit Output: 58 True Output: 59 Mux-172 Stuck-at-1
Input: 032BCIFDCO Circuit Output: 38 True Output: 3C Mux-169 Stuck-at-1
Input: 1773FBCEBO Circuit Output: 49 True Output: 50 Mux-87 Stuck-at-1
Input: 9D897898A0 Circuit Output: 2F True Output: OF Mux-66 Stuck-at-0
Input: 9D897898A0 Circuit Output: 2F True Output: OF Mux-106 Stuck-at-1
Input: 7119318200 Circuit Output: 50 True Output: 10 Mux-37 Stuck-at-0
Input: 711931B200 Circuit Output: 50 True Output: 40 Mux-38 Stuck-at-1
Input: 711931B200 Citcuit Output: 50 True Output: 10 Mux-55 Stuck-at-1
Input: 711931B200 Circuit Output: 50 True Output: 40 Mux-57 Stuck-at-0
Input: 711931B200 Circuit Output: 50 True Output: 40 Mux-86 Stuck-at-0
Input: 7119318200 Circuit Output: 50 True Output: 40 Mux-105 Stuck-at-1
Input: 711931B200 Circuit Qutput: 50 True Output: 40 Mux-123 Stuck-at-0
Input: 7119318200 Circuit Output: 50 True Output: 40 Mux-135 Stuck-at-0
Input: 711931B200 Circuit Output: 50 True Output: 40 Mux-153 Stuck-at-1
Input: 194C9603D0 Circuit Output: 6D True Output: 7D Mux-17 Stuck-at-0
Input: 194C9603D0 Citcuit Output: 6D True Output: 2E Mux-43 Stuck-at-0
Input: 194C9603D0 Circuit Output: 6D True Output: 2E Mux-60 Stuck-at-1
Input: 65BBE85CCO Citcuit Output: 78 True Output: 7A Mux-171 Stuck-at-1
Input: DOBBO1FFFO Circuit Output: 30 True Output: 10 Mux-56 Stuck-at-0
Input: DOBBO1FFFO Circuit Output: 30 True Output: 10 Mux-104 Stuck-at-1
Input: CFD8384190 Circuit Output: 7TA True Output: 6A Mux-29 Stuck-at-1
Input: CFID8384190 Circuit Output: 7A True Output: 6A Mux-77 Stuck-at-0
Input: CFD8384190 Circuit Output: 7A True Output: 6A Mux-119 Stuck-at-1
Input: CFD8384190 Circuit Output: 7A T'tue Output: 6A Mux-129 Stuck-at-0
Input: CFD8384190 Circuit OQutput: 7A T'rue Output: 6A Mux-144 Stuck-at-0
Input: CFID8384190 Circuit Output: 7A T'rue Output: 6A Mux-159 Stuck-at-1
Input: 3A65A60720 Citcuit Output: 6D True Output: 70 Mux-137 Stuck-at-1
Input: 3A65A60720 Citcuit Output: 6D True Output: 6E Mux-143 Stuck-at-1
Input: 0000000000 Circuit Output: 00 True Output: 30 Mux-46 Stuck-at-0
Input: 0000000000 Circuit Output: 00 True Output: 08 Mux-182 Stuck-at-0
Input: 0000000000 Circuit Output: 00 True Output: 08 Mux-184 Stuck-at-0
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APPENDIX C
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The following is the localization output results for pseudorandom sequential and

parallel testing of the C432 benchmark circuit (the test patterns that yielded zero

fault detection wete omitted):

Input:
Input:
Input:
Input:
Input:
Input:
Input:
Input:
Input:
Input:
Input:
Input:
Input:
Input:
Input:
Tnput:
Input:
Input:
Input:
Input:
Input:
Input:
Input:
Input:
Input:
Input:
Input:
Input:
Input:
Input:
Input:
Input:
Input:
Input:
Input:
Input:

183A183AA0
183A183AA0
183A183AA0
183A183AA0
183A183AA0
183A183AA0
183A183AA0
183A183AA0
183A183AA0
183A183AA0
183A183AA0
183A183AA0
183A183AA0
183A183AA0
183A183AA0
183A183AA0
183A183AA0
183A183AA0
183A183AA0
183A183AA0
183A183AA0
183A183AA0
183A183AA0
183A183AA0
183A183AA0
183A183AA0
183A183AA0
183A183AA0
183A183AA0
183A183AA0
183A183AA0
183A183AA0
183A183AA0
183A183AA0
183A183AA0
183A183AA0

Citcuit Output: 00 True Output: 60

Mux-2 Stuck-at-1

Circuit Output: 00 True Output: 3F Mux-6 Stuck-at-1

Circuit Output: 00 True Output: 4E Mux-10 Stuck-at-1
Circuit Output: 00 Ttue Output: 1D Mux-14 Stuck-at-1
Circuit Output: 00 True Output: 6C Mux-18 Stuck-at-1
Circuit Output: 00 True Output: 3B Mux-22 Stuck-at-1
Circuit Output: 00 True Output: 4A Mux-26 Stuck-at-1

Circuit Output: 00 True Output: 09
Citcuit Output: 00 Ttrue Output: 58
Circuit Output: 00 True Output: 20
Circuit Output: 00 True Output: 30
Circuit Output: 00 True Output: 10
Citcuit Output: 00 True Output: 20
Circuit Output: 00 True Output: 30
Circuit Output: 00 Ttue Output: 10
Circuit Output: 00 True Output: 40
Circuit Output: 00 T'rue Output: 20
Citcuit Output: 00 True Output: 10
Circuit Output: 00 True Output: 40
Citcuit Output: 00 True Output: 40
Circuit Output: 00 True Output: 40
Circuit Output: 00 True Output: 40
Circuit Output: 00 True Output: 40
Circuit Output: 00 True Output: 40
Citcuit Output: 00 True Output: 40
Circuit Output: 00 Ttrue Output: 40
Circuit Output: 00 Ttrue Output: 20
Citcuit Output: 00 True Output: 10
Circuit Output: 00 Ttue Output: 20
Circuit Output: 00 True Output: 10
Circuit Output: 00 True Output: 20
Citcuit Output: 00 True Output: 10
Circuit Output: 00 True Output: 20
Circuit Output: 00 True Output: 10
Circuit Output: 00 T'rue Output: 20
Citcuit Output: 00 True Output: 10

Mux-30 Stuck-at-1
Mux-34 Stuck-at-1
Mux-38 Stuck-at-0
Mux-40 Stuck-at-0
Mux-44 Stuck-at-0
Mux-46 Stuck-at-0
Mux-48 Stuck-at-0
Mux-54 Stuck-at-0
Mux-55 Stuck-at-0
Mux-56 Stuck-at-1
Mux-57 Stuck-at-1
Mux-58 Stuck-at-0
Mux-59 Stuck-at-0
Mux-60 Stuck-at-0
Mux-61 Stuck-at-0
Mux-62 Stuck-at-0
Mux-63 Stuck-at-0
Mux-64 Stuck-at-0
Mux-65 Stuck-at-0
Mux-66 Stuck-at-1
Mux-67 Stuck-at-1
Mux-68 Stuck-at-1
Mux-69 Stuck-at-1
Mux-70 Stuck-at-1
Mux-71 Stuck-at-1
Mux-72 Stuck-at-1
Mux-73 Stuck-at-1
Mux-74 Stuck-at-1
Mux-75 Stuck-at-1



Input: 183A183AA0
Input: 183A183AA0
Input: 183A183AA0
Input: 183A183AA0
Input: 183A183AA0
Input: 183A183AA0
Input: 183A183AA0
Input: 183A183AA0
Input: 183A183AA0
Input: 183A183AA0
Input: 183A183AA0
Input: 183A183AA0
Input: 183A183AA0
Input: 183A183AA0
Input: 183A183AA0
Input: 1 83A183AA0
Input: 183A183AA0
Input: 183A183AA0
Input: 183A183AA0
Input: 183A183AA0
Input: 183A183AA0
Input: 183A183AA0
Input: 183A183AA0
Input: 183A183AA0
Input: 183A183AA0
Input: 183A183AA0
Input: 183A183AA0
Input: 183A183AA0
Input: 183A183AA0
Input: 183A183AA0
Input: 183A183AA0
Input: 183A183AA0
Input: 183A183AA0
Input: 183A183AA0
Input: 183A183AA0
Input: 183A183AA0
Input: 183A183AA0
Input: 183A183AA0
Input: 183A183AA0
Input: 183A183AA0
Input: 183A183AA0
Input: 183A183AA0
Input: 183A183AA0
Input: 183A183AA0
Input: 183A183AA0
Input: 183A183AA0
Input: 183A183AA0
Input: 183A183AA0
Input: 183A183AA0
Input: 183A183AA0
Input: 183A183AA0

Circuit Output: 00 True Output:
Citcuit Output: 00 True Output:
Citcuit Output: 00 True Output:
Circuit Output: 00 True Output:
Circuit Output: 00 True Output:
Circuit Output: 00 True Output:
Circuit Output: 00 True Output:
Citcuit Output: 00 True Output:
Circuit Output: 00 True Output:
Citcuit Output: 00 True Output:
Citcuit Output: 00 True Output:
Circuit Output: 00 True Output:
Citcuit Output: 00 True Output:
Citcuit Output: 00 True Output:
Citcuit Output: 00 True Output:
Circuit Output: 00 True Output:
Citcuit Output: 00 True Output:
Circuit Output: 00 True Output:
Circuit Output: 00 True Output:
Citcuit Output: 00 True Output:
Circuit Output: 00 True Output:
Citcuit Output: 00 True Output:
Circuit Output: 00 True Output:
Circuit Output: 00 True Output:
Circuit Output: 00 True Output:
Circuit Output: 00 True Output:
Circuit Output: 00 True Output:
Circuit Output: 00 True Output:
Circuit Output: 00 True Output:
Circuit Output: 00 True Output:
Circuit Output: 00 True Output:
Circuit Output: 00 True Output:
Citcuit Output: 00 True Output:
Citcuit Output: 00 True Output:
Circuit Output: 00 True Output:
Circuit Output: 00 True Output:
Citcuit Output: 00 True Output:
Circuit Output: 00 Ttrue Output:
Citcuit Output: 00 True Output:
Circuit Output: 00 True Output:
Citcuit Output: 00 True Output:
Circuit Output: 00 True Output:
Circuit Output: 00 True Output:
Circuit Output: 00 True Output:
Circuit OQutput: 00 True Output:
Citcuit Output: 00 True Output:
Citcuit Output: 00 True Output:
Circuit Output: 00 True Output:

Circuit Output: 00 True Output: OF

20
10
20
10
20
10
40
40
20
10

20
20
20
20
20
10
10
10
10
10
10
10
10
20
10
10
10
10
10
10
10
10
10
20
10
10
10
10
10
10
10
10
10
10
10

Mux-76 Stuck-at-1

Mux-77 Stuck-at-1

Mux-78 Stuck-at-1

Mux-79 Stuck-at-1

Mux-80 Stuck-at-1

Mux-81 Stuck-at-1

Mux-82 Stuck-at-0

Mux-85 Stuck-at-1

Mux-104 Stuck-at-0
Mux-105 Stuck-at-0
Mux-106 Stuck-at-0
Mux-107 Stuck-at-0
Mux-108 Stuck-at-0
Mux-109 Stuck-at-0
Mux-110 Stuck-at-0
Mux-111 Stuck-at-0
Mux-112 Stuck-at-0
Mux-113 Stuck-at-0
Mux-114 Stuck-at-0
Mux-115 Stuck-at-0
Mux-116 Stuck-at-0
Mux-117 Stuck-at-0
Mux-118 Stuck-at-0
Mux-119 Stuck-at-0
Mux-120 Stuck-at-0
Mux-121 Stuck-at-0
Mux-122 Stuck-at-0
Mux-123 Stuck-at-1
Mux-124 Stuck-at-1
Mux-125 Stuck-at-1
Mux-126 Stuck-at-1
Mux-127 Stuck-at-1
Mux-128 Stuck-at-1
Mux-129 Stuck-at-1
Mux-130 Stuck-at-1
Mux-131 Stuck-at-1
Mux-134 Stuck-at-1
Mux-153 Stuck-at-0
Mux-154 Stuck-at-0
Mux-155 Stuck-at-0
Mux-156 Stuck-at-0
Mux-157 Stuck-at-0
Mux-158 Stuck-at-0
Mux-159 Stuck-at-0
Mux-160 Stuck-at-0
Mux-161 Stuck-at-0
Mux-162 Stuck-at-0
Mux-164 Stuck-at-1
Mux-175 Stuck-at-0

Circuit Output: 00 True Output: OE Mux-176 Stuck-at-0
Circuit Output: 00 True Output: 0D Mux-177 Stuck-at-0
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Input: 183A183AA0
Input: 183A183AA0
Input: 183A183AA0
Input: 183A183AA0
Input: 183A183AA0
Input: 183A183AA0
Input: 183A183AA0
Input: 183A183AA0
Input: 183A183AA0
Input: 183A183AA0
Input: 183A183AA0
Input: 183A183AA0
Input: 183A183AA0
Input: 183A183AA0
Input: 183A183AA0
Input: 183A183AA0
Input: 183A183AA0
Input: 183A183AA0
Input: 18FE18FEEQ
Input: 18FE18FEEQ
Input: 18FE18FEE0
Input: 18FE18FEEO
Input: 18FE18FEE0
Input: 18FE18FEEQ
Input: 18FE18FEEO
Input: 18FE18FEEO
Input: 18FE18FEEQ
Input: 18FE18FEE0
Input: 18FE18FEEQ
Input: 18FE18FEEO
Input: 18FE18FEEQ
Input: 18FE18FEEQ
Input: 18FE18FEEQ
Input: 18FE18FEEQ
Input: 18FE18FEEQ
Input: 18FE18FEED
Input: 18FE18FEE0
Input: 18FE18FEE0
Input: 18FE18FEE0
Input: 18FE18FEEO
Input: 18FE18FEEOQ
Input: 18FE18FEEQ
Input: 18FE18FEEQ
Input: 18FE18FEE(
Input: 18FE18FEEQ
Input: 18FE18FEEOQ
Input: 18FE18FEEQ
Input: 18FE18FEEQ
Input: 18FE18FEEO
Input: 18FE18FEE0
Input: 18FE18FEEOQ

Circuit Output: 00 True Output: 0C Mux-178 Stuck-at-0
Circuit Output: 00 True Output: 0B Mux-179 Stuck-at-0
Circuit Output: 00 True Output: 0A Mux-180 Stuck-at-0
Citcuit Output: 00 True Output: 09 Mux-181 Stuck-at-0
Circuit Output: 00 True Output: 08 Mux-182 Stuck-at-0
Circuit Output: 00 True Output: 08 Mux-184 Stuck-at-0
Citcuit Output: 00 True Output: 05 Mux-185 Stuck-at-1
Circuit Output: 00 True Output: 03 Mux-186 Stuck-at-1
Citcuit Output: 00 True Output: 02 Mux-187 Stuck-at-1
Circuit Output: 00 True Output: 01 Mux-188 Stuck-at-1
Circuit Output: 00 True Output: 08 Mux-189 Stuck-at-1
Circuit Output: 00 True Output: 05 Mux-190 Stuck-at-0
Citcuit Output: 00 True Output: 03 Mux-191 Stuck-at-0
Circuit Output: 00 True Output: 02 Mux-192 Stuck-at-0
Circuit Output: 00 Ttue Output: 01 Mux-193 Stuck-at-0
Citcuit Output: 00 True Output: 04 Mux-194 Stuck-at-1
Circuit Output: 00 True Output: 02 Mux-195 Stuck-at-1
Circuit Output: 00 True Output: 01 Mux-196 Stuck-at-1
Circuit Output: 58 True Output: 6E Mux-11 Stuck-at-0
Circuit Output: 58 True Output: 5D Mux-12 Stuck-at-0
Circuit Output: 58 True Output: 5E Mux-13 Stuck-at-0
Circuit Output: 58 True Output: 6A Mux-27 Stuck-at-0
Citcuit Output: 58 Ttrue Output: 5A Mux-29 Stuck-at-0
Circuit Output: 58 True Output: 4E Mux-32 Stuck-at-1
Circuit Output: 58 True Output: 4E Mux-34 Stuck-at-0
Circuit Output: 58 True Output: 78 Mux-35 Stuck-at-0
Citcuit Output: 58 True Output: 4E Mux-36 Stuck-at-1
Citcuit Output: 58 Ttue Output: 4E Mux-53 Stuck-at-0
Citcuit Output: 58 True Output: 4B Mux-54 Stuck-at-1
Circuit Output: 58 True Output: 4E Mux-65 Stuck-at-1
Circuit Output: 58 True Output: 4E Mux-81 Stuck-at-0
Circuit Output: 58 True Output: 1D Mux-82 Stuck-at-1
Citcuit Output: 58 True Output: 5D Mux-84 Stuck-at-0
Citcuit Output: 58 True Output: 18 Mux-85 Stuck-at-0
Circuit Output: 58 Ttue Output: 4F Mux-97 Stuck-at-0
Circuit Output: 58 Ttrue Output: 5D Mux-98 Stuck-at-1
Citcuit Output: 58 True Output: 50 Mux-103 Stuck-at-0
Citcuit Output: 58 True Output: 4E Mux-121 Stuck-at-1
Circuit Output: 58 True Output: 4E Mux-131 Stuck-at-0
Circuit Output: 58 True Output: 4E Mux-132 Stuck-at-1
Circuit Output: 58 True Output: 50 Mux-133 Stuck-at-1
Citcuit Output: 58 Ttrue Output: 4E Mux-148 Stuck-at-0
Circuit Output: 58 True Output: 50 Mux-152 Stuck-at-0
Circuit OQutput: 58 True Output: 4E Mux-161 Stuck-at-1
Circuit Output: 58 T'rue Output: 4E Mux-162 Stuck-at-1
Circuit Output: 58 True Output: 5SE Mux-163 Stuck-at-0
Citcuit Output: 58 Ttue Output: 48 Mux-164 Stuck-at-0
Citcuit Output: 58 True Output: 5SE Mux-167 Stuck-at-1
Circuit Output: 58 True Output: 5SA Mux-171 Stuck-at-1
Circuit Output: 58 True Output: 50 Mux-173 Stuck-at-0
Circuit Output: 58 True Output: 50 Mux-174 Stuck-at-0
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Input: 18FE18FEEQ Circuit Output: 58 True Output: 50 Mux-182 Stuck-at-1
Input: 18FE18FEEQ Circuit Output: 58 True Output: 50 Mux-183 Stuck-at-1
Input: 18FE18FEEO Citcuit Output: 58 True Output: 50 Mux-184 Stuck-at-1
Input: 18FE18FEEQ Citcuit Output: 58 True Output: 50 Mux-189 Stuck-at-0

Input: 016F016FFO
Input: 016F016FFO
Input: 016F016FF0
Input: 016F016FFO
Input: 016F016FF0
Input: 016F016FT0
Input: 016F016FFO
Input: 016F016FFO
Input: 016F016FFO
Input: 016F016FF0
Input: 016F016FF0
Input: 016F016FFO
Input: 016F016FFO
Input: 016F016FFO
Input: 016F016FFO
Input: 016F016FFO
Input: 016F016FFO
Input: 016F016FF0
Input: 016F016FF0
Input: 016F016FF0
Input: 016F016FF0
Input: 016F016FF0
Input: 016F016FF0
Input: E326E32660
Input: E326E32660
Input: E3261E32660
Input: E326E32660
Input: E326E32660
Input: E326E32660
Input: E326E32660
Input: E326E32660
Input: E326E32660
Input: E326E32660
Input: E326E32660
Input: E326E32660
Input: E326E32660
Input: E326E32660
Input: E326E32660
Input: E326E32660
Input: E326E32660
Input: E326E32660
Input: E326E32660
Input: C712C71220
Input: C712C71220
Input: C712C71220
Input: C712C71220
Input: C712C71220

Circuit Output: 5D True Output: 49 Mux-12 Stuck-at-1
Circuit Output: 5D True Output: 49 Mux-14 Stuck-at-0
Circuit Output: 5D True Output: 7D Mux-15 Stuck-at-0
Circuit Output: 5D True Output: 45D Mux-17 Stuck-at-1
Citrcuit Output: 5D True Output: 69 Mux-31 Stuck-at-0
Circuit Output: 5D True Output: 4D Mux-43 Stuck-at-0
Citcuit Output: 5D True Output: 4D Mux-44 Stuck-at-1
Citcuit Output: 5D Ttrue Output: 4D Mux-60 Stuck-at-1
Circuit Output: 5D True Output: 4D Mux-71 Stuck-at-0
Citcuit Output: 5D True Output: 4D Mux-83 Stuck-at-0
Circuit Output: 5D True Output: 4D Mux-89 Stuck-at-0
Circuit Output: 5D True Output: 50 Mux-98 Stuck-at-0
Circuit Output: 5D Ttrue Output: 4D Mux-116 Stuck-at-1
Circuit Output: 5D True Output: 4D Mux-126 Stuck-at-0
Circuit Output: 5D True Output: 4D Mux-138 Stuck-at-0
Citcuit Output: 5D True Output: 50 Mux-145 Stuck-at-0
Circuit Output: 5D True Output: 4D Mux-156 Stuck-at-1
Citcuit Output: 5D True Output: 50 Mux-168 Stuck-at-0
Circuit Qutput: 5D True Output: 50 Mux-177 Stuck-at-1
Circuit Output: 5D True Output: 58 Mux-185 Stuck-at-0
Circuit Output: 5D Ttrue Output: 58 Mux-190 Stuck-at-1
Circuit Output: 5D True Output: 59 Mux-194 Stuck-at-0
Circuit OQutput: 5D Ttrue Output: 5C Mux-196 Stuck-at-0
Circuit Output: 5> True Output: 55 Mux-1 Stuck-at-0
Circuit Output: 5D True Output: 59 Mux-16 Stuck-at-1
Circuit Output: 5D Ttrue Output: 59 Mux-18 Stuck-at-0
Citcuit Output: 5D True Output: 7C Mux-19 Stuck-at-0
Circuit Output: 5D True Output: 59 Mux-21 Stuck-at-1
Circuit Output: 5D Ttrue Output: 5C Mux-28 Stuck-at-1
Circuit Output: 5D True Output: 5C Mux-30 Stuck-at-0
Circuit Output: 5D True Output: 5C Mux-33 Stuck-at-1
Circuit Output: 5D True Output: 55 Mux-92 Stuck-at-1
Circuit Output: 5D True Output: 59 Mux-99 Stuck-at-0
Circuit Output: 5D True Output: 5C Mux-102 Stuck-at-0
Circuit Output: 5D True Output: 59 Mux-147 Stuck-at-0
Circuit Output: 5D True Output: 5C Mux-151 Stuck-at-0
Circuit Output: 5D Ttrue Output: 59 Mux-169 Stuck-at-0
Circuit Output: 5D True Output: 5C Mux-172 Stuck-at-0
Circuit Output: 5D True Output: 59 Mux-178 Stuck-at-1
Circuit Output: 5D Ttrue Qutput: 5C Mux-181 Stuck-at-1
Circuit Output: 5D True Output: 5C Mux-188 Stuck-at-0
Circuit Output: 5D True Output: 5C Mux-193 Stuck-at-1
Circuit Output: 7C True Output: 7F Mux-7 Stuck-at-0
Circuit Output: 7C True Output: 5F Mux-19 Stuck-at-1
Circuit Output: 7C True Output: 5F Mux-45 Stuck-at-0
Circuit Output: 7C True Output: 5F Mux-46 Stuck-at-1
Citcuit Output: 7C True Output: 5SF Mux-61 Stuck-at-1
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Input: C712C71220
Input: C712C71220
Input: C712C71220
Input: C712C71220
Input: C712C71220
Input: C712C71220
Input: C712C71220
Input: C712C71220
Input: C712C71220
Input: C712C71220
Input: C712C71220
Input: C712C71220
Input: 3639363990
Input: 3639363990
Input: 3639363990
Input: 3639363990
Input: 3639363990
Input: 3639363990
Input: 3639363990
Input: 3639363990
Input: 3639363990
Input: 3639363990
Input: 3639363990
Input: 3639363990
Input: 3639363990
Input: 3639363990
Input: 3639363990

Circuit Output: 7C True Output: 5F Mux-72 Stuck-at-0

Citcuit Output: 7C True Output: 6C Mux-73 Stuck-at-0

Circuit Output: 7C True Output: 5F Mux-90 Stuck-at-0

Circuit Output: 7C True Output: 5SF Mux-109 Stuck-at-1
Circuit Output: 7C True Output: 6C Mux-117 Stuck-at-1
Circuit Output: 7C True Output: 5SF Mux-122 Stuck-at-1
Circuit Output: 7C True Output: 6C Mux-127 Stuck-at-0
Circuit Output: 7C True Output: 7F Mux-133 Stuck-at-0
Circuit Output: 7C Ttue Output: 5C Mux-134 Stuck-at-0
Circuit Output: 7C True Output: 6C Mux-140 Stuck-at-0
Circuit Output: 7C True Output: 7F Mux-141 Stuck-at-1
Circuit Output: 7C True Output: 6C Mux-157 Stuck-at-1

Circuit Output:
Circuit Output:
Circuit Output:
Circuit Output:
Circuit Output:
Circuit Output:
Circuit Output:
Circuit Output:
Circuit Output:
Circuit Output
Citcuit Output:
Circuit Output:
Circuit Output:
Circuit Output:
Circuit Output:

1F Ttue Output: 5F Mux-4 Stuck-at-0
1F True Output: 1B Mux-6 Stuck-at-0
1F Ttue Output: 1B Mux-9 Stuck-at-1
1F True Output: 5B Mux-20 Stuck-at-0
1F True Output: 3B Mux-23 Stuck-at-0
1F True Output: 50 Mux-39 Stuck-at-1
1F True Output: 50 Mux-47 Stuck-at-1
1F True Output: 20 Mux-52 Stuck-at-0
1F True Output: OF Mux-83 Stuck-at-1

: 1F True Output: 10 Mux-84 Stuck-at-1

1F True Output: 1B Mux-94 Stuck-at-0

1F True Output: 1B Mux-141 Stuck-at-0
1F True Output: 1B Mux-166 Stuck-at-0
1F True Output: 1B Mux-175 Stuck-at-1
1F True Output: 1D Mux-195 Stuck-at-0

Input: 7FDB7FDBB0
Input: 7TFDB7FDBB0
Input: 7TEFDB7FDBB0
Input: 7TFDB7FDBB0
Input: 7FDB7FDBBO
Input: 7TFDB7FDBB0
Input: 7FDB7FDBB0
Input: 7FDB7FDBB0O
Input: 7FDB7FDBB0
Input: 7FDB7FDBB0
Input: 7FDB7FDBBO
Input: 7FDB7FDBBO
Input: 7TFDB7FDBBO
Input: 7FDB7FDBB0
Input: 7FDB7FDBB0
Input: 7FDB7FDBB0
Input: 7FDB7FDBB0
Input: 7FDB7FDBB0

Circuit Output: 40 True Output: 2E Mux-1 Stuck-at-1
Circuit Output: 40 True Output: 2E Mux-2 Stuck-at-0
Circuit Output: 40 True Output: 60 Mux-3 Stuck-at-0
Circuit Output: 40 True Output: 50 Mux-5 Stuck-at-0
Circuit Output: 40 True Output: 6E Mux-8 Stuck-at-0
Circuit Output: 40 True Output: 44 Mux-16 Stuck-at-0
Circuit Output: 40 True Output: 6A Mux-24 Stuck-at-0
Circuit Output: 40 True Output: 2E Mux-37 Stuck-at-0
Circuit Output: 40 True Output: 60 Mux-41 Stuck-at-1
Citcuit Output: 40 True Output: 60 Mux-49 Stuck-at-1
Circuit Output: 40 True Output: 2E. Mux-55 Stuck-at-1
Circuit Output: 40 True Output: 60 Mux-88 Stuck-at-1
Circuit Output: 40 True Output: 60 Mux-93 Stuck-at-1
Circuit Output: 40 True Output: 47 Mux-94 Stuck-at-1
Circuit Output: 40 True Output: 46 Mux-96 Stuck-at-1
Circuit Output: 40 True Output: 44 Mux-99 Stuck-at-1
Citcuit Output: 40 True Output: 43 Mux-100 Stuck-at-1
Circuit Output: 40 T'rue Output: 42 Mux-101 Stuck-at-1

Input: E3B1E3B110 Circuit Output: 14 True Output: 1C Mux-5 Stuck-at-1
Input: E3B1E3B110 Circuit Output: 14 True Output: 50 Mux-37 Stuck-at-1
Input: E3B1E3B110 Circuit Output: 14 True Output: 50 Mux-45 Stuck-at-1
Input: E3B1E3B110 Circuit Output: 14 True Output: 1C Mux-92 Stuck-at-0
Input: E3B1E3B110 Citcuit Output: 14 True Output: 1C Mux-139 Stuck-at-0
Input: E3B1E3B110 Circuit Output: 14 True Output: 1C Mux-165 Stuck-at-0
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Input: E3B1E3B110 Circuit Output: 14 True Output: 1C Mux-174 Stuck-at-1
Input: E3B1E3B110 Citcuit Output: 14 Ttue Output: 1C Mux-183 Stuck-at-0
Input: 264B264BB0 Citcuit Output: 6E True Output: 6A Mux-8 Stuck-at-1
Input: 264B264BB0 Circuit Output: 6E True Output: 6A Mux-10 Stuck-at-0
Input: 264B264BB0 Circuit Output: 6E True Output: 6A Mux-11 Stuck-at-1
Input: 264B264BB0 Circuit Output: 6E True Output: 6A Mux-96 Stuck-at-0
Input: 264B264BB0 Circuit Output: 6E True Output: 70 Mux-132 Stuck-at-0
Input: 264B264BB0 Citcuit Output: 6E True Output: 70 Mux-136 Stuck-at-1
Input: 264B264BB0 Circuit Output: 6E True Output: 70 Mux-142 Stuck-at-1
Input: 264B264BB0 Circuit Output: 6E True Output: 6A Mux-143 Stuck-at-0
Input: 264B264BB0 Citcuit Output: GE True Output: 60 Mux-163 Stuck-at-1
Input: 264B264BB0 Citcuit Output: 6E Ttue Output: 6A Mux-167 Stuck-at-0
Input: 264B264BB0 Circuit Output: 6E True Output: 6A Mux-176 Stuck-at-1
Input: 6F956F9550 Circuit Output: 47 True Output: 43 Mux-4 Stuck-at-1
Input: 6F956F9550 Citcuit Output: 47 True Output: 5F Mux-9 Stuck-at-0
Input: 6F956F9550 Citcuit Output: 47 True Output: 5B Mux-25 Stuck-at-0
Input: 6F956F9550 Circuit Output: 47 True Output: 79 Mux-28 Stuck-at-0
Input: 6F956F9550 Circuit Output: 47 True Output: 68 Mux-32 Stuck-at-0
Input: 6F95619550 Citcuit Output: 47 True Output: 70 Mux-43 Stuck-at-1
Input: 6F956F9550 Citcuit Output: 47 True Output: 70 Mux-51 Stuck-at-1
Input: 6F956F9550 Circuit Output: 47 True Output: 60 Mux-53 Stuck-at-1
Input: 6F956F9550 Citcuit Output: 47 True Output: 70 Mux-89 Stuck-at-1
Input: 6F956F9550 Citcuit Output: 47 True Output: 70 Mux-95 Stuck-at-1
Input: 6GF956F9550 Circuit Qutput: 47 True Output: 60 Mux-97 Stuck-at-1
Input: F8BCFSBCCO Circuit Output: 78 True Output: 58 Mux-35 Stuck-at-1
Input: F8BCF8BCCO Circuit Output: 78 True Output: 58 Mux-80 Stuck-at-0
Input: FSBCF8BCCO Circuit Output: 78 True Output: 58 Mux-113 Stuck-at-1
Input: 63B763B770 Citcuit Output: 50 True Output: 40 Mux-38 Stuck-at-1
Input: 63B763B770 Circuit Output: 50 True Output: 40 Mux-57 Stuck-at-0
Input: 63B763B770 Circuit Output: 50 True Output: 40 Mux-86 Stuck-at-0
Input: 63B763B770 Citcuit Output: 50 True Output: 51 Mux-102 Stuck-at-1
Input: 63B763B770 Circuit Output: 50 True Output: 40 Mux-105 Stuck-at-1
Input: 63B763B770 Citcuit Output: 50 True Output: 40 Mux-123 Stuck-at-0
Input: 63B763B770 Circuit Output: 50 True Output: 40 Mux-135 Stuck-at-0
Input: 63B763B770 Circuit Output: 50 True Output: 40 Mux-153 Stuck-at-1
Input: 80F280F220 Citcuit Output: 5E True Output: 5A Mux-13 Stuck-at-1
Input: B802B80220 Circuit Output: 00 True Output: 30 Mux-42 Stuck-at-0
Input: B802B80220 Circuit Output: 00 True Output: 30 Mux-50 Stuck-at-0
Input: 46CF46CFFO  Circuit Output: 70 True Output: 6E Mux-3 Stuck-at-1
Input: 46CF46CFF0 Circuit Output: 70 True Output: 66 Mux-56 Stuck-at-0
Input: 46CF46CFFO Circuit Output: 70 True Output: 66 Mux-104 Stuck-at-1
Input: 46CF46CFFO Circuit Output: 70 True Output: 75 Mux-145 Stuck-at-1
Input: BS06B80660 Circuit Output: 59 True Output: 5D Mux-17 Stuck-at-0
Input: B806B80660 Citcuit Output: 59 True Output: 51D Mux-168 Stuck-at-1
Input: ASFDA3FDDO Circuit Output: 2D True Output: 29 Mux-15 Stuck-at-1
Input: ASFDA3FDDO Citcuit Output: 2D True Output: 39 Mux-33 Stuck-at-0
Input: A3FDA3FDDO Circuit Output: 2D True Output: 38 Mux-36 Stuck-at-0
Input: A3FDA3FDDO Citcuit Output: 2D True Output: 2E Mux-143 Stuck-at-1
Input: DFC6DFC660 Citcuit Output: 6C True Output: 7C Mux-21 Stuck-at-0
Input: DFC6DFC660 Circuit Output: 6C True Output: 70 Mux-146 Stuck-at-1
Input: DFC6DFC660 Circuit Output: 6C True Output: 70 Mux-148 Stuck-at-1
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Input: DFC6DFC660 Circuit Output: 6C True Output: 6D Mux-151 Stuck-at-1
Input: 8DB68DBG660 Circuit Output: 6F True Output: 6B Mux-7 Stuck-at-1
Input: 1C4A1C4AAQ Circuit Output: 6E Ttue Output: 70 Mux-87 Stuck-at-1
Input: 1C4A1C4AAQ Circuit Output: 6E True Output: 70 Mux-91 Stuck-at-1
Input: 108D108DDO0 Circuit Output: 7D True Output: 6D Mux-70 Stuck-at-0
Input: 108D108DDO0 Citcuit Output: 7D True Output: 6D Mux-108 Stuck-at-1
Input: F774F77440 Circuit Output: 78 True Output: 7C Mux-147 Stuck-at-1
Input: 4ED74ED770 Citcuit Output: 7E True Output: 76 Mux-165 Stuck-at-1
Input: 3874387440 Citcuit Output: 78 True Output: 7A Mux-150 Stuck-at-1
Input: ESDCESDCCO Circuit Output: 78 True Output: 7F Mux-166 Stuck-at-1
Input: ESDCE5SDCCO Citcuit Output: 78 True Output: 7B Mux-170 Stuck-at-1
Input: C2F5C2F550 Circuit Output: 5E True Output: 70 Mux-86 Stuck-at-1
Input: C2F5C2F550 Circuit Output: 5E True Output: 70 Mux-90 Stuck-at-1
Input: 8005800550 Circuit Output: 79 True Output: 6D Mux-31 Stuck-at-1
Input: 8005800550 Circuit Output: 79 True Output: 6D Mux-51 Stuck-at-0
Input: 8005800550 Circuit Output: 79 True Output: 6D Mux-52 Stuck-at-1
Input: 8005800550 Circuit Output: 79 True Output: 6D Mux-64 Stuck-at-1
Input: 8005800550 Circuit Output: 79 True Output: 6D Mux-78 Stuck-at-0
Input: 8005800550 Circuit Output: 79 True Output: 6D Mux-79 Stuck-at-0
Input: 8005800550 Circuit Output: 79 True Output: 6D Mux-95 Stuck-at-0
Input: 8005800550 Circuit Output: 79 True Output: 6D Mux-112 Stuck-at-1
Input: 8005800550 Circuit Output: 79 True Output: 6D Mux-120 Stuck-at-1
Input: 8005800550 Circuit Output: 79 True Output: 6D Mux-130 Stuck-at-0
Input: 8005800550 Citcuit Output: 79 Ttue Output: 6D Mux-146 Stuck-at-0
Input: 8005800550 Circuit Output: 79 True Output: 6D Mux-160 Stuck-at-1
Input: 4EF14EF110 Circuit Output: 60 True Output: 70 Mux-137 Stuck-at-1
Input: 4EF14EF110 Circuit Output: 60 True Output: 70 Mux-144 Stuck-at-1
Input: 4EF14EF110 Citcuit Output: 60 True Output: 63 Mux-149 Stuck-at-1
Input: 88EC88ECCO Circuit Output: 78 True Output: 79 Mux-172 Stuck-at-1
Input: 4CAF4CAFFO Circuit Output: 67 Ttrue Output: 70 Mux-138 Stuck-at-1
Input: 79B679B660 Circuit Output: 58 True Output: 5C Mux-169 Stuck-at-1
Input: E3DFE3DFFO Citcuit Output: 2E True Output: 30 Mux-135 Stuck-at-1
Input: E3DFE3DFFO Circuit Output: 2E True Output: 26 Mux-139 Stuck-at-1
Input: E3DFE3DFF0Q Circuit Output: 2E True Output: 30 Mux-140 Stuck-at-1
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