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Abstract

Determining the location and cause of a defect in a faulty circuit plays a vital role

in VLSI testing. These are critical factors in boosting product quality and reducing

manufacturing costs.

An automatic test generation system is presented which combines detection test

and diagnostic test. It generates a diagnostic test for a modeled transition fault

pair by making a simple modification of netlist. Using a conventional ATPG, a

test can be generated for a specific stuck-at fault in the netlist model. The test is

an exclusive test for the pair of transition delay faults. If an exclusive test exists,

the fault pair can be distinguished in original full-scan circuit. This is followed by

diagnostic fault simulation to identify undistinguished fault pairs and to update the

diagnostic coverage (DC), which is a measure of the capability tests to diagnose faults.

A 100% DC means that each fault can be distinguished from all other faults. The

exclusive test generation continues until an adequate goal for DC is achieved.

This thesis presents a two-timeframe ATPG model for a full-scan sequential

circuit.It inserts a few logic gates to the original circuit netlist for analysis purpose

only, then expands to a purely two-timeframe combinational logic ATPG model.

We have enhanced the ability of automatic test generation system to distinguish

transition delay fault pairs. Thus, a transition delay fault pair can be either distin-

guished or proved equivalent, i.e., two faults have the exact same output responses

at all nodes.

Compared to sequential logic, combinational logic is more effective for redundant

fault identification. This property is exploited in our exclusive test generation sys-

tem. The entire system was implemented using Python programming language and
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commercially available CAD programs. The proposed method is practical as the mod-

eling, relatively simple and with improved DC. This is observed from experimental

results on ISCAS’89 sequential benchmark circuits.
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Chapter 1

Introduction

As the logic density during VLSI fabrication process advances rapidly, the defect

related issues emerge increasingly. If a failing chip is not identified and eliminated,

the manufacturing process will waste a large amount of money and effort. To reduce

the number of faulty chips and obtain higher yield, it is necessary to make certain

amount of investment on chip testing and diagnosis so that defective chips can be

identified and defect mechanisms can be eliminated from the manufacturing process.

Various fault models have been devised to model real defects on chips. The single

stuck-at fault model is referred to as the classical fault [15, 26]. Non-classical faults

include other fault models such as transition delay fault, gate delay fault and bridging

fault, which will be discussed in Chapter 2.

A vital aspect of guaranteeing high quality of chip fabrication is effective fault

analysis, a process of detecting the failure, figuring out the specific reason of physical

defect and eventually fixing the possible defect producing causes. As a first step in

fault analysis, fault diagnosis assumes an important role in evaluating the failure loca-

tion on chip and improving the yield. In addition, a better fault diagnosis algorithm

as well as an organized test generation system have decisive effect on the diagnosis

efficiency and achievement. Timing issue is always a main reason for high cost during

VLSI testing. The use of fault dropping based diagnostic algorithm and combina-

tional stuck-at fault automatic test pattern generation (ATPG) [1] in the diagnosis

of timing faults is the main contribution of this thesis.
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1.1 Problem Statement and Contribution

The goals achieved in this work are:

• Construct an effective two-timeframe combinational ATPG model

• Generate necessary test vectors to distinguish fault pairs

• Improve diagnostic coverage of transition delay faults

An original contribution of this work is in constructing a two-timeframe expan-

sion combinational ATPG model for detecting transition faults in a full-scan circuit

under test (CUT). The generated tests can distinguish targeted transition delay fault

pairs. An automatic test generation system is developed using this combinational

ATPG model and available combinational stuck-at-fault test generation and transi-

tion fault simulation.

For a transition delay fault pair, the ATPG system either generates an exclusive

test which distinguishes the two faults (two faults have different output responses at

any observable signal line) or proves them equivalent (two faults are always detected

at same node). Two-timeframe ATPG model works in combinational ATPG mode

which is easier for identifying redundant faults or generating test vectors. With more

fault pairs successfully targeted, expectedly the diagnostic coverage (DC) of transition

delay faults will be surely improved.

1.2 Organization of Thesis

Fundamentals of VLSI testing and fault diagnosis are presented in Chapter 2,

including digital circuit type, various fault models, ATPG principle, fault simulation

and design for testability (DFT) techniques. In Chapter 3, we introduce the basic

background for diagnosis and preview contributions on diagnostic test generation sys-

tem. Chapter 4 discusses the ATPG model construction for exclusive test generation

2



under both launch off capture (LOC) and launch off shift (LOS), and the diagnostic

test procedure is presented in detail. Experimental results of this work and compari-

son to previous results are shown in Chapter 5. Chapter 6 gives the conclusion from

this research and discusses future work targeting the LOS test mode that was not

implemented in the present work.
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Chapter 2

Background and Overview of Fault Diagnosis

This chapter will discuss background of VLSI testing and fault diagnosis. It

starts with introduction of digital circuit types which are classified as combinational

circuit and sequential circuit. It will present several fault models which constructed to

represent the real defects on chips. Then ATPG as important tool and fault simulation

as crucial procedure in testing will be explained. Finally the chapter will describe

DTF techniques for scan based test to generate tests as easily as for combinational

logic.

2.1 VLSI Testing

In VlSI dectection test, we need to figure out whether a chip is good or faulty.

A detection test procedure is shown in Figure 2.1. We apply test vectors to circuit

under test (CUT) and get outputs, then compare the outputs with the expected

output responses. If they are match, which means the CUT is a good circuit; if they

are mismatch, that is to say, there exists defects on this chip.

2.2 Digital Circuit Type

In general, digital circuits can be divided into two categories, combinational

circuits and sequential circuits. A combinational circuit, as shown in Figure 2.2,

contains only combinational logic gate, and output responses can be obtained imme-

diately after applying input vectors. It therefore is a time-independent circuit. Some

fundamental combinational circuit examples includes adder, multiplier, multiplexer

and encoder.
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Figure 2.1: VLSI detection test procedure.

A Sequential circuit contains memory elements and clock signals. The output

not only results from the input value, but also the stored value from previous states.

A sequential circuit in which D filp-flops are memory elements is shown in Figure 2.3.
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A 

C 

A′ 

B′ 
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PO PI 

Figure 2.2: A combinational circuit.
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Figure 2.3: A sequential circuit.

2.3 Fault Model

During the testing and fault diagnosis processes, we need to represent real chip

defects as corresponding logical faults, meaning construct a fault model which rep-

resents the characteristics of a target circuit. The popular fault models are divided

into transistor level faults, gate-level faults, delay faults and so on.

2.3.1 Stuck-at Fault Model

The most widely used gate-level faults model is stuck-at fault model, which is a

signal line stuck at a logic ‘0’ or ‘1’, referred to stuck-at 0 and stuck-at 1 respectively,

and assuming the value cannot be changed. Hence it is a logic fault model without

concerning timing issue. The stuck-at fault generally represents a physical short

defect (a signal line short to GND shown as stuck-at 0, to VDD shown as stuck-at

1). For a circuit with ‘N’ signal lines, the number of possible stuck-at faults is ‘2N’.

As shown in Figure 2.4, the primary input value of the NAND gate is ‘11’; the

output value is supposed to be ‘0’. However, because of the stuck-at 0 fault in input

line 1, the actual input of this NAND gate is stuck at ‘01’ and the output response
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Figure 2.4: a NAND gate stuck-at fault illustration.

becomes ‘1’. To sensitize this stuck-at 0 fault in input line 1, we need to apply ‘1’ at

this line and non-effect signal ‘1’ on the other line.

2.3.2 Transition Delay Fault Model

Timing issue which required high clock frequency often emerges due to manufac-

turing defects and VLSI design errors. Delay fault models are generally divided into

two categories, path delay fault and transition delay fault. A path delay fault model

spreads the excessive delay along a circuit path from flip-flop to flip-flop (latch to

latch). A transition delay fault is assumed to occur at a single gate input or output

in the circuit that has excessive delay. Similar to a stuck-at fault fixed at ‘0’ or ‘1’, a

transition delay fault is shown as ‘slow-to-rise’ and ‘slow-to-fall’ in Figure 2.5.

To detect both delay faults, a pair of sequence test vector needs to be applied, the

first vector set the initial state on the target signal line and the second one sensitizes

the specific fault and propagates the effect to a primary output. In Figure 2.5(a), the

model consists of a modeling flip-flop (MFF) which initialized to 1 and an AND gate,

when we apply ‘00’, ‘11’ and ‘10’, the model will get a corresponding output. However,

when ‘01’ is applied, the output response is ‘00’, a slow-to-rise fault propagates from

x to x’. Similarly, the model in Figure 2.5(b) where the MFF initialized to 0, when

we apply ‘10’, the output is ‘11’ which is supposed to be ‘10’, thus a slow-to-fall fault

is modeled.
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(a) Modeling slow-to-rise fault

(b) Modeling slow-to-fall fault

Figure 2.5: Modeling transition delay faults [44].

2.3.3 Bridging Fault Model

During the process of VLSI fabrication, defects in an interconnection area, like

two segments that are too close to each other, may result in logic errors. Bridging

between a signal line to VDD or ground is analogous to a stuck-at fault model. The

common bridging fault models as shown in Figure 2.6 are: wire-AND, wire-OR and

dominant [21]. In the wire-AND model, two bridged nodes are logic 0 dominant, which

means either of two nodes being ‘0’ will lead to ‘0’ on the other node. Similarly, the

wire-OR model is a 1-dominant bridging fault, the value on either of two shorted wire

is ‘1’ will generate ‘1’ on both lines. In the dominant bridging fault, the signal value

on one line is driven by the value on other line with stronger capability.

2.3.4 Other Fault Models

There is a wide variety of other fault models, for example, transistor level stuck-at

fault [39] can be classified as stuck-on (stuck-short) and stuck-off (stuck-open) which

can be modeled as a conventional stuck-at fault. A stuck-on fault is a transistor always

conducting, and the performance of a stuck-off fault is that it never conduct. An

IDDQ fault [19] is that the circuit may pass logical testing but its power supply current
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(a) Modeling of wire-AND fault

(b) Modeling of wire-OR fault

(c) Modeling of dominant fault, node1 dominate node 2

Figure 2.6: Modeling of bridging fault.

is larger than the expected limit current in a static condition, and IDDQ testing can

be utilized in transistor level stuck-at fault testing. A gate-delay fault [25, 30, 31, 32]

refers to the issue that the delay through input to output of a logic gate above a

certain amount may result in performance degradation. Unlike transition delay fault

is an independent, instant-effect fault, gate-delay fault model is a quantitative model,

thus it is essential that one consider the delay fault size when evaluating delay fault

test capability.
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Figure 2.7: Flowchart of procedure of ATPG.

2.4 Automatic Test Pattern Generation (ATPG)

2.4.1 ATPG procedure

Automatic Test Pattern Generation (ATPG) is a technology used to generate

test patterns to achieve adequate coverage, a flowchart of it shown in Figure 2.7.

Various ATPG test generation algorithms [1, 17] have been proposed, such as D

algorithm, FAN algorithm, PODEM, WASP and Pseudorandom test generation, the

core thought of these algorithms is to distinguish a good circuit and a faulty circuit

caused by physical failures.

An ATPG at first applies ”random patterns” to detect as many faults as possible

with reasonably small effort. Then, it aims at the remaining undetected faults to

generate particular test patterns. To detect a fault, the ATPG inserts the fault at a

node in the circuit under test (CUT). Two procedures applied to the targeted fault

are fault activation and fault propagation. Fault activation sets a value, which is

10



Figure 2.8: An example of a redundant fault.

opposite to the value caused by the failure, at the fault site, and the state of the fault

site termed fault effect is propagated through logic gates from fault site to a primary

output. To sensitize a fault propagation path, ATPG will keep non-controlling values

on other inputs of each gate on the path. For example, if the fault propagates through

an OR gate, the non-controlling value ‘0’ should be held on other inputs.

When observing the fault effect on the primary output and comparing the output

of test patterns of a fault-free circuit and CUT, if the output of CUT is different from

the value expected, the fault is said to be detected by the test pattern.

2.4.2 Failure generation of ATPG

ATPG does not works perfect every time, it occurs failure generation for certain

kinds of faults. If ATPG can not generate a pattern for a fault, it is usually because

of are two possible reason. One is the circuit contain redundant logic, which means

after applying all kinds of test vectors, the fault is still can not be activated and

the output response can not be changed, this kind of fault is a redundant fault [20].

Figure 2.8 shows an example of redundant fault.
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In Figure 2.8, a stuck-at 1 fault at the output of OR gate, to detect this fault,

both of the input of OR gate should be 0, and the first input of AND gate should be

1. For the XOR gate, the second input is 0, so the first input should be 1, there is a

conflict at the first input of XOR gate. No test vector exits can meet this condition,

consequently stuck-at 1 fault at the output of OR gate is a redundant fault.

Another possible reason is ATPG indeed fail to find a test pattern which is

supposed to exist for a particular fault is due to its inner mechanism, this kind

of fault is called “ATPG untestable fault.” ATPG cannot prove redundant, but is

also unable to generate a test. After changing the instruction constraints and abort

limitations, this kinds of faults may be detected.

2.5 Fault Simulation

Fault simulation is the process that figures out which are detected and undetected

faults, and determines the fault coverage for the test pattern set generated by ATPG.

Thus, fault simulation is a reverse process of ATPG to a certain extent [10].

A fault simulator applies all the generated test patterns to a target fault, or a

fault set, then simulate faults, and observe output responses. If output of the faulty

circuit is different from the expected value with the good circuit, we get a detected

fault. However a fault is undetected when value of POs are identical to expected

responses. The fault simulator will repeat the steps until all faults are targeted.

Fault coverage then will be calculated with detected fault number and total modeled

faults in fault list. A measurement of fault simulator efficiency will be introduced

detailed in Chapter 3.

2.6 Design for Testability (DFT)

In the testing process, we need to compare the response of a good circuit and

those of the CUT. However, most digital circuits on the market are sequential circuits,
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Figure 2.9: An illustration of DFT structure.

in which internal signals and states are hard to observe and control. In consequence,

it is hard to generate tests. Testing can be improved by scan based test, in which

memory elements (D flip-flops, latchs) consist of one or more scan chains to hold the

previous value and state. A DFT structure is shown in Figure 2.9.

From Figure 2.9 we can see that in the scan based design, a multiplexer and a

D flip-flop form a ‘scan’ flip-flop, and all scan flip-flops in one scan chain constitute

a shift register. The scan-enable (SC EN) signal will determine whether the system

is under normal mode or scan mode, When SC EN = 0, the circuit is under normal

mode and the system operate under scan mode when SC EN = 1; the scan-in (SC

IN) data signal and original data signal from combinational circuit are chosen by a

multiplexer according to different system mode. During the process of scan test, test

vectors can be shifted in or out through scan chains while other inputs are still given

by primary inputs (PIs). In this way every input can be controlled bit by bit and

outputs can be observed more clearly. Consequently, the sequential circuit with scan

13



based design has better controllability and observability. The concern with this scan

based design it may cost a lot of time on shift in and shift out vectors bit by bit.

Built-in self-test (BIST) is another DFT technique which allows circuits to test

themselves. BIST [2] is capable of generating test vectors inside the CUT and verifying

the circuit internal functionality. Therefore, BIST has high reliability, and lower

complexity.
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Chapter 3

Concepts and Review of Previous Work on Fault Diagnosis

In detection test, we can only figure out whether the chip is defect or not. To

improve product quality, we still need to know what and where the chip goes wrong.

In this case, fault diagnosis assumes a vital role in locating possible defects in the

circuit and improving yields.

This chapter presents a brief review of fundamental concepts of fault diagnosis,

contributions of previous work, mainly focusing on diagnostic metrics definition, and

a detailed description of an automatic test generation system which can generate both

detection test and also exclusive tests to distinguish fault pairs, thus give a better

diagnostic metric.

3.1 Fault Diagnostic Algorithm

Generally, fault diagnosis algorithms can be divided into two categories: effect-

cause and cause-effect [7].

In effect-cause algorithm [7, 13], depending on the set of actual failing response,

effect-cause diagnosis first traces back the error propagation path from failing POs by

multiple methods. Then, fault simulation on suspected faults, compares the failing

response and rank faults, eliminate the low ranking suspects, thus narrow down the

failure location. These types of diagnosis methods have less memory storage and take

advantage of higher accuracy and better resolution [40].

Cause-effect algorithm [18, 22, 42] is based on a database of simulated data for all

model faults, which is called “a dictionary” of “fault signatures”. The failing device

response is compared with stored data to determine which fault might be the reason
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of the failure. Since this algorithm uses a pre-calculated database, one concern is

the requirement of large amount of memory and huge dictionary construction time,

especially when the circuit becomes large.

3.2 Fault Dictionary

Fault dictionary is the pre-simulated test responses data which records the tests

activation and faults propagation information. Fault dictionary is constructed for a

theoretical good chip, and is used for silicon debug during the process of diagnostic

fault simulation [16, 46] on a failing chip.

Two common forms of dictionaries are full response dictionary and pass/fail

dictionary. A full response dictionary is a complete record which contains failing

pattern indexes and all the failing output responses for each fault-vector pair. A

pass-fail dictionary only stores the single pass or failing pattern index for each fault-

vector pair The problem with pass-fail dictionaries is that without considering all of

the failing outputs, it is hard to distinguish fault candidates that fail the same set of

tests, thus leading to a lower resolution diagnosis [29].

Table 3.1 shows a full response dictionary with a single fault and three primary

outputs and Table 3.2 shows a corresponding index pass-fail dictionary. If a test

pattern fails, then place a ‘1’, on the contrary, ‘0’ is placed where the pattern passes

the test. In the full response dictionary, we can easily locate each fault fails on specific

primary output.

In the table 3.2, the indexes in a row provide a signature for the corresponding

fault. We can see fault f1 passes 1 test vector and fails the other 3 test vectors,

thus having a signature of ‘0111’. However, it is common that two faults may have

the same signature in a Pass/Fail dictionary, such as f2 and f3, they both have the

signature ‘1101’, which obviously cannot be distinguished. If a circuit under diagnosis

(CUD) passes f1, f4 and f5, but fails f2 (or f3), we cannot identify whether the failure
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Table 3.1: Full response dictionary.

Faults Outputs Response

t1 t2 t3 t4

f1 000 010 111 100

f2 110 101 000 001

f3 001 010 000 001

f4 000 101 100 000

f5 001 000 111 010

Table 3.2: Pass/fail dictionary.

Faults
Outputs Response

t1 t2 t3 t4

f1 0 1 1 1

f2 1 1 0 1

f3 1 1 0 1

f4 0 1 1 0

f5 1 0 1 1

is solely caused by f2 or f3. However, they can be clearly distinguished in the full

response dictionary.

3.3 Diagnostic Metrics

3.3.1 Fault Coverage

Fault diagnosis is the combination of fault detection and fault isolation, which

means at first figure out whether the fault exits then locate the fault in the circuit.

To better quantify the diagnostic capability, we need introduce some metrics to es-

timate the test effectiveness. Fault coverage (FC) is a quantitative measure of the
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effectiveness of a detection test. It is the ratio of the number of faults detected by a

test vector set and the total number of faults in fault list. FC is defined as:

Fault Coverage =
Number of detected faults

Total number of faults
(3.1)

If the fault coverage is 0, which means there are no faults can be detected, and

when FC is close to 100%, it means that almost all faults are detected. However, in

real applications, an adequate fault coverage detection test may not ensure sufficient

diagnostic performance.

3.3.2 Diagnostic Coverage

Similar to FC in detection test, diagnostic coverage (DC) metric [45] is defined

to evaluate the effectiveness of a given set for fault diagnosis. It is given as:

Diagnostic coverage =
Total number of detected fault groups

Total number of faults
(3.2)

A distinguished fault [12, 48] means that there is at least one different output

response at a scan flip-flop or primary output when applying a test vector. In con-

trast to a distinguished fault, equivalent faults [33, 43] have the exactly same output

response at any signal lines for a input test vector, that is to say they cannot be

distinguished by this test vector.

Zhang and Agrawal [45] propose that, we first group all faults which are not

distinguished from each other in a single group for a given set of vectors. Then if we

can produce a newly distinguishable fault subset after applying a vector, a new group

will be constructed which consists of the new fault subset, and the other undetected

faults still remains in the other group. In this way fault subsets in one group have

exactly same fault signature.
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A fault group contains two or more equivalent faults at very beginning, if all the

faults are targeted, and distinguished from each other, one updated fault group will

only contain one fault, which means DC is equal to 1. If DC is 0, it indicates the

initial before any diagnostic test; and more faults pair can be distinguished, the higher

diagnostic coverage will be achieved. In this thesis work, we use DC to measure the

capability of diagnosis.

3.3.3 Other Diagnostic Metrics

Diagnostic Resolution (DR) is also a measurement of fault diagnosis effectiveness,

which define as:

Diagnostic resolution =
Total number of faults

Total number of signatures
(3.3)

We can see DR defines the average number of per fault groups (each fault group

has its unique signature, different fault groups have various fault signiture), which

actually is a reciprocal of DC. When DR is equal to 1, it is the perfect circumstance

which every fault has its own distinct signature. Similarly, fault pair coverage (FPC)

is given as:

Fault pair coverage =
Total number of fault pairs distinguished

Total number of fault pairs
(3.4)

If every fault pair can be distinguished, the fault pair coverage will be 1. All these

diagnostic metrics introduced above describe the diagnostic capability from different

aspects.
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Figure 3.1: Flowchart of exclusive test generation.

3.4 Automatic Exclusive Test Generation System

Exclusive test [8] is defined as a test vector that can detect only one fault of the

targeted fault pair. Two faults are independent [9] if no test vector exists to detect

both of them simultaneously. Authors in [45] proposed an exclusive test generation

system which combines the detection test and diagnostic test in an automatic system.

The flowchart is shown in Figure 3.1.

In the flowchart, blocks 1 and 2 are conventional ATPG system for detection test

by Mentor Graphics Fastscan tools to calculate the fault coverage, total number of

detection test vectors and construct fault dictionary. Based on the test set generated

by detection test, block 3 is a diagnostic fault simulator. At first determine detected

faults for an input test vector, group faults with the same fault signature, and then
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calculate DC. After identifying undiagnosed fault groups, if all faults in groups are

targeted, the diagnosis will stop. If not, exclusive test in block 4 will continue work

on untargeted fault pairs. There are two possible results for exclusive test: first,

exclusive test exits. This generated test vector will be combined to the previous test

vector set. Then the diagnostic fault simulator will recalculate the new DC, update

undistinguished group and start a new diagnostic cycle. Second, there is no exclusive

test can be generated. When the fault pair is redundant faults, the fault pair is

functionally equivalent and no test exists to distinguish them, and then they will be

collapsed into one fault.

During the diagnostic fault simulation process, we apply fault dropping [26, 27,

34] when a fault is targeted in a single fault group, deleting this fault from previous

fault list. Fault dropping decreases memory storage and time consumption, thus

decreasing the complexity of fault simulation. Besides, if no exclusive test vector can

be generated for a fault pair and the two faults are redundant, we delete one of them

from the targeted fault group, which will improve DC but has no effect on FC.
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Chapter 4

Diagnostic Test Generation for Transition Delay Faults

In this chapter we will review an existing single timeframe ATPG model for

exclusive test generation using sequential ATPG. The model inserts a modeling stuck-

at fault for targeted transition delay fault pair. Then, a new two- timeframe expansion

ATPG model will be presented using a pure combinational ATPG procedure both for

launch-off-capture (LOC) and launch-off-shift (LOS) test generation mode.

During scan test, for a vector pair generation, the second vector totally depends

on the output of the first vector under LOC mode, which suffers from low controllabil-

ity and observability of inner signals. However, the alternative LOS test generation

mode needs a high frequency scan capture clock, which is hard to realize and will

increases the manufacturing cost.

An effective diagnostic test generation procedure is presented, and an illustration

of two-time frame expansion method for exclusive test of s27 sequential benchmark

circuit is given. The proposed procedure can achieve higher diagnostic coverage (DC)

with relatively simple operations.

4.1 XOR gate exclusive test model

A test on stuck-at-0 at the output of a XOR gate is an exclusive test of two

faults in two copies of circuits under test (CUT). Because of the characteristics of a

XOR gate, if a test on stuck-at-0 at the output exits, which means the two inputs

should be different from each other, thus ATPG tool can generate exclusive test for

two faults. The model is shown in Figure 4.1. We use an ATPG model developed
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Figure 4.1: An XOR gate exclusive test model.

from this XOR gate model, it substitutes the XOR gate for a multiplexer which will

be presented in the following sections.

4.2 Single Time Frame ATPG Model

When a diagnostic metric value is not adequate, we need to perform additional

exclusive tests. To generate exclusive tests, we use the ATPG-model based methods.

An ATPG model is

constructed to model a transition delay fault, as shown is Figure 4.2. In this

model X1 represents a fault free circuit, X2 consists of an AND gate and a modeling

flip-flop (MFF), which initially set to 1. When sequentially apply ‘01’ to input, signal

line X2 will get a response ‘00’, which is a slow-to-rise fault as we discussed in Chapter

2. In this case, a stuck-at-0 or stuck-at-1 detection test on multiplexer selection signal

y will generate a pair of vectors which are different between fault free signal X1 and

transition delay fault signal X2, and thus models a slow-to-rise fault.

An ATPG-model based exclusive test generation model [48], which is inserted

into circuit under test (CUT) to assume as a stuck-at-fault. Without varying the
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Figure 4.2: An ATPG model for slow-to-rise fault [47].

original function of the CUT, the purpose of modification in the netlist is only for

facilitating the determination of an exclusive test for a targeted fault pairs.

A single time frame ATPG model [48] for exclusive test generation, as shown

in figure 4.2, consists of only one single copy of the CUT. The bottom part of this

model, as we discussed above, formed with a MFF and an AND gate, indicates a

similar way that the test on y s-a-0/1 is an exclusive test for fault free and slow-to-

rise TDF. In the upper part of this model, a slow-to-fall TDF can be modeled by a

modeling flip-flop (MFF) and an OR gate and propagated from x1 to x′
1. Meanwhile

any two-vector test on y s-a-0/1 can produce exclusive outputs from the fault free

and slow-to-fall TDF circuit. Like the model in figure 4.3, we can also produce other

similar models according the TDF type only by substituting the OR/AND gate. If

any stuck-at-fault test on selection signal y exists, meaning the targeted TDF pairs

are distinguished, the exclusive test is generated successfully.

Comparing with previous ATPG models that use two copies of the CUT or

four copies of the CUT [22], this single time frame ATPG model reduces modeling

complexity. A limitation of this model, however, is that it contain modeling flip-

flops, that is to say it must be processed under sequential ATPG. In this thesis work,

a combinational ATPG based model will be introduced later.
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Figure 4.3: A single time frame ATPG model for exclusive test generation [48].

4.3 A New Two-Timeframe ATPG Model for Combinational ATPG

For undistinguished fault pairs, most of them are redundant (equivalent). How-

ever a small part of them are ATPG uncontrolled. Sequential ATPG requires a

sequence of vectors and is also restrict to previous state, as well as limited controlla-

bility and observability of internal signals. Thus the complexity of sequential ATPG

to detect redundant faults is much higher than combinational-circuit ATPG.

The combinational ATPG [28] works with a combinational ATPG algorithm,

which enables it to test single nodes of the circuit and generate test vectors for com-

binational logic without considering the other part of the whole circuit. Meanwhile,

it is worth to notice that in a combinational circuit, a redundant fault means the fault

pair in the equivalent class, which also indicates the unnecessary hardware.
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Figure 4.4: Example of scan based transition delay test.

4.3.1 Test Generation Modes

Transition delay test requests two sequence test vector which can be generated

either by LOC mode or LOS mode. The illustration of a scan based transition delay

test is shown in Figure 4.4.

Under LOC test generation mode, the first vector V1 is shifted through scan flip-

flops (SFFs) to the combinational circuit, then output V2 will be generated, which is

later captured by SFFs as the second input vector. However, the output V2 is only

used for observation in LOS mode; the second vector comes from V1 shifted one bit

and adds one more single scan-in bit. Thus LOC works as sequential ATPG. However

a transition launched by shift works as combinational ATPG may lead to a higher

fault coverage.
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4.3.2 Two-Timeframe ATPG Model

To use combinational ATPG, we need to expand the CUT and the ATPG model

to two-timeframe. A two-timeframe ATPG model of transition delay fault LOC test

generation is shown in Figure 4.5(a).

As a sequence test vector pair in transition delay test, the first vector is only to

initialize the circuit and will not have any effect on the logic, so the model can be

simplified as Figure 4.5(b).

Figure 4.5(a) consists of two copies of the CUT and ATPG model. PI and the

scan inputs form the first test vector V1. Under LOC mode the scan outputs of the

first-time frame are the scan inputs of the second-time frame. The second vector V2

comprises the scan inputs and PI of the second-time frame where the final output

response can be observed through PO and scan outputs of V2. A test for stuck-at

0/1 on Y distinguishes the targeted transition delay fault pair. After two-time frame

expansion, the modeling flip-flop (MFF) is eliminated, the two copy CUTs are totally

combinational logic.

Figure 4.6(a) shows a combinational circuit of transition delay fault under LOS

test generation. The only difference between LOS and LOC test generation is that

under LOS mode we will leave the first scan output vector without concerning. The

second vector directly consists of the scan inputs of first-time frame, shifted one bit,

and one more single shift-in bit. An simplified LOS two-time frame model is shown

in Figure 4.6(b).

4.4 Scan Test Generation

When a sequential benchmark circuit is used for a CUT, several Mentor Graphic

tools are used to generate detection and diagnostic tests. At first, we need to insert

internal scan circuitry to construct full-scan circuit by using DFT Advisor [3, 6].

DFT includes test point insertion, meaning the DFT Advisor tool inserts test points
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(a) Two-time frame ATPG model of transition delay fault for exclusive test under LOC test gener-
ation

(b) Simplified two-time frame ATPG model of transition delay fault for exclusive test under LOC
test generation

Figure 4.5: Two-timeframe ATPG model of transition delay fault under LOC mode
using combinational ATPG.
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(a) Two-time frame ATPG model of transition delay fault for exclusive test under LOS test gener-
ation

(b) Simplified two-time frame ATPG model of transition delay fault for exclusive test under LOS
test generation

Figure 4.6: Two-timeframe ATPG model of transition delay fault under LOS mode
using combinational ATPG.
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Figure 4.7: Waveforms of transition delay fault test patterns under LOC and LOS
modes.

in the CUT for observation and control purpose. To convert normal flip-flops to scan

flip-flops, scan in signal, scan out signal, scan enable signal and a multiplexer will be

added.

For both detection test and diagnosis exclusive test, we use Mentor’s Fastscan [5]

as the ATPG tool and integrate Fastscan instruction with the test generation system

together in python. For detection tests, Fastscan has the capability to produce the

vector pairs for transition delay faults. For a test vector pair, Fastscan can generate

the second test vector either by launch-off-capture (LOC) test generation mode or

launch-off-shift (LOS) test generation mode.

LOC launches and vector captures are controlled by the system clock pulse [35]

and with no need of high speed scan enable signals. However LOS mode requires fast

switch scan enable signals. The detailed procedure of transition delay fault pattern

generation under LOC and LOS is shown in Figure 4.7.
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During the initialization period, sc en signal is always ‘1’, meaning the system

operates in ‘scan mode’. We apply the first primary input vector, and shift in scan

input vectors. For LOC mode, after shifting in the scan inputs V1, we set sc en signal

to ‘0’ (normal mode). In the launch cycle, we apply the second primary input vector

and clock the circuit, at which time the second scan input vector V2 is launched.

Then, entering the capture cycle, we clock the circuit again, and we will obtain the

output response. At last, we set the scan en signal to ‘1’, to select scan mode again,

and shift out all the captured scan outputs after several clocks. We notice that the

value of V2 that is launched relies on the response of V1, hence the controllability of

launch path is relatively low compared to LOS mode.

However, during LOS test generation mode, sc en signal remains ‘1’ for one more

cycle, thus in the launch cycle the system still works in ‘scan mode’ in which the

second scan input vector V2 is launched consisting of the first scan input vector V1

shifted one bit and an additional single scan-in bit. The sc en signal is set to ’0’ in the

capture cycle, and the remaining is the same with LOC mode. To achieve the capture,

the clock period of capture should be approximately equal to system function cycle

and the sc en signal should be changed as quick as the before capture cycle starts.

That is to say, although LOS mode takes advantage of better controllability, it needs

a high speed sc en signal. However, LOC, since it has no timing constraint, is much

easier to accomplish in practice.

4.5 Diagnostic Test Generation

As described in Chapter 3, the automatic test generation system is utilized in

this thesis. The whole system is implemented using Python language [4]. Diagnostic

exclusive test for transition delay fault process as following procedure:

1. Locate the characteristics of a fault pair and then determine the corresponding

transition delay model as introduced in Figure 2.5.
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2. Construct a two-timeframe ATPG model, then insert the model into two

copies of the CUT. Figure 4.7 is an illustration of a two-time frame expansion for

benchmark circuit s27 under LOC mode, targeting a fault pair, f2 [slow-to-rise, G1]

and f9 [slow-to-fall, NOR2 2/OUT] (f2 is slow-to-rise fault locating in PI G1, f9 is

slow-to-fall fault locating in output of NOR gate 2 2 ).

Figure 4.8(a) shows how to expand the two-time frame CUT and how to insert

the two-time frame ATPG model in detail. At first make two copies of sequential

benchmark s27, eliminate flip-flops, and connect the node which is D in the original

flip-flop in the first time frame to the node which is Q in the original flip-flop in the

second time frame. The connection is shown in blue lines in the Figure 4.8(b).

To insert the ATPG mode properly, we need to figure out the information of

the targeted fault pair. Taking f2 and f9 for example, f2 is a slow-to-rise fault with

position in G1 and f9 as a slow-to-fall fault locates in output of NOR gate 2 2, then

according to Figure 4.5(a), we construct ATPG model with one part modeling slow-

to-rise fault and the other part modeling slow-to-fall part, and insert this model to

two copied of CUT. The red lines presents the signal lines of the insertion part.

3. Generate exclusive combinational test vectors for a targeted fault pair which

may be distinguished under the expanded combinational circuit. A test for stuck-at

fault on y select signal is used in the exclusive generator, if there exits an exclusive

test, it means the fault pair f2 and f9 can be distinguished, and one of them will be

eliminated from the fault group.

4. As a diagnostic fault simulator working on original full-scan circuit needs to

be fed a sequential test vector, thus we need to convert the combinational test vector

generated from procedure 3 to a sequential one. Since the scan chain is connected

from Qb in the first SFF to Scan in in next SFF by DFT Advisor, the corresponding

sequential chain value is transferred from the value in combinational vector which
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(a) Original circuit of benchmark s27

(b) Two-time frame expansion of s27 and ATPG model for specified transition delay fault

Figure 4.8: An illustration of two-timeframe expansion of ATPG model and bench-
mark circuit s27 under LOC.
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(a) Convert combinational primary input Q
vector to sequential scan in chain vector
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(b) Convert combinational primary input D vector to se-
quential scan out chain vector

Figure 4.9: An illustration of convert principle from combinational vector to se-
quential vector.

should be inverted from 1 to 0 or 0 to 1 several times. An illustration of conversion

principle is shown in Figure 4.9.

The way that the procedure converts combinational primary input Q vector to

sequential scan in chain vector is shown is Figure 4.9(a). As a rule, we observed that

if the vector length is an even number, the even bits will be inverse and odd bits will

remain invariable. Meanwhile, if the vector length is an odd number, the even bits

will keep fixed and odd bits will be inverse.

While applying combinational primary input D vector to sequential scan out

chain vector as presented in Figure 4.9(b), there is one more inversion from D to Qb.

Thus if the vector length is an even number, the even bits will keep constant and odd
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bits will become inverse, as well as if the vector length is an odd number, the even

bits are turnover and odd bits are unchanged.

5. Fault simulation for transition delay faults in the original full-scan sequential

benchmark circuit calculates the new DC, and generates updated undistinguished

groups and a new dictionary. The diagnostic fault simulator will stop working after

all faults pairs have been targeted and getting an adequate DC.

35



Chapter 5

Experimental Results

In this thesis, we use the Fastscan ATPG system to generate both detection test

for full-scan sequential circuit and diagnostic exclusive test for transition delay fault

pair under LOC mode.

An experimental application of this work to ISCAS’89 [14] benchmark circuits is

presented and provides comparison with previous work.

5.1 Exclusive Test Generation for Sequential Benchmark Circuits

Table 5.1 shows the results of detection test for TDF in an ISCAS’89 full-scan

sequential benchmark circuit. Table 5.2 presents the results of diagnostic exclusive

test. As an example, consider benchmark s1423 for which:

Detection test:

Number of transition delay fault: 2199

Number of detection test patterns: 114

Number of undistinguished fault pairs: 355

Fault coverage (FC): 92.1% , Diagnostic coverage (DC): 80.5%

Detection CPU time: 16.7s

Diagnosis test:

Number of diagnostic test vector pairs: 73

Number of undistinguished fault pairs: 98

Largest Groups size: 5

Diagnostic coverage (DC): 92.1%

Diagnosis CPU time: 279.3
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Figure 5.1: Diagnostic fault simulation on s1423.

Figure 5.1 presents the fault coverage and diagnostic coverage on benchmark

circuit s1423. The detection tests have 144 patterns and have 92.1 % fault coverage.

For diagnostic test, the DC raises from 80.5 % to 92.1 % using extra 73 exclusive test

vector pairs.

In Table 5.1, the first column lists the benchmark circuit name. The second

column presents the number of detected transition delay faults and the third column

presents the number of detection test patterns. With increasing gate numbers and

flip-flop numbers in these benchmark circuits, more test patterns can be generated

and thus more faults can be detected. Meanwhile during the test, ATPG can detect

some of redundant faults.

Diagnostic coverage is shown in column 4. Because of the limitation of LOC test

vector generation mode, the DC for sequential circuits is not adequate. Column 5

shows the number of undistinguished groups. A group may contain two or more

equivalent faults, and the largest size of an equivalent fault group is listed in column 6.
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Table 5.1: Detection test for TDF in ISCAS’89 sequential benchmark circuits.

Circuit

Name

No. of

TDFs

No. of

Det. Test

Patterns

DC

(%)

No. of

Undist.

Groups

Largest

Groups

Size

No. of

Undist.

Pairs

FC

(%)

Det.

Time

(sec.)

s27 46 11 54.3 14 4 29 100.0 0.8

s298 385 44 62.4 66 4 106 79.9 2.6

s420 622 113 54.9 128 8 429 85.4 3.5

s526 570 86 47.8 92 7 226 62.5 2.9

s838 1254 231 53.3 261 8 895 83.6 8.7

s1423 2199 114 80.5 256 6 355 92.1 16.7

s5378 6007 230 83.1 354 11 877 90.6 65.7

Table 5.2: Two-timeframe diagnostic exclusive tests for TDF in ISCAS’89 sequential
benchmark circuits.

Circuit

Name

No. of

TDFs

No. of

Det. Test

vector pairs

DC

(%)

No. of

Undist.

Groups

Largest

Groups

Size

No. of

Undist.

Pairs

Diag.

CPU*

Time (sec.)

s27 46 17 100 1 2 1 12.9

s298 385 28 77.7 39 4 47 44.2

s420 622 47 81.0 116 7 170 155.1

s526 570 28 58.1 68 6 98 52.1

s838 1254 95 78.5 240 7 356 539.8

s1423 2199 73 92.1 174 5 199 279.3

s5378 6007 340 91.0 84 7 98 1879.8

* Hardware configuration: 2.6GHz CPU, 3.86G RAM, Intel Core i5

We observe that the number in column 7, of undistinguished pairs during detection

test, is much larger than the number of undistinguished groups, which demonstrates

that there are more than two undistinguished faults in one equivalent group.
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Fault coverage (FC) is presented in column 8. The FC of s27 is 100, which means

ATPG with highest fault detection capability is able to detect all the faults. Generally,

FC is referred as the upper bound of DC [44]. The last column in Table 5.1 lists the

CPU time for detection test. As the complexity of a circuit increases, the detection

time increases. The results of diagnosis exclusive test are shown in Table 5.2. The

column 2 is also the number of TDFs, and third column lists the number of exclusive

test patterns generated by ATPG to distinguish fault pairs.

After CUT two-timeframe expansion and the two-timeframe ATPG model in-

sertion, column 3 presents the number of generated exclusive test vector pairs, and

the diagnostic coverage listed in column 4, which shows obvious improvement com-

pared with no exclusive test before in Table 5.1. For example, DC for s27 raises from

54.3% to 100%, which means every targeted fault pair can be distinguished or proved

redundant (equivalent) after the insertion of two-timeframe expansion ATPG model.

The results in columns 5, 6 and 7 are corresponding data as in Table 5.1. The

enhancement observed in all these values in Tables 5.2, the undistinguished fault pairs

and the undistinguished fault groups are much smaller than those before diagnostic

test, which means more faults pairs have been distinguished. It is interesting to ob-

serve that, in combinational ATPG when there is no exclusive test found for the fault

pair in a combinational circuit, most targeted stuck-at faults are redundant (TDF

pair is equivalent). Very few cases are still ATPG untestable. However, in sequential

ATPG it is much harder to prove a fault to be redundant. The two timeframe ex-

pansion with combinational ATPG thus proves its superiority in distinguishing fault

pairs.

Time overhead appears especially high when a circuit become larger, due to the

library constructing every time after each exclusive test. If a library compaction

technique can be applied, this timing issue surely can be reduced.
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Table 5.3: Comparing this work and previous work.

Circuit

No. of

Det. Test

vector

No. of

Det. Test

vector pairs

DC

(%)

No. of

Undist.

Groups

Largest

Groups

Size

No. of

Undist.

Pairs

Diag.

CPU*

Time (sec.)

s27
(A) 11 17 100 1 2 1 12.9

(B) 11 17 97.8 1 2 1 29

s298
(A) 44 28 77.7 39 4 47 44.2

(B) 44 26 70.1 39 4 80 55

s1423
(A) 114 73 92.1 174 5 199 279.3

(B) 102 90 84.2 182 5 208 845

s5378
(A) 230 340 91.0 84 7 98 1879.8

(B) 208 395 89.6 85 7 99 488

*(A) This work with two-timeframe expansion ATPG model
*(B) Previous work using a single timeframe ATPG model

5.2 Comparison with Previous Work

Previous authors proposed single timeframe ATPG model [47, 48] for targeting

transition faults. Table 5.3 presents experimental results comparing two-timeframe

expansion ATPG model of this work (A) with single timeframe ATPG model (B).

The second column shows number of generated detection test vectors, as the detection

test of both is the same procedure; there are only slightly differences because of

the ATPG tools self-mechanism. The number of diagnostic test vector pairs and

diagnostic coverage (DC), respectively, are presented in column 3 and column 4. The

DC of A are all higher than B, especially for s1423 and s5378, with less exclusive

test vectors but higher DC. Column 5 and column 7 display the decreased number of

undistinguished fault groups and number of undistinguished fault pairs, meaning the

two-timeframe expansion ATPG model is able to distinguish more fault pairs than

the single timeframe model. The diagnostic CPU time of our approach is less than

that of [47, 48], except for s5378. The time overhead of s5378 is mainly because
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of the library reconstruction time especially when circuit becomes large, this can be

solved by data compact techniques. Once this problem eliminated, the two-timeframe

expansion ATPG model in combinational ATPG has better performance in various

aspects than sequential ATPG logic.
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Chapter 6

Conclusion and Future Work

6.1 Conclusion

The advanced fault diagnosis techniques improved with the increasing of chip

density. The proposed two-timeframe expansion ATPG model under combinational

logic ATPG is used to target transition delay fault pairs. If there exist an exclusive

test vector for the stuck-at fault, the transition delay fault pair is distinguished, to

the contrary the fault pair is proved equivalent fault when the system cannot generate

test vector.

After determining wether the fault pair is targeted or not, the diagnosis fault

simulator calculates the updated diagnostic efficiency by Diagnostic Coverage (DC),

a diagnostic metric similar to fault coverage, to measure the ability of fault diagnosis.

This is followed by repeated diagnostic exclusive test generation, then fault simula-

tion. All the procedures are integrated in an automatic test generation system that

are implemented by Python programming language.

In Chapter 3, diagnostic basic knowledge and the automatic test generation

system are introduced. The automatic test generation system only uses conventional

ATPG tools without raising the diagnostic complexity.

Chapter 4 provides a new two-timeframe expansion ATPG model for exclusive

test. Transition delay faults are modeled by only inserting a few logic gates in the

original circuit netlist, and a multiplexer inserted to distinguish the fault pair. If a

test vector for a stuck-at fault at the output of the multiplexer can be generated, the

faults are distinguished, in other words, the fault pairs have different output response

at least at one output signal line.
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Using two-timeframe expansion the ATPG model allows scan test generation to

work in pure combinational ATPG program, which has been shown to have better

capability to identify redundant faults. After every fault pair targeted (achieving

adequate DC), the scan test generation system will stop, and the final undistinguished

fault pairs, DC, and CPU consumption time will be obtained.

6.2 Future Work

6.2.1 Test Generation under LOS Mode

The test vector pair for transition delay faults can be generated by either LOC

mode or LOS mode. The work in this thesis was is completed by LOC test gener-

ation mode with easy clock requirement and simple practical application, but less

randomness of internal signal.

A direction for future work would two-timeframe expansion in LOS mode, in

which the second vector comes from the first scan-in vector shifted a bit and one more

single scan-in bit, thus guarantee its better controllability in LOS mode. In addition,

fault pairs that cannot be targeted under LOC mode may still be distinguished in LOS

mode [47, 48]. As a consequence, a higher DC may achieved by LOS test generation

mode, and the only difference that would need to be modified in the whole test process

is that changing ATPG test generation mode from LOC to LOS in Fastscan tool.

6.2.2 Utilization on stuck open fault diagnostic test

The stuck-open-fault (SOF) model reflects a signal line in the circuit is broken

and thus stuck in the open state. Detection of stuck-open faults require two-vector

be applied sequentially, the first vector is used to initialize the circuit and the second

vector examines the output response of the fault. Transition delay fault model is also

required two-vector to test delay. We can transform SOF test to TDF test problem.

Which means the automatic test generation system and the two-timeframe expansion
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ATPG model in this thesis work can be also applied on stuck open fault diagnostic

test.

6.2.3 Integration of Data Compaction Techniques with Test Generation

System

With the circuit becoming larger, CPU time overhead is mainly because of the

full-response fault library reconstruction during every diagnostic test. Various re-

searches focusing on this area have already made, such as test set compaction [11, 23]

to reduce test application time, diagnostic library size reduction techniques [24, 36,

37, 38, 41] develop to reduce memory storage requirement and time consumption.

The future works combining such data compaction techniques to out automatic

test generation system improve fault diagnosis efficiency.
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