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ABSTRACT 

The development of cost-effective circuits is primarily a matter of economy. 

To achieve it, design errors and circuit flaws must be eliminated during the design 

process. To this end, considerable effort must be put into all phases of the design 

cycle. Effective CAD tools are essential for the production of high-performance 

digital systems. This thesis describes a CAD tool called LOVERD, which consists of 

ATPG, fault simulation, design verification and diagnosis. It uses test patterns, 

developed to detect single stuck-at faults in the gate-level implementation, to 

compare the results of the functional level description and its gate-level 

implementation. Whenever an error is detected, the logic diagnosis tool can be used 

to provide useful information to designers. It is shown that certain types of design 

errors in combinational logic circuits can be detected and allocated by LOVERD 

efficiently. 
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CHAPTER 1 

INTRODUCTION 

With the increased complexity of current digital systems, reliability 

considerations have become increasingly important. Every digital system design, no 

matter how strategic or complex, requires multifaceted verification before marketing. 

Starting from behavioral design and going through the whole design process to final 

manufacturing, we might find many objects for verification. 

Normally a design process includes several design levels, as illustrated in 

Figure 1.1. In each design level, many errors could be introduced by designers or 

Logic 
Design 

Physical 
Design 

Functional 
Design 

Design 
Requirements Manufacture 

Figure 1.1 Design Process of a digital system 

machines. Various logic verification tools can be used at different design levels to 

make sure that no logic errors introduced at one level will be passed to the next level. 

Furthermore, whenever an error is detected, logic diagnosis tools could be applied to 

provide important information on the error to designers. Such information can help 

designers to locate and fix the errors before passing the design to the next design 

level. Therefore, the reliability of the design can be increased. For example, in a 

silicon compiler environment where a design is translated (synthesized) into a lower 

level from a higher level description, logic verification and diagnosis are usually 
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performed between the functional level (before logic synthesis) and the gate-level 

(after logic synthesis), as well as between the gate-level (before layout generation) 

and the layout level (after layout generation). 

In this thesis, only the verification and diagnosis for combinational logic 

circuits at the gate-level are examined. The type of design verification and diagnosis 

used at this level is intended to ensure structural consistency between a functional 

level description of a combinational logic circuit and its gate-level implementation. A 

system called LOgic-design VERification and Diagnosis (LOVERD) has been 

implemented for this purpose, and is given an extensive evaluation in the thesis. 

Figure 1.2 shows the overall structure of the LOVERD system. 

' This thesis is organized as follows: in chapter 2, we give an overview of the 

algorithms for automatic test pattern generation of combinational logic circuits. The 

PODEM (Path Oriented DEcision Making) algorithm is given extensive treatment 

since it is used in the LOVERD system. 

In chapter 3, we will examine fault modeling, fault collapsing and a fault 

simulation called test-pattern-oriented fault simulation. 

Chapter 4 discusses a new method for logic design verification in which test 

patterns, developed to detect single stuck-at faults in gate-level implementation, are 

used instead to compare the gate-level implementation with its functional level 

description-

Chapter 5 focuses on some types of test methods which are useful for 
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Figure 1.2 The flowchart of LOVERD 
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automatically diagnosing combinational logic circuits. The negative tests, positive 

tests and IFF tests are used in the LOVERD system. 

Chapter 6 is concerned with the implementation of the LOVERD system, 

which includes input/output file formats, data structures, program models and the 

performance of LOVERD. A complete example will show the whole process of the 

LOVERD system. 

Finally, a conclusion is given in chapter 7, and a user's manual is given in 

Appendix A 
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CHAPTER 2 

AUTOMATIC TEST PATTERN GENERATION 

In this chapter, the Automatic Test Pattern Generation (ATPG), and the 

PODEM algorithm are presented in detail. Section 2.1 introduces general concepts of 

ATPG. Section 2.2 describes the PODEM algorithm and its implementation in the 

LOVERD system. 

2.1 Introduction 

From virtually the beginning of the digital logic design era it has been 

recognized that many of the activities performed by designers are tedious, repetitious, 

and error-prone, and hence they should be automated. 

One task that may be a perfect candidate for automation is Automatic Test 

Pattern Generation (ATPG) of combinational logic circuits. Algorithms for ATPG 

focus primarily on the ways to produce tests for combinational logic circuits. 

There are three well-known algorithms for ATPG of combinational logic 

circuits. They are the D-Algorithm [Roth66], PODEM [Goel81], and FAN [FuSh83]. 

These algorithms generate tests by using the information in the circuit network 

topology. 

The flowchart in Figure 2.1 illustrates the complete process of ATPG for 

combinational logic circuits. Given a circuit for which test patterns must be created, it 

is necessary to create a computer- internal model of the circuit expressed as an 
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Figure 2.1 Automatic Test Pattern Generation (ATPG) 
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interconnection of primitives for which ATPG has processing capability. Usually, such 

a computer-internal model is a kind of data structure containing the circuit net list. 

After the circuit model is created, a fault list is compiled. The fault list should include 

all the possible faults to be tested. Then a test generator can begin to create test 

patterns. A fault is selected from the fault list and an attempt is made to generate a 

test for that fault. If the test generator succeeds in creating an input pattern, control 

is passed to a simulator. The simulator determines which faults, if any, have also 

been detected by the input pattern. If one or more faults are detected by the test, the 

simulator checks off the detected faults from the fault list. Then if more faults 

remain, it passes control back to the test generator. 

For large combinational logic circuits, the alternative to exhaustive testing is to 

start with some simplifying assumptions about the possible failures. In LOVERD, 

first we assume that only stuck-at faults occur in circuits. This S-A-x, *e{0, 1}, fault 

model has become nearly universal. It is attractive because it permits enumeration of 

faults. For a n-input logic circuit, it is possible to assign a specific number of faults 

and keep track of those for which tests have been generated and those for which tests 

have not been generated and thus create an effectiveness measure for algorithms. 

Second, we assume that only one stuck-at fault is present in a faulty circuit. It is 

impractical to try to test for every conceivable fault in a circuit. It would lead to 

"combinational explosion". Practice in testing demonstrates that the single stuck-at 

model is very effective. A good stuck-at test pattern which detects large percentage of 

the single stuck-at faults in a circuit will also detect a correspondingly high percentage 
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of all failures in the circuit. In chapter 4, the reason of using this fault model will be 

further discussed. 

22 PODEM 

PODEM is an improved version of the D-algorithm for automatic test 

generation of combinational logic circuits. The D-algorithm selects a fault from a 

fault list and works from the point of the fault toward inputs and outputs, employing 

propagation and justification techniques as it proceeds. In circuits that rely heavily on 

reconvergent fan-out, such as error correction and translation (ECAT) type of 

circuits, the D-algorithm can become mired in large numbers of conflicts. These 

conflicts result from the fact that the justification process, which proceeds backwards 

to primary inputs along two or more paths, frequently arrives at a point where signals 

converge with conflicting requirements. . 

Experiments demonstrate that PODEM is an effective test generator for 

ECAT circuits and also shows that the PODEM algorithm is significantly faster than 

the D-algorithm over the general class of combinational logic circuits. In LOVERD, 

the PODEM algorithm is used to implement the ATPG part of the system. 

2.2.1 Algorithm 

The PODEM test generation algorithm is an implicit enumeration algorithm 

in which all possible primary input patterns are implicitly, but exhaustively, examined 

as tests for a given fault. The five-value notation (0,1, X, D, 15) is used in PODEM to 

describe the behavior of a circuit under test. The D designates a logic value 1 for 
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good circuit and a 0 for a circuit with failure, 15 is the complement of D, and X 

designates a DON'T CARE value. PODEM begins by assigning Xs to all inputs. It 

then starts assigning arbitrary values to primary inputs. Implications of the 

assignments are propagated forward. If either of the following two conditions is true, 

the assignment of the primary input is rejected. 

Condition 1: 

The signal line for the stuck-at fault being tested has the same logic value as 

the stuck value. 

Condition 2: 

There is no signal path from an internal signal line to a primary output such 

that the internal signal line has value D or D and all other lines on the signal 

path are at X. 

In condition 1, the fault is not excited, and so the faulty value on the line under 

test can not be distinguished from its good value. In condition 2, there is no path for 

sensitization, and so value of the line under test can not be observed on a primary 

output. 

When PODEM makes assignments to primary inputs, it employs a "branch-

and-bound" method. In this method, the process can be viewed as a tree, as shown in 

Figure 2.2, and can be implemented by using a First-In, Last-Out (FILO) stack. As 

primary inputs are selected, they are pushed on to the top of the stack. A node is 

flagged if the initial assignment has been rejected and the alternative is being tried. If 
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Figure 2.2 Example of "branch-and-bound" method 
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a node violates either of the two conditions, and it is flagged, it is popped off the 

stack, hence bounding the graph. Nodes continue to be popped off until an unflagged 

node is encountered or the stack is empty. The process terminates when a test is 

found or the stack becomes empty. The savings in computer time using the "branch-

and-bound" method is enhanced because the total search space is smaller than that of 

the D-algorithm. 

The implementation of PODEM in LOVERD is shown in Figure 2.3. In the 

following sections, we will discuss the main steps in PODEM in detail and its 

implementation in LOVERD. 

222 Backtrace 

Selection of inputs and assignment of initial values can influence the success of 

the PODEM algorithm. Therefore, for implementation, the algorithm contains the 

additional ability to select initial primary inputs and primary input values that have a 

high probability of helping PODEM to create a test. This capability consists 

essentially of a backtrace procedure which starts at the line under test (LUT), or 

some other line where assignments must be made to propagate a test, and traces 

backward to the primary inputs. The flowchart of Figure 2.4 describes the backtrace 

procedure. 

A two-step process is used to choose a primary input and its logic value for 

initial assignment. 
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Step 1: 

Determine an initial objective line ~ the objective line should be one that 

brings the test generator closer to its goal of propagating a D or D to a 

primary output. Such an objective line is usually the line under test (LUT) or a 

line in the D-frontier. The D-firontier is the set of gates whose output lines 

have not yet been assigned and whose input values contain one or more D or 

D values. If the objective line is the LUT, then the initial objective value is the 

complement of the type of fault to be tested on the LUT. Otherwise, the 

objective value is determined by input values and the gate type whose output 

line is chosen as an objective line from the D-frontier. 

Step 2: 

Given the objective line and initial objective value, the backtrace procedure 

traces a single path from the objective line back to a primary input without 

assignment justification. Unlike PODEM, the D-algorithm and FAN use a 

multiple backtrace procedure to trace signals backwards on multiple paths. 

A primary input line and its value will be chosen such that the logic value 

assigned to that input has a good likelihood of helping towards meeting the initial 

objective. To reach the goal, backtrace uses controllability measures to obtain the 

"easiest to control" input or "hardest to control" input of a gate. If the current 

objective value is such that it can be obtained by setting any one input of the gate to a 

controlling state (e.g. 0 for an AND/NAND gate or 1 for an OR/NOR gate), the 

input that can be most easiest set is chosen. If the current objective value is such that 
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it can be obtained by setting all inputs of the gate to a uncontrolling state, the input 

that is hardest to set is chosen. This early determination of the inability to set the 

chosen input will prevent wasted time spent in attempts to set the remaining inputs of 

the gate. 

2.2.3 Implication 

After the primary input line and its value have been determined by the 

backtrace procedure, the process enters the implication procedure. The goal of this 

procedure is to determine the unknown line values in the circuit from primary inputs 

to primary outputs, level by level, using available primary input assignments and other 

determined line values in the circuit. This procedure is also called forward drive 

because it drives values from inputs to outputs. After the implication procedure 

finished, all line values that are implied by current primary input assignments are 

determined. The flowchart of the implication procedure is shown in Figure 2.5. 

The other main duty of this processing phase is to detect conflicts in 

implications. During the whole process of test pattern generation, conflicts can occur 

only in this phase. There are two types of conflicts: 

(1) The line value of the line under test is the same as the stuck fault value. 

(2) The value of objective line, to which a D or U is to be propagated, is 0 or 1 

instead of D or D. 

In both cases, the implication procedure terminates immediately, and the 
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backtrack procedure is entered. 

During the implication processing phase, several variables in LOVERD are 

used to keep track of updated circuit states. ckt[line\.val stores the line values of all 

lines in the circuit, the inc and dec arrays are used for recording the added active 

lines into the D-frontier and the deleted lines from the D-frontier respectively as 

assigned primary input values are driven forward, objline is the objective line to 

which a D or D is to be propagated. The most important variable in the implication 

procedure is the modgate array. This array contains a list of output lines for the gates 

whose input values have been assigned since the process entered the implication 

phase. When any line value is calculated and determined, modgate is modified 

accordingly. So, only lines in modgate are candidates for implication. If modgate 

becomes empty, implication is considered complete without any conflicts. Another 

essential array is stack, which is a FILO stack used to keep the circuit states while 

doing implication. 

22.4 Backtrack 

The flowchart of the backtrack procedure is given in Figure 2.6. Whenever a 

conflict occurs, the process enters the backtrack processing phase. The first thing 

that has to be done in this phase is to reset the current circuit state of the process to 

the previous one, which is the state before the last time the implication procedure 

was entered. This will remove all changes due to the last primary input assignment. 

Such a reset includes setting ckt[line\.val to X if the line values were set during the 
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last implication processing phase, and recovering the previous D-frontier based on 

the inc and dec arrays. 

Then, if the primary input has only been tried for one value, the primary 

input is assigned the complementary value and secjlag is set to TRUE to indicate no 

more alternatives exist, and the implication procedure is invoked once more. If 

secjlag has already been set to TRUE, that means both primary input values (0/1) 

have been tried. Because it is impossible to excite the fault or to propagate the fault 

through the D cube, the current objline should be removed. Thus, an alternative 

path from the D-frontier list should be tried first. If such a path does not exist (the 

D-frontier is empty), the fault can not be excited and propagated to primary outputs 

using the last primary input assignment. So the node on the top of the stack is 

popped off and the backtrack procedure is repeated. If the stack becomes empty, the 

fault is undetectable. 

Sometimes, the test generation of a specific fault may involve too many calls 

to backtrack. This will severely reduce the performance of ATPG. Thus, a backtrack 

limit is used to force ATPG to drop the fault if ATPG reaches the limit and still has 

not successfully created a test pattern for that fault. These kind of faults are called 

dropped faults. For a circuit, if ATPG can create test patterns for all detectable 

faults without any dropped faults, the fault coverage is considered being 100-percent. 
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CHAPTER 3 

FAULT SIMULATION 

In this chapter, we will discuss a method using fault list minimizetion to 

minimize number of test patterns. Also, we will describe the fault simulation 

algorithm designed for LOVERD. 

3.1 Fault Modeling and Fault Collapsing 

As we mentioned in the last chapter, we use the single stuck-at fault model in 

LOVERD. This model has the attraction that the compilation and processing of fault 

lists is easy to automate. The another attractive property of this fault model is that 

many kinds of faults or design errors can be described by it. As we discuss the logic 

design errors in Chapter 4, we use this fault model to detect errors. 

In building a fault list, it is often found that some faults are indistinguishable 

from each other. So, we say that the two faults are equivalent if there is no logic test 

that can distinguish between them. More precisely, if Ta is the set of tests which 

detect fault a and Tb is the other set of tests which detect fault b, and if Ta = Tb, 

then it is not possible to distinguish a from b. Fault a and fault b are equivalent. 

Another relationship found in processing fault lists is domination. Fault a 

dominates fault b if Tb C Ta holds. From this definition, it follows that if fault a 

dominates fault b, then any test which detects fault b will detect fault a. 
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Theorem 3.1: 

In a fan-out free logic circuit realized by symmetric, unate gates, tests 

designed to detect stuck-at faults on primary inputs will detect all stuck-at 

faults in a circuit. 

Theorem 3.2: 

At any fan-out branch in combinational logic, stuck-at faults at a stem 

dominate all stuck-at faults at its fan-out branches. 

According to the above theorems [Mico86], we can establish a correspondence 

between signal path faults and a subset of the set of all stuck-at faults in a circuit. If 

all stuck-at faults on primary inputs and on fan-out branches have been tested, then 

all stuck-at faults in a circuit can be tested. 

Fault equivalence and fault dominance relations are very useful in reducing 

the size of fault lists. Since computer run time is affected by the size of the fault list, 

the reduction of the fault list, a process called fault collapsing, can reduce the time 

used for test pattern generation and simulation. In LOVERD, test patterns are 

generated to detect all faults in a circuit (if faults are detectable) for further 

diagnosis, so the fault collapsing procedure is a very important factor in improving 

the system performance. 

The implementation rules of the fault collapsing procedure in LOVERD are 

given as follows: 
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(1) Assign S-A-O, S-A-l faults to primary inputs. 

(2) Assign S-A-O, S-A-l faults to fan-out branches. 

(3) If any of the stuck-at faults are equivalent to faults on the outputs of symmetric 

logic gates, translate them to the output. 

(4) If faults occur at the input of an inverter (NOT gate), translate them to the out

put. 

(5) Use Theorem 3.2 wherever it applies. 

This procedure, called AFLG (Automatic Fault List Generation), will 

automatically generate the reduced fault list for a circuit under test. To illustrate the 

AFLG procedure, see the example given below: 

In the circuit of Figure 3.1, the four primary inputs and four fan-out branches 

Example: 

2 [>> 
10 
9 12 

3 14 

7 
11 

13 
4 

Figure 3.1 Example of Automatic Fault List Generation (AFLG) 

give initial 16 faults based on the above two theorems. The faults on line 2 and 
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line 3 are translated to the gate outputs of line 5 and line 8 respectively, where 

they dominate faults on the fan-out branches; hence they are deleted. The faults 

on line 6 are translated to on line 9. We now have 12 faults, namely S-A-0 and 

S-A-1 faults on lines 1, 9, 10 and lines 4, 7,11. The three S-A-0 faults at lines 1, 

9, 10 can be translated to a single S-A-0 fault at line 12. Similarly, the three S-

A-0 faults at lines 4, 7, 11 are translated to S-A-0 fault at line 13. Finally, we get 

only a total of 8 faults in the fault list. 

3.2 Fault Simulation 

The fault simulation serves several purposes as shown below: 

(1) Decides whether more faults can be detected by the test pattern created by a 

test pattern generator. 

(2) Computes fault coverage for a given test pattern. 

(3) Provides diagnostic capability. 

(4) Confirms detection of a fault for which an automatic test pattern generator 

claims that a successful test was created. 

(5) Indicates areas of a circuit where fault coverage is inadequate, and determines a 

as yet undetected fault as the next target for test generation. 

(6) Evaluates stimuli. 

The overall process of test pattern generation, in conjunction with a fault 

simulator, is illustrated in Figure 3.2. The test pattern is created by ATPG. The 
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le faulty list empty? 
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( STOP 

Does test exist1 

tne coverage adequate? 

STOP 

START 

Get a fault from the fault list 

Calculate the fault coverage 

Generate a test pattern 
for that fault (ATPG) 

Delete all detected faults 
from the fault list 

Perform fault simulation 
using the test pattern 

Record all detected faults 
in a file for late diagnosis 

Figure 3.2 ATPG and fault simulation 
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ATPG procedure is fault-oriented; it selects a fault from a fault list and attempts to 

create a test for that fault by using PODEM, the D-algorithm or others. After each 

test vector has been fault-simulated, the faults which cause an output response 

different from the good machine's outputs are checked off in the fault list and their 

response at primary outputs are recorded in a data base for the purpose of further 

diagnosis. After recording the results, if fault coverage is not adequate, the process 

is continued. 

There are three general methods for fault simulation, namely parallel, deduc

tive, and concurrent [BrFr76]. In addition, two other methods deal only with combi

national circuits, namely single fault propagation [Roth67, Ozgu79] and Hong's 

method [Hong78]. A combination of these two techniques is used in the PODEM-X 

test generation system[Goel80, G0R08I]. 

Section 3.3 describes a fault simulation algorithm developed for the 

LOVERD system. This algorithm can be thought of as a converse of the PODEM 

algorithm. It uses the computed line values from ATPG to trace sensitized lines from 

primary outputs towards primary inputs to determine the faults detected by the test 

pattern just created. It has following features: 

(1) It directly identifies the faults detected by a test pattern and the all computed 

line values, without simulating the set of all possible faults. 

(2) It is based on a path tracing algorithm that does not require computing values in 

the faulty circuits by gate evaluations. 
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(3) It is an approximate method. This will be discussed later in this chapter. 

Because of its features, this fault simulation is called test-pattern-oriented fault 

simulation. This fault simulation is performed only for detecting more faults, decid

ing the next target for test generation, computing fault coverage and providing diag

nostic capability in LOVERD. 

3.2.1 Fan-out free circuits 

To illustrate the algorithm, first consider the fan-out free circuit of Figure 3.3. 

6 

Figure 3.3 Example of the fault simulation for a fan-out free circuit 

For detection of the S-A-0 fault at line 3, a test pattern (1, 1, 1, 0, x) is created by a 

test generator. Using the test pattern and all computed values in the circuit, the fault 

simulator starts from the primary output line 9 works towards the primary inputs to 

determine the sensitization of the lines. Thus, S-A-0 faults on lines 1, 2, 6, 7, 8 and 9 

are also declared as detected faults. 

This process is a simple tree tracing algorithm. It starts at the outputs and 

makes note any of signal changes on any line, caused by a stuck-at fault which would 
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ultimately cause the outputs to change values. From the outputs, the fault simulator 

traces backward to determine all faults which can be detected by the input vector 

and marks the lines with such detected faults. Therefore, this process is called the 

marking process. 

In determining all faults detected by the test pattern, the fault simulator uses 

fault equivalence to propagate faulty marks backwards through all possible paths to 

indicate these lines have been detected. For example, when the process reaches the 

output of an AND gate with value D, that means the test pattern can detect a S-A-0 

fault on this line. Using the fault equivalence rules, the S-A-0 faults at all inputs of 

the AND gate can also be detected by the input vector. So we propagate the D value 

backward to every input of the AND gate and mark all input lines to indicate that the 

S-A-0 faults on these lines have been detected. 

Fault dominance is the other property which can be used to decide if faults 

can be detected by a given test pattern. When the process reaches the output of a 

gate and tries to propagate backward through the gate to its inputs, only the input 

lines with faults which can be detected by the test pattern can be marked as detected 

faults. 

In other words, when the fault simulator tries decide if the inputs of a gate 

can be marked as having some kinds of detected faults, the input lines must be 

checked to see if they are sensitized, namely whether complementing the values of 

such inputs will change the value of the gate output. If some inputs are sensitized, 

then they are marked as being detected. 



38 

322 Reconvergent fan-out circuits 

Now we shall discuss the general case of a circuit with reconvergent fan-out. 

The difficulty in executing the marking process is to determine if the stem is sensi

tized to the circuit primary outputs when the process reaches one of its fan-out 

branches. In Figure 3.4, we can not mark the stem (line 2) when the process reaches 

Figure 3.4 Example of self-masking 

line 4 because the effects of the fault S-A-0 on line 2 propagate on two paths (line 4 

and 5) with different inversions such that they cancel each other when reconvening 

at the gate G. This phenomenon is referred to as self-masking. 

Our solution is to determine the detectability of the stem faults as they are 

reached during marking process by explicit simulation. This approach is described in 

the next section. 

Another effect of reconvergent fan-out is that faults that are detected only by 

multiple-path sensitization may be declared undetected as illustrated in Figure 3.5. 

Here none of the inputs of the gate G is sensitized to the output, but the fault on the 

stem (line 2) is detected by double-path sensitization. As the marking process is con

tinues, it will not recognize the fault on the stem; therefore this fault simulation is 
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Figure 3.5 Example of multiple-path sensitivation 

only an approximation one. This approximate does not affect the result of the fault 

simulation, but it will give some incomplete diagnostic information. 

3.3 Algorithm and its implementation 

Based on the fault equivalence and fault dominance relations, the following 

algorithm is presented: 

(1) Choose a primary output line which has not been marked to be the starting 

point of the marking process, and translate it to D or I) according to its original 

value of 1 or 0 and mark it. 

(2) If the output value of an AND/NAND (NOR/OR) gate is D/D, translate all 

inputs of the gate to value D (15) and mark the faults as detectable. 

(3) If the output value of an AND/NAND (NOR/OR) gate is I5/D, when only one 

input is 0 (1) and the others are Is (Os) or some inputs are Us (Ds) and the rest 

of inputs are all Is (Os), propagate D/D backward along the input line with 

value 0 (1) or along the input lines with value Us (Ds) and mark them. 
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(4) If the output value of a NOT gate is D/D, set the input value to XT/D and mark 

it. 

(5) If the output value of a XOR gate is D/T5, set the input values to D/I) accord

ing to their original values 1/0. 

(6) If the line is a fan-out branch with value D/I), first determine whether the stem 

can cause self-masking by simulation. If it does not, propagate the value to the 

stem and mark it. 

(7) If the process reaches a primary input or a fan-out branch from which its stem 

can not be propagate backwards further, stop propagating backwards along this 

path. 

(8) If no path can be propagated backwards further, the marking process finishes. 

All lines with marks are declared as some kind of detected faults. Such faults 

are deleted from the fault list. 

This method employs a D-list to maintain a set of lines with marks which 

indicate the faults that are detected by the test pattern when the process traces back

wards. The initial D-list includes all the primary output lines with 1/0 values. A line 

is selected from the D-list and set to D/D. It is determined whether the D/I5 value 

can be propagate through the gate backwards (from its output to its input). If one of 

the above conditions is satisfied, propagation is applied. Then, new marked lines are 

put into the D-list, and the line on which the propagation was applied are deleted 

from the D-list. A new line is selected from the D-list and the process continues 
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until the D-list is empty. By the time the process finishes, all marked faults are 

detected by the test pattern. 

3.3.1 Partially tracing backwards option 

If execution of the verification and diagnosis function in LOVERD is 

required, then step (1) in the algorithm must be changed as following; 

(1) Choose only the one primary output line which is the observation point of the 

tested fault to be the starting point of the marking process, and translate it to D 

or D according to its original value 1 or 0 and mark it. 

Now, the D-list initially includes just the one primary output line which is the obser

vation point. Thus, This algorithm only choose one output line as the starting point of 

the marking process instead of all output lines. For diagnostic purposes, we try to 

minimize each set of detected faults by test patterns. The smaller the set of detected 

faults is, the more useful the set is in diagnosis. For example, if we want to detect a 

fault in area 1, but not in area 2 as shown in Figure 3.6, two results could be obtained 

from the fault simulation. One declares all faults detected by the fault simulation to 

be only in area 1; while the other declares all detected faults to be in both areas. In 

terms of the performance of ATPG and fault simulation process, the second result is 

preferable. But, for diagnosis, the first result is better to locate the fault. 

Note that the faults in area 2 will eventually be detected in LOVERD if they 

are detectable. This is guaranteed by the fault list we created based on Theorem 3.1 
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fault area 1 

INPUTS OUTPUTS 

area 2 

Figure 3.6 Example of partially tracing backwards 

and Theorem 3.2. But the test patterns may redundant. This is the tradeoff for better 

diagnostic information. 

3.3.2 Determining the sensitization of a stem 

When the marking process reaches a stem and tries to determine if the stem is 

sensitized by explicit simulation, several methods are used to reduce the simulation 

time, and hence get better performance in the fault simulation. This explicit simula

tion is called the check-stem simulation. Its algorithm is described below: 

(1) Assign the stem under check and all its fan-out branches to value D or D 

according to the line values 1 or 0, and start the check-stem simulation from 

the stem. The circuit at this time has all its line values assigned, so the simula

tion is just gate evaluations. 

(2) Use a D-list to keep track of the lines with value D/U. The updating of the D-

list is similar to the modgate array we described before. When the D-list 

becomes empty, stop the simulation. That means self-masking has occured, and 

the D/E) value on the stem can not be propagated to a primary output. 
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(3) Stop the check-stem simulation when one of lines in D-list reaches the primary 

output from which the fault simulation started. Thus, the sensitized stem is 

identified, and is marked for continuing fault simulation. 

(4) Also stop the simulation successfully when a stem marked sensitized has been 

reached and only one line is left in the D-list. The first condition is trying to use 

the previous result of the check-stem simulation. If the stem is marked as a sen

sitized one, when the simulation reaches the stem, it is not necessary to pro

pagate further. But the first condition alone is not sufficient for stopping the 

forward propagation. The answer is provided by the example of Figure 3.7. The 

Gi 

Figure 3.7 A nonsensitive stem with all its fan-out branches sensitive 

stems 6 and 9 are sensitized as well as branches 4 and 5. But stem 2 is not sensi

tized. The reason is that the potentially masking lines appear after propagation 

through gate G1 and G2. Requiring that only one line be left in the D-list 

guarantees that no masking further can occur. 

The test-pattern-oriented fault simulation algorithm works pretty fast. There is 
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no any conflict in this processing phase. When simulation start, all line values have 

already been determined during ATPG phase, and hence are fixed. Therefore, for a 

given test vector, we only need to determine if there are more faults that can be 

detected by the test pattern just generated. 
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CHAPTER 4 

LOGIC DESIGN VERIFICATIONS 

In this chapter, we will describe a new method for logic design verification 

[Abad88], which verifies the correctness of the gate-level implementation by 

comparing it with the functional level description. 

4.1 Introduction 

In this new method for logic design verification, test patterns, created by a test 

pattern generator, are used to compare the results of simulation for both gate-level 

implementation and functional level description. In the presence of certain design 

errors, such a test set will produce different responses at the gate-level and at the 

functional level. This type of design verification is intended to ensure structural 

consistency between a functional level description of a circuit and its gate-level 

implementation. 

There are several approaches to this problem, such as breadboarding, 

simulation, and formal proof. The rising design and fabrication costs, as well as the 

growing VLSI complexity make the use of a prototype for extensive testing almost 

impossible. Simulation differs from breadboarding mainly in the presence of model of 

the system under consideration. The formal proof methods attempt to provide a 

mathematical proof that the gate-level implementation is structurally equivalent to 

the functional level description. However, in this thesis, we are interested only in the 
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relationship between the verification problem and the problem of test generation for 

single stuck-at faults, 

4.2 Verification via test generation 

In the verification method we present in this thesis, we try to solve the 

verification problem via test generation. It is shown that a complete test set that 

provide 100-percent coverage for single stuck-at faults for a combinational circuit also 

provides design verification testing for all single design errors of certain types. A 

flowchart of our approach can be found in Figure 1.2. 

4.2.1 Assumptions 

Below are the assumptions that are used in our verification approach. Most of 

algorithms in this field are based on these assumptions. 

(1) The functional level description can be simulated completely. 

(2) Only one design error occurs. 

(3) Only certain types of design errors can occur, as described in the following sec

tions. 

(4) The only gates used are AND, NAND, OR, NOR, and NOT. If XOR is used in 

the circuit under test, no design errors occur at those gates. 

(5) A complete single stuck-at fault test set can be found by ATPG; that is, for a 

design error, a test pattern should exist. Using the results of Chapter 3, if a test 

set can detect all faults in the fault list created by AFLG, it is complete. 
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(6) The circuits we deal with are combinational. 

The following subsections describe some kinds of design errors which can be 

detected by a complete test set. We will also discuss the behaviors of such errors in a 

combinational logic circuit. 

422 Gate replacement 

A gate replacement means that a incorrect circuit differs from a good circuit 

in that a single gate in the good circuit was replaced by a different one with same set 

of inputs. Consider Table 4.1, a truth table containing only the test patterns for a 3-

Inputs AND NAND OR NOR XOR 

Oil 0 1 1 0 0 

101 0 1 1 0 0 

110 0 1 1 0 0 

111 1 0 1 0 1 

000 0 1 1 0 

001 0 1 1 0 1 

010 0 1 1 0 1 

100 0 1 1 0 1 

Table 4.1 Truth table for testing gate replacement 

input AND gate. The first three patterns are for testing S-A-1 faults on each input 

line, as well as the output line, the fourth pattern is for testing all single S-A-0 faults 

at the inputs and outputs of the AND gate, and the rest of the patterns are for S-A-1 

on the output line. According to the theorems and implementation of AFLG in 
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LOVERD we described in Chapter 3, the first four test patterns are complete for 

testing all single stuck-at faults at the AND gate. The rest of input vectors (000, 001, 

010,100) can be used only to test for a S-A-l fault at the output of an AND gate, but 

such patterns are redundant because the S-A-l fault at the output of an AND gate 

can be detected by any of the first three patterns in the table. 

The second column in the table shows the outputs of an AND gate, while 

columns 3, 4, and 5 show the outputs of a NAND, OR, and NOR gates respectively. 

Compare column 2 with the next three columns on the right, it is obvious that the 

first three test patterns distinguish AND gates from NAND and OR gates, and the 

all-ones pattern distinguishes AND gates from NAND and NOR gates. But the out

puts are same for both AND and XOR gates if the first four test patterns are 

applied. Thus, if the good circuit contains a different gate (except XOR) instead of 

an AND gate, the error will be detected. 

Table 4.2 gives a summary of gate replacement cases and their related stuck-

at faults. In this table, we describe the gate replacements in a reverse order, namely 

a gate in a incorrect circuit is substituted for by a different gate in a good circuit. The 

reason is that test patterns are generated for a given gate-level implementation (a 

potential incorrect circuit), not for a functional level description (a good circuit). 

After generating a complete set of test patterns for the incorrect circuit, we apply the 

set of test patterns to the functional level description and simulate it to verify the 

consistency between the two levels. 
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Gate in incorrect circuit Gate in good circuit Stuck-at fault 

NAND S-A-0, S-A-l 

AND OR S-A-l 

NOR S-A-0 

AND S-A-0, S-A-l 

NAND OR S-A-l 

NOR S-A-0 

NOR S-A-0, S-A-l 

OR AND S-A-0 

NAND S-A-l 

OR S-A-0, S-A-l 

NOR AND S-A-0 

NAND S-A-l 

Table 4.2 Relations between gate replacements and stuck-at faults 

4.2.3 Extra inverter 

In this case, an extra inverter (NOT gate) has been accidentally inserted on 

some arbitrary line of the incorrect circuit. In this faulty circuit, there should be test 

patterns for testing S-A-0 and S-A-l at the output of the inverter if either of these 

faults is detectable. Then, the absence of the inverter in the good circuit will cause 

the output line (of the inverter in the incorrect circuit) to be S-A-0 or S-A-l when 

applying the test patterns. 

4.2.4 Missing inverter 

There are three types of lines in a circuit: primary input lines, gate output 

lines, and fan-out branch lines. If the inverter is missing from a primary input line, 

the test for that line will detect the error. If the missing inverter is on a gate output 
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line, this case is just like a gate replacement case, but only for two kinds of replace

ments: AND with NAND, OR with NOR. From the discussion of section 4.2.2, this 

error can be detected. Because LOVERD can guarantee that the stuck-at faults on 

the fan-out branches can be detected if the test patterns exist, if the missing inverter 

error happens on a fan-out branch line, that test pattern can detect it. 

42,5 Extra line 

Here, suppose that a designer has inadvertently added an extra line to the cir

cuit. Note, the inputs and outputs of the circuit under test should be identical for 

both functional level description and gate-level implementation (we will describe the 

input file formats in Chapter 6). If the extra line has no origin, this will be detected 

when counting the number of primary input lines. If the line has no destination, it 

will also be detected by counting the number of primary output lines. So, the main 

problem here to be solved is that some gate output (or primary input) has an extra 

fan-out branch, which serves as an input to some other gate. Consider the general 

situation shown in Figure 4.1. A test for a stuck-at fault on the extra line will make 

good circuit incorrect circuit 

1 — 
2— 

1— 
2— 

3 — 
4— 3 — 

Figure 4.1 The extra line design error 

the outputs of the incorrect circuit differ from the outputs of the good circuit with 
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absence of the extra line. For example, if G2 is an OR gate, the test pattern for S-A-

0 on the extra line will make the extra line have value D and the rest of the G2 inputs 

have value 0. The output of G2 will be D in the faulty circuit, but the good circuit 

without the extra line will produce 0. So, the test patterns can distinguish between 

the two circuits. If G2 is a NOR gate, the situation is similar. If G2 is an AND gate, 

the test pattern for detecting S-A-l on the extra line will distinguish the incorrect cir

cuit from the good one. The same argument holds for a NAND gate. Table 4.3 gives 

Circuit type Inputs 
G3 output 

Circuit type Inputs 
AND NAND OR NOR 

incorrect Oil 0 1 - -

good -11 1 0 - -

incorrect 100 - - 1 0 

good -00 - - 0 1 

Table 4.3 The extra line design error 

a summary of the extra line error detection. 

42.6 Extra gate (simple case) 

The case considered here is shown in Figure 4.2. The designer has included 

an extra gate, without making the circuit sequential and without substantially altering 

the overall topology. If the extra gate G2 is an AND gate, and Gl is AND or 

NAND, strictly speaking, it is not a design error because the incorrect circuit and 

good circuit are equivalent. Similarly, an extra OR before an OR gate or NOR gate 

is not an error, too. But if, for example, an extra AND gate occurs before an OR 
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good circuit incorrect circuit 

1 — 1 — 
2— 
3— 

2— 
3— 

Figure 4.2 The extra gate (simple case) design error 

gate or NOR gate, it is just as if the original G2 was an OR gate that had been 

replaced by an AND gate. According to the discussion of section 4.2.2 (gate replace

ment), the gate replacement design error can be detected. Similarly, the other cases 

of design errors of the simple extra gate can be equivalent to the design errors of the 

gate replacement. Using the results of section 4.2.2, we can distinguish between the 

two circuits in this simple extra gate case. 

4.2.7 Missing gate (simple case) 

Analogous to the previous case, suppose that the designer has left out an 

intended gate, and directly carried several lines into a following gate, as illustrated in 

Figure 4.3. Analysis of the examples in Table 4.4 shows the simple missing gate 

good circuit incorrect circuit 

1 — 

3— 
1 — 
2— 
3— 

Figure 4.3 The missing gate (simple case) design error 

design error is detectable. Similarly, the other combinations of Gx and G2 will yield 

the same conclusion, namely the simple case of missing gate can be detected. 
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Gate in good circuit 
Inputs (1,2,3) Fault under test 

output 

Gi Gi 
Inputs (1,2,3) Fault under test 

incorrect circuit good circuit 

AND OR 110 line3 S-A-l 0 1 

AND NAND 110 line3 S-A-l 0 1 

AND NOR 111 Iine3 S-A-0 1 0 

AND AND any any 0 or 1 0 or 1 

Table 4.4 Example of missing gate design error 

4.2.8 Missing gate input line (partial case) 

If the missing input line is a primary input, the error can be detected by 

counting number of primary inputs. It may therefore be assumed that the missing 

input line is one of a set of fan-out branches, as in Figure 4.4. In this case, whether 

good circuit incorrect circuit 

1 — 
2 — 

1 — 
2— 

3— 
4— 

3— 
4— 

Figure 4.4 The missing gate input line (partial case) design error 

or not the error can be detected depends on whether the test patterns for the faults 

around G2 are created so that the output of G2 will be affected by the output of Gv 

For example, if G2 is an AND gate, the all-ones test pattern will detect S-A-0 on the 

output line of G2. If the output of G j is 0, the incorrect circuit and the good circuit 

will produce different results. But if the output of Gt is 1, no error is detected. 

However, if there are many test patterns that detect the S-A-0 fault, there is 
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an increased likelihood that at least one of them will have value 0 at output of Gv 

4.2.9 An Incorrectly placed input line (partial case) 

This case is much like the case just discussed above. The error is that a line 

that should have led from G x to gate G3 instead leads from gate G2 to gate G3, as in 

Figure 4.5. The test set can probably only reveal the error depending on the value at 

good circuit incorrect circuit 

3 — 2'— 
3 

Figure 4.5 The incorrectly placed input line (parrtial case) design error 

line a in the good circuit. If the value of line a in the good circuit (output of G j) 

happens to be different from the value of line b in the incorrect circuit when the test 

pattern created for detecting a fault on line 4, the error can be found. Otherwise the 

result will not be different. 

4.3 Summary 

The main objection to the method presented in this chapter is that it does not 

provide a quantitative measure of the confidence in the correctness of the design if 

the simulation fails to show disagreement between the gate-level implementation 
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and the functional level description. This objection may be met in various way, but at 

least 100-percent confidence can be achieved that no single design errors of the kinds 

discussed in sections 4.2.2 to 4.2.9 have occurred. The class of errors that can always 

be detected includes simple gate replacements, extra or missing inverters, extra gate 

inputs, and simple extra or missing gates. The class of errors that can usually, but 

not always, be detected includes missing gate inputs, and exchanged lines. 
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CHAPTERS 

DESIGN ERROR DIAGNOSIS 

5.1 Introduction 

Diagnosis of digital systems is becoming much harder and more critical as 

their complexity and importance grow. Techniques for diagnosis that are adequate for 

gate-level circuits with boolean values may not be useful at high-level, so some 

common assumptions should be employed. In the LOVERD system, we still use the 

assumptions we used before. All the following discussions are based on these fault 

and circuit related assumptions. 

There are several test methods used on digital systems [Paul83]. The purpose 

of all such tests is to provide more information about which of the suspected faults in 

a digital system is really a fault. Usually this is done by narrowing down the set of 

suspects until only equivalent faults are left. Occasionally it is impossible to narrow 

the set of suspects beyond a certain point. That means there is no test which could 

give further information about which part is faulty. In the following sections, we will 

discuss three test methods used in LOVERD, and their implementations. The digital 

systems we discuss are gate-level combinational logic circuits and the parts under test 

are lines in the circuits. 

52 Classes of Tests 

There are four types of tests divided according to the conditions necessary to 
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use them. They are negative tests, positive tests, if and, only if (IFF) tests, and 

incremental tests. Only the first three types of tests are discussed, 

5.2.1 Negative Tests 

A negative test is also called an "if-then" test. The purpose of this test is to 

determine a set of suspects given that some output of a faulty circuit has a different 

value from the same output of a good circuit. The general form of the test is A —• B. 

The conclusion B says that some observable output has a specific value. The premise 

A is the conjunction of a subset of lines in the faulty circuit, and takes the following 

form: 

o^jno^n-  n°*(0 

where I. e L = {all lines in the faulty circuit}. The notation OK (If) means line I .  is 

O.K. if the line holds the expected value after applying a test pattern to the circuit. 

The implication 

OK(lJr)OK<!J n ~-  f )0K( l m )—*0 

states  that if  the set of lines {lvlv " " lm } is operating  cor rec t ly ,  then  the  ou tput  O 

holds a correct value. 

This type of test is employed if an unexpected value appears on a primary 

output when a test pattern is simulated. Because A is derived from the model and W 

is observed, one can infers, that is B —*A. Therefore one of the lines mentioned in 

the premise >1 must be faulty, and 

U^CU 
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is left as the conclusion. The set of suspects from a test of this type consists of all 

those lines mentioned in the premise. 

The set of conditions required for using negative tests are the following: 

(1) A test in the following general form must be found 

okqj  n ok (i j  n • • * n O K (u  - o 

(2) The observation O must be found. 

Two conclusions may be drawn from this type of test: 

(1) The set of lines {I v 12, ••• lm} are suspects, and at least one of them is faulty. 

(2) The set of suspects from this test can be intersected with a previous set of 

suspects producing a revised and perhaps smaller set of suspects. 

There are two observations to make about negative tests: 

(1) An unexpected output must occur for this test. If the expected output is observed 

instead of an unexpected one, nothing can be concluded from this test. 

(2) The suspects used in the premise of a test should ideally mention half the current 

set of suspects. If all or none of the suspects are mentioned in the premise, the 

test can not provide any information. 

5.2.2 Positive tests 

A positive test attempts to prove that the lines under test are O.K. instead of 

trying to show which ones are faulty. It does this if the expected value is observed dur

ing a test, and an unexpected output would be observed if there were a faulty line. 
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The general form of this test is ^4 -+B,  the contrapositive form. This kind of test is 

called "positive tests" because of the contrapositive condition and because it attempts 

to prove that the lines are O.K. instead of faulty. 

A positive test works in the following manner. Suppose the circuit has an unex

pected output when an input vector, I, is applied, and the following expression 

umu-*o 

is true. If the correct output O is observed, then 

oKQjnoKi im--  r \0K« m )  

can be concluded by logical deduction. If the correct output is not observed, the posi

tive tests can not be used but a negative tests might apply. The trick in getting a posi

tive test to work is that all lines in the premise are "sensitive" to the output O. When

ever OK (I;) is true, the wrong output O will be observed. It is important that the 

values applied to all lines in premise remain the same during the positive tests as they 

were during the observation of unexpected outputs. Also, all lines which are sensitive 

to the output O in the circuit should be included in the premise A. Stated more for

mally the conditions required for a positive test are the following: 

(1) Each critical line must have the same value applied as it did when the unex

pected output was observed. 

(2) Each line l{ must be sensitized so that 

uok(U-*O 

is true. In other words, If some has a faulty value it shows up at the observable 

output O. 
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(3) The output O must have the correct value, and the expected output O must be 

observable. 

(4) The circuit assumptions and fault assumptions must hold. 

If all these conditions are met, then the following conclusions can be made: 

(1) Each critical line l{ is O.K. and can be exonerated from the set of suspects. 

(2) The output line O is O.K. 

The conditions needed for this type of test are stronger than for negative tests. 

In general, these tests are harder to find than negative tests since more conditions 

must be satisfied in order for them to work. 

5.2.3 If and Only If (IFF) tests 

An IFF test is unique among the different types of tests because it is the only 

one that is guaranteed to give diagnostic information regardless of whether the output 

is expected or not. If the output is expected, it acts like a positive test and exonerates 

one or more O.K. lines from the set of suspects. If the output is unexpected, it acts like 

a negative test, and the set of suspects may be intersected with a previous set of 

suspects resulting in a smaller set of suspects. This IFF test may be divided into 

A —*3, the form for negative tests, and A —>B which is the form for positive tests. 

Thus if B is the result of performing an IFF test, then the A -*B form is used and A 

is concluded just as in the negative test. If B is the result, then the ̂ 4 —• B form is used 

and-4 is concluded just as in the positive test. 
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The set of conditions necessary for an IFF test are a combination of those 

needed for the positive and negative tests. But there is no requirement regarding 

whether O or O is observed, information can be obtained either way. If O is observed 

then the set of lines {lvl%, • • • lm } under test become suspects and may be inter

sected with the previous set of suspects. If O is observed, then it is concluded that 

each critical line (l<i<m ) is O.K. and may be removed from the current set of 

suspects. 

5.3 Algorithm 

The algorithm for the diagnosis in the LOVERD system is similar to the IFF 

tests we described above. The fault model and the results of the fault simulation, 

which creates the set of suspects, meet the conditions of the IFF tests as listed below: 

(1) Each line in the set of {/x, lv • • • /m } is sensitized. 

(2) The test of the following form can be used if the output O of the gate-level 

implementation is different from the output of the functional level description 

(negative tests) 

^ ( /^n O K ($ l )  n  • •  •  n  O K (C)  -  o 

(3) The following form can be applied if the output O of the gate-level implementa

tion is same as the output of the functional level description (positive tests) 

o^( / r )uoOU'"  UOKffi-.O 

(4) The circuit assumptions and fault assumptions hold. 
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where OK (I?'1) means that neither S-A-0 nor S-A-l faults appears on line I., and 

OK(Z.0'1) means that either a S-A-0 or S-A-l fault occurs on line l{. 

If the design error is the inversion on a line, such as the case where an AND 

gate is replaced by a NAND gate, or the case where a inverter is missing, etc., then the 

symptom of such design errors is that both S-A-0 and S-A-l faults will appear on the 

relevant line in a different set of suspects. Does that violate the conditions of the IFF 

tests? Examining the characteristics of such design errors, we find they are still con

sistent with the conditions of the IFF tests. Although two stuck-at faults exist in the 

circuit, the two faults can not be in effect at the same time. This is because they are 

not really stuck-at faults. They are design errors which can be treated as some type of 

stuck-at faults under some conditions. Whenever a test pattern is applied and the line 

under test is critical, it only shows one of the faults on the line. Because the set of test 

patterns created by ATPG for the verification and the diagnosis are complete, the 

both types of faults must be in some sets of suspects if they are detectable, but not in 

the same set of suspects formed by any one of the test patterns. Hence, the conditions 

of IFF tests are met since IFF tests deals with a single set at a time. However, condi

tion (2) and condition (3) have to be slightly changed when the "double faults" situa

tion described above happens. The conditions are modified as following: 

(2) The test of the following form is found (negative tests) 

ok{i,) n ok{ij n • • • n - ° 

(3) The following form is true (positive tests) 

OKJT^\jok(J^\J ••• uOK(M->O 
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Note, we use I. instead of That means we treat a line as an element in the 

set of suspects instead of a particular fault on a line as an element. 

The flowchart showing the implementation of the algorithm is given in Figure 

5.1. The reference circuit is used to compare its outputs with the ones of the circuit 

under test. For this purpose, the net list of a reference circuit must meet following 

requirements: 

(1) The number of primary inputs must be same as the number for the circuit under 

test. 

(2) The primary input line numbers may be different for both circuits, but the order 

must be same. For example, suppose there are three input lines in a circuit under 

test: control, dotal, and data2, the line numbers are linel = control, line2 = 

dotal, and Une3 = dotal. In a reference circuit, you may use lineS, 9, 10 as pri

mary input line numbers, but you must assign lineS = control, line9 - dotal, and 

linelO = data2 to obtain the same order as the circuit under test has. 

(3) The primary output lines must satisfy the same requirements that the primary 

input lines do. 

(4) There is no requirement for the internal lines of either circuit. 

After the internal structure of the reference circuit has been created, a test 

pattern is taken from the test pattern file "pat" created by ATPG, and the set of errors 

detected by the test pattern and the fault simulation is extracted from "pat" and put in 

the susp 0 and susp 1 arrays according to the S-A-0 or S-A-l faults. The "pat" is a tem-
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( ENTER ) 

NO YES 

NO 

YES 

result same with incorrect 
_ circuit? 

Are 
all test patterns in "pat1 

-— checked? 

Simulate the test pattern in reference circuit 

goodO = goodO .OR. suspO 
goodl = goodl .OR. suspl 

Get a test pattern from "pat1 

Get the set of all detected faults, 
put them in detectO and detectl arrays. 

Get the set of errors detected by the test 
pattern, put them in suspO and suspl arrays. 

badO = badO .OR. suspO 
badl = badl .OR. suspl 
Mark the set of suspects 

Remove "good" lines from "bad" 
badO = badO .AND. (.NOT. goodO) 
badl = badl .AND. (.NOT. goodl) 

Figure 5.1 Implementation of the diagnosis in LOVERD 
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NO YES 

SINGLE DOUBLE 

NO 

YES 

- only one fault on a 
line? 

flag SINGLE or 
-^DOUBLES-"" 

Are 
marked sets of suspeci 

checked? / 

EXIT 

badO = badO .AND. suspO 
badl =3 badl .AND. suspl 

Set SINGLE flag. 
Both badO and badl 
will be used later 

badO = badO .AND. (suspO .OR. suspl) 

Get a marked set of suspects, 
put them into suspO and suspl 

Set DOUBLE flag. 
Put lines with both SAO 
and SA1 faults in badO 
badO = badO .AND. badl 

Intersect "bad" with "detect": 
SINGLE: 
badO = badO .AND. detectO; 
badl = badl .AND. detectl. 
DOUBLE: 
badO = badO .AND. (detectO .OR. detectl). 

Figure 5.1 Implementation of the diagnosis in LOVERD (continued) 
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porary file that contains all test vectors and the results of the fault simulation. Then, 

the test pattern is applied to the reference circuit. The reference circuit is simulated, 

and the outputs are compared to those of the circuit under test. If the outputs are 

same, the positive test is used. All faults detected by the test pattern and the fault 

simulation in the susp 0 and susp 1 arrays are O.K., and are put in the goodO and goodl 

arrays with the previous results according to the S-A-0 and S-A-l faults they 

attempted to detect. 

If the outputs are different, the negative test is used. All faults detected are 

suspects, and the set of suspects are marked for late use. But at this time, the current 

suspects, susp 0 and susp 1, are put into the badO and badl arrays with the previous 

results instead of being intersected with the previous set. The reason is that we want 

to check whether the design error is an inversion error on a line after finishing simula

tion of all test patterns. Before checking the inversion error, the good sets must be 

removed from the bad sets to minimize the bad sets. If it is not an inversion error, 

the SINGLE flag is set, the test pattern file is scanned second time, and the sets of 

suspects with marks are picked out to narrow the badO and badl arrays by intersection 

with the previous results. The final elements left in the badO and badl arrays are pos

sible fault locations and their related faults. If the design error is an inversion error on 

a line, the DOUBLE flag is set, and the badO and badl arrays are intersected first to 

produce the set of suspected faulty lines. Similarly, the test pattern file must also be 

scanned a second time to narrow the set of suspects further by intersection with the 

previous results. The final elements in the set are the possible faulty lines with both S-
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A-0 and S-A-l faults. Whatever the design error is an inversion error or not, the badO 

and badl arrays must be intersected with the detectO and detectl arrays to achieve a 

better result since we only concern with the detected faults. 
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CHAPTER 6 

IMPLEMENTATION 

We have already discussed all the algorithms used in the LOVERD system 

and the considerations for their implementations. In this chapter we will present the 

implementation of the LOVERD system from the programming point of view, 

including file formats, data structures and program modules. We will also go through 

a complete example to show how the LOVERD system works. Finally we will discuss 

the performance of the LOVERD system using some benchmarks. The program is 

written in the "C" programming language and runs on the UNIX operating system. 

6.1 Input flies 

The input files include a faulty circuit net list, a reference circuit net list and a 

fault list. The faulty circuit net list file is necessary while the other two depend on 

which options are selected. If a user wants to use his/her own fault list instead of the 

complete fault list created automatically by LOVERD, he/she has to provide the 

fault list. If the verification and diagnosis is required, the reference circuit net list 

must be provided. The format of the net list file and the format of the fault list file 

are described in below. 

Net list file format 

The net list file should include information about gate types and their 

interconnections. Generally, there are two ways to describe a circuit using a net list. 
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One is to number all gates and to give their interconnections. The other is to number 

all lines and to give their relationships with the gates. In LOVERD, the second 

format is used to describe a circuit. An example of a circuit net list is given in Figure 

6.2, which describes the two-bit full adder circuit of Figure 6.1. 

Explanation: 

(1) Format of each line: 

< line number > < gate type > < predecessors of gate >; 

where, each field is separated by blanks (spaces, tabs, or carriage returns), and 

the predecessors of each gate are also separated by blanks. The line is ter

minated by a semicolon. 

(2) line numbers are continuous. There are no unused line numbers between the 

first line and the last line. 

(3) In case of fan-out, all fan-out branches have different numbers from their 

fanout stem. 

(4) The first line number must be equal to or greater than 1. 

(5) If both the faulty circuit and the reference circuit are used, the number of pri

mary input lines and the number of primary output lines must be same, and 

their orders must also be same. 

(6) Only the following eight gate types are allowed: 

INPUT, AND, NAND, OR, NOR, XOR, NOT, FAN. 

They must be entered in upper-case characters only. 



Figure 6.1 A two-bit full adder 
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(7) There is no predecessor if the gate type is INPUT, the predecessors of gate field 

can be 0 or blank The other gate types should have at least one predecessor. 

Fault list file format 

The fault list file is optional. If it is required, it is provided separately from 

the net list file of the faulty circuit. The format of an example is shown in Figure 6.3. 

Explanation: 

(1) Format of each pair: 

(line number, type of fault) 

where line number gives the line under test, and type of fault is either S-A-0 fault 

or S-A-l fault given as 0 or 1 respectively. Each pair is enclosed by parentheses, 

and separated by blanks. 

(2) Line number can only be one of the line numbers in the net list file. 

(3) Type of fault can only be either 0 or 1. 

(4) The maximum number of pairs is equal to 2*(munber of lines). 

6.2 Output files 

The output files are used for showing the execution results of the LOVERD 

system. There are three files: a fault simulation report (freport), a verification report 

(vreport), and a diagnosis report (dreport). 

Fault simulation report (freport) 



Logic 
1 INPUT 0; 
2 INPUT 0; 
3 INPUT 0; 
4 FAN 1; 
5 FAN 1; 
6 FAN 2; 
7 FAN 2; 
8 FAN 3; 
9 FAN 3; 
10 FAN 3; 
11 AND 4 6; 
12 OR 5 7; 
13 FAN 11; 
14 FAN 11; 
15 FAN 12; 
16 FAN 12; 
17 AND 815; 
18 OR 916; 
19 AND 10 14; 
20 OR 1317; 
21 FAN 20; 
22 NOT 21; 
23 AND 18 22; 
24 OR 19 23; 
25 FAN 20; 

Figure 6,2 The circuit net list of a two-bit full adder 

Faults 
(1, 0) (1,1) (2, 0) (2,1) (3, 0) (3,1) (4, 0) (4,1) 
(5,0) (5,1) (6,0) (6,1) (7,0) (7,1) (8,0) (8,1) 
(9,0) (9,1) (10,0) (10,1) (11,0) (11,1) (12,0) (12,1) 
(13,0) (13,1) (14,0) (14,1) (15,0) (15,1) (16, 0) (16,1) 
(17,0) (17,1) (18,0) (18,1) (19,0) (19,1) (20,0) (20,1) 
(21, 0) (21,1) (22, 0) (22,1) (23, 0) (23,1) (24,0) (24,1) 
(25,0) (25,1) 

Figure 6.3 The fault list of a two-bit full adder 
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This file is created if fault simulation is selected when LOVERD is executed. 

There are two formats for this file. One is a long format, which is selected by com

mand option -I. This option usually produce a very large file if the faulty circuit is a 

big one. This file may be used for examining the details of ATPG. The file consists 

of blocks, which are identified by test patterns. Each block has five items as 

explained below: 

(1) Fault: 

It gives the fault picked from fault list to generate the test pattern. 

(2) Test pattern: 

It gives the test pattern created for the fault selected. If this fault is undetect

able or dropped, it will give the message "NO TEST PATTERN". 

(3) Faults detected by the test pattern: 

It gives a list of all faults detected by the test pattern and the fault simulation, 

including some faults that have already been detected. 

(4) Faults yet undetected in the circuit: 

It gives a list of all faults remaining in the fault list, which includes undetectable 

faults, dropped faults and the faults that have not been tested. 

(5) Fault coverage so far: 

It shows the result of the fault coverage calculated so far. The expression for 

calculating the fault coverage is: 

detected faults 
fault coverage = 

total faults 
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At the beginning of the file, there is also a header showing the primary input lines 

and primary output lines of the faulty circuit. 

Because the file is very big, it will take a lot of time to output the results, 

therefore it is suggested that the user not use the -l option unless he/she wants to 

analyze the results of ATPG and the fault simulatioa 

The other format for the fault simulation report is a short one, as shown in 

Figure 6.4 on page 10. This format is the default one. It uses only the last two items 

of the last block in the long format. That is, the file first includes two items, one is 

the undetectable and dropped faults, and the other is the final fault coverage. The 

two additional items that are put in this block are the number of undetected faults 

and the time used for detecting faults. 

Verification report (vreport) 

This report shows the results of comparing outputs of the faulty circuit and 

outputs of the reference circuit for each test pattern, as shown in Figure 6.5 on page 

11. If there is a result showing an inconsistency in the comparison, there must be a 

design error in the faulty circuit. If all results show no inconsistencies in the com

parison, certain types of design errors are guaranteed not to have occurred according 

to the discussions in Chapter 4. 

Diagnosis report (dreport) 

In this file, information on the possible locations of the design errors in the 

faulty circuit can be obtained. An example of the file is shown in Figure 6.6 on page 
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12. This file shows the design error only as a S-A-0 fault or a S-A-l fault. Thus, 

further analysis is needed to identify the type of design errors according to the dis

cussion of Chapter 4. 

6.3 Data Structures 

Some of the important data structures and variables used in the LOVERD 

system are described below. All global variables are included in lovercLh file. 

(1) CKT LINE (structure for circuit): 

This structure includes all the necessary information about a circuit, such as 

gate type, line value, predecessors and successors. The array ckt stores all lines 

in a circuit using this data structure. 

(2) FAULTJJNE (structure for faulty lines and their faulty values): 

The array fault uses this data structure to store the fault list. 

(3) PRE_STATUS (structure for FTLO stack): 

In this structure, there is a primary input line and its value, a tag used for 

recording whether the first assignment of the primary input line has been tried, 

a objective line, an array of modified lines, an array of detected D-frontiers, 

and an array of added D-frontiers. It maintains the status of the circuit when 

the process is going on. The current status is stored in stack after the implica

tion procedure is finished. The information stored in it is used for restoring the 

current circuit status to a previous state whenever a conflict occurs. 

(4) D_FRONT (set of D-frontiers): 
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This is a queue for storing the D-firontiers. 

(5) PI (primary input array): 

This array stores all primary input lines. 

(6) PO (primary output array): 

This array stores all primary output lines. 

(7) MODGATE (array for outputs of gates whose inputs have just been modified): 

When the process enters the implication phase, this array records all output 

lines of gates whose inputs have been modified or set since the current primary 

input assignment. 

There are some other global variables and data structures defined in the 

lovercLh file. A user who wants to use or modify the subroutines in the LOVERD 

system should be familiar with all such variables and data structures. 

6.4 Program Modules 

The program is divided into several files: loverd.Ii, readf.c, atpg,c, Junc.c, 

fsim.c, verd.c, queue.c, and lib.c. 

Explanation: 

( 1 )  l o v e r c L h :  

This file includes all global data structures, global variables and definitions. 

(2) readf.c: 

The routines in this file implement the functions of reading net list files and 
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fault list files. 

(3) atpg.c: 

This module acts as the ATPG function in LOVERD. It includes the main rou

tines for implementation of the PODEM algorithm. The other miscellaneous 

subroutines used in ATPG can be found in filefitncc, queue.c, and lib.c. 

(4) fsim.c: 

The routines in this file implement the test-pattern-oriented fault simulation 

function in LOVERD. They are called if the fault simulation option is selected 

when LOVERD is executed. The "freport" file is created as the result of the 

execution. 

(5) verdc: 

The routines in this file perform the verification and diagnosis functions in 

LOVERD. It will output the "vreport" and "dreport" files containing the results 

of the verification and the results of diagnosis respectively. 

(6) func.c: 

This file includes miscellaneous subroutines called by the routines in the atpg.c 

file. 

(7) queue.c: 

This file includes basic manipulating routines for a single-link queue. 

(8) lib.c: 

This is a set of common miscellaneous routines. 
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6.5 An Example 

In this section, we will show an example of the LOVERD system. The circuit 

is a two-bit full adder, as in Figure 6.1. Its net list is shown in Figure 6.2, and its fault 

list is in Figure 6.3. The design error inserted is that the 18-OR gate has been 

replaced by the 18-AND gate. 

Test Pattern Generation: 

Select a fault (line = 18, S-A-l): 

objline = 18, gut = 18, fault_val = 1 

Backtrace: 

assign PI(3) = 0 

Implication: 

line8 = 0, line9 = 0, line 10 = 0, line 17 = 0, line 18 = D, 

linel9 = 0 

Is the objline satisfied? YES. 

Is a primary output reached? NO. 

Get a new objline: 

objline = 23 

Backtrace: 

assign PI(1) = 0 

Implication: 

line4 = 0, line5 = 0, line 11 = 0, line 13 = 0, line 14 = 0, 

line20 = 0, line21 = 0, line22 = 1, line23 = E>, line24 = 0, 
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Une25 = 0 

Is the objline satisfied? YES. 

Is a primary output reached? YES, the primary output is line24. 

Test pattern: 

(0, X, 0) 

Fault Simulation: 

•Test Pattern: 

linel = 0, line2 = X, line3 = 0 

"Fault detected by the test pattern: 

linel 1 = S-A-l, linel3 = S-A-l, linel7 = S-A-l, linel8 = S-A-l, • 

linel9 = S-A-l, line20 = S-A-l, Une23 = S-A-l, line24 = S-A-l, 

line25 = S-A-l 

The above example only gives one result. After trying to detect all possible 

faults in the faulty circuit, LOVERD will give the complete "freport" as follows (the 

short format): 

* Fault Simulation Report * 

Primary inputs: 
<1> <2> <3> 

Primary outputs: 
<24> <25> 
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'Faults yet undetected in the circuit: 
9 = S-A-0,16 = S-A-0, 18 = S-A-0, 21 = S-A-l, 22 = S-A-0, 
23 = S-A-0 

'Number of undetected faults: 6 

*Time used (sec): 0.12 

*FauIt coverage (%): 88.0 

Figure 6.4 Fault simulation report of a two-bit full adder 

Verification: 

The following is a verification report. 

* Verification Report * 

Comparison results: 

testl is correct. 
test2 is correct. 
test3 is correct. 
test4 is correct. 
test5 is correct. 
test6 is correct. 
test7 is correct. 
testS is wrong. 
test9 is corrfcci. 
testlO is correct, 
testll is wrong. 

Figure 6.5 Verification report of a two-bit full adder 
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Diagnosis: 

Using the algorithm illustrated in Figure 5.1, we show the results of the main steps 

below: 

Put O.K. lines in. good array: 

good 0 = {1,2,3,4,5, 6, 7,8,10,11,12,13,14, 15, 16,17,19,20,21, 24,25} 

good 1 = {1,2,3,4,5, 6,7,8,10,11,12,13,14,15,17,19,20,22, 23, 24,25} 

Put all suspects in bad array: 

susp 0 = {} 

susp lt = {3, 9, 18, 19, 23, 24} 

susp 12 = {1,2,5, 7, 11,12,14, 16, 18} 

bad d = {} 

bad 1 = {1, 2, 3,5, 7, 9, 11, 12, 14, 16, 18,19, 23,24} 

Remove the intersection of the good and bad sets from the bad set: 

badO = badQf)goodO = {} 

bad 1 = badlf)goodl = {9, 16, 18} 

Check whether there is an element in both sets of bad 0 and bad 1. If there is one, set 

DOUBLE, otherwise set SINGLE: 

badOf]badl  = {}  

It is empty, set SINGLE. 

Narrow the bad by intersecting with susp arrays: 

bad 0 = bad0f)sitsp0 — {} 

bad 1 = badlf)snsp ^(^suspl? = {18} 
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Finally, narrow the bad by intersecting with undete array: 

badO = bad Of] detect 0 = {} 

bad 1 = bad 1(~) detect 1 = {18} 

The "dreport" shows the final result: 

* Diagnosis Report * 

Possible fault locations: 

18 = S-A-l 

Figure 6.6 Diagnosis report of a two-bit full adder 

6.6 Performance of the LOVERD System 

The LOVERD system is written in the "C" programming language, and run 

on a SUN 3/260 under the UNIX operating system. The most time consuming part 

in LOVERD is ATPG. To test the performance of this part, 8 benchmark circuits 

given by Fujiwara and two full-adder circuits are used. A backtrack limit was given 

for generating each test pattern. The time taken to generate a test pattern was also 

recorded. Finally the fault coverage was calculated. Table 6.1 shows the results of 

test generation performance. 
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Circuit (#faults) # undetected faults # dropped faults fault coverage (%) time/fault (s) 

c432 (864) 23 56 90.9 0.05 

c499 (998) 0 50 94.9 0.06 

c880 (1760) 2 0 99.9 0.02 

C1355 (2710) 136 74 92.3 0.13 

C1908 (3816) 269 100 90.3 0.18 

c2670 (5340) 402 34 91.8 0.07 

c3540 (7080) 2504 339 59.8 0.23 

c5315 (10630) 568 177 92.9 0.11 

fadd8 (562) 0 0 100.0 0.01 

faddl6 (1122) 0 0 100.0 0.03 

Table 6.1 Performance of ATPG with backtrack limit 30. 
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CHAPTER 7 

CONCLUSION 

The LOVERD system includes several modules which are all useful in the 

field of testing, verification and diagnosis for combinational logic circuits. The 

purpose of the development of LOVERD is to provide an environment in which a 

functional level description of a combinational logic circuit and its gate-level 

implementation can be verified for structural consistency in some ways. If the results 

of the verification show the inconsistency, the diagnosis procedure is invoked and the 

information about possible design errors are given to the designers. 

The test generation part is the primary part in LOVERD. The LOVERD 

system is organized so that this part can be used independently for different 

applications. Also, this part can be replaced by other ATPG algorithms only if the 

internal data structures are compatible with the rest of ones in LOVERD. 

The fault simulation part has the same characteristics that the test generation 

part has. It is designed for working with the test generation part and yields very good 

results. Some improvements still can be made for both test generation part and fault 

simulation part to speed up the execution and to produce a higher fault coverage. 

The key part in the LOVERD system is the verification. With the 

assumptions we put in our discussion, some types of design errors can be detected. 

This verification method provides a easy implementation way and a new direction to 

verify the consistency between the functional level description and the gate-level 
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implementation. Some kinds of assumptions still should be relaxed so that this 

verification method can cover more types of design errors, and finally gives a designer 

somehow 100 percent confidence of his/her designs. 

Diagnosis is a very hard problem. At present, only negative tests, positive tests, 

and IFF tests are considered in our approach for the diagnosis part in the LOVERD 

system, thus it does not include all possible types of tests. Its primary purpose is to 

determine the groups of faulty lines in which they may not be distinguished. The 

further optimization and partition could improve the results of the diagnosis. The 

undetected faults (including undetectable and dropped faults) can really hurt the 

results of the verification and the diagnosis. So increasing fault coverage is very 

important. The higher the fault coverage is, the better the results of the verification 

and the diagnosis will be. 



APPENDIX A 

USER'S MANUAL 
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NAME 
loverd - logic design verification and diagnosis. 

SYNOPSIS 
loverd -n fliel [-f file2 [ s]] [-1] [>4 file3] 

DESCRIPTION 
loverd reads the net list of the circuit under test whose name is filel and generates test 
patterns for each fault in the fault list. The fault list can be provided by file2 if the -/ option 
is used. Otherwise the fault list is created by loverd itself. If the diagnosis function is 
required, loverd reads the net list of the reference circuit named fileS. The results of the fault 
simulation are output to "freport" file, while the results of the verification and results of the 
diagnosis are output to "vreport" and "dreport" respectively. The fault simulation is not 
executed only when -/ option is selected and -s is not, otherwise, the fault simulation is always 
executed. 

OPTIONS 
-n Hie 

-ffile 

-s 

-1 
-d file 

EXAMPLES 
loverd -n file -1 

This example generates all test patterns for all faults in the circuit under test provided in file. 
The fault list is created automatically by loverd. The fault simulation is performed and the 
"freport" is created with long format. 

loverd -n filel -/file2 

In this example, loverd generates all test patterns for all faults in the fault list file2 It does not 
execute the fault simulation. 

loverd -n filel -dfile2 

This command reads the net list of the circuit under test filel and the net list of the reference 
circuit mfile2, creates all test patterns for all faults in the circuit under test and executes the 
fault simulation to reduce the time of ATPG. Then it uses the reference circuit to verify and 
diagnose the circuit under test if there is a design error in the circuit. 

provide the net list of circuit under test in file. This is actually not an option. This net 
list file must be provided. 

provide the fault list in file. It is only effective when -d is not selected. If -/ and -d 
are selected at same time, -/ will be suppressed. 

invoke the fault simulation. It is only effective when -/ is selected. 

use long format in "freport" file. 

provide the net list of the reference circuit in file, and invoke the verification and the 
diagnosis. It is suggested that -d and -/ be not used at same time. If -d and -/ are 
selected at same time, -/ will be suppressed. 
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