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ABSTRACT 

This thesis presents a new technique, the don't-care propagation method, for logic 

design verification and functional error location in which a gate-level implementation of a 

circuit is compared with a functional-level specification. In this method, test pattern set 

which is generated to detect single stuck-line faults in the gate-level implementation, are 

used to compare the gate-level implementation with the functional-level specification. In 

the presence of logic design errors, such a test set will produce responses in the implemen

tation that disagree with the responses in the specifica tion. In the verification phase of the 

design of logic circuits using the top-down approach, it is necessary not only to detect but 

also to locate the source of any inconsistency that may exit between the functional-level 

specification and the gate-level implementation. The proposed technique determines the 

region which contains the function error. This method has very high resolution that the 

region usually contains a single gate or a line and therefore, reduces the time required for 

debugging by the designers. 
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CHAPTER 1 

INTRODUCTION 

1.1 Overview and Recent Development 

In the design of integrated circuits, at all levels of abstraction, verification tools com

pare the design at different levels to make sure that in the synthesis process the designers 

or optimization tools have not introduced errors, particularly logic errors [1]. Due to the 

high complexity of VLSI design and the complexity of synthesis tools, this has become 

increasingly important [2]. Note that even if one has access to correct-by-construction 

design methods, the issue of proving that the software implementation is also correct 

remains open [3]. Consequently, it is necessary to detect, locate, and correct any in

consistency that may exist between the functional-level specification and the gate-level 

implementation. The design flow chart of a VLSI circuit and functional verification are 

shown in Figure 1.1. 



Verification 

Logic 

Design 

Circuit 

Design 

Physical 

Design 

Functional 

Design 

Design 

Specification 

Figure 1.1: The design flowchart of a VLSI circuit and functional verification. 
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There are three approaches at this stage of the design process. The first approach 

is simulation [4,5]. In this approach the functional-level circuit and gate-level circuit are 

both simulated with the same test patterns applied to the inputs, and the outputs of these 

circuits are then compared to check for any inconsistency. Although [5] elegant ideas on 

the detection of various design errors were provided in [5], they didn't show how to locate 

the errors. Our approach is also based on the simulation method which can detect and 

locate various types of logic design errors. 

The second approach is Boolean comparison. The functional-level specification is con

verted into a Boolean expression and then this i6 compared with the Boolean equation 

that corresponds to the manually designed gate-level circuit. In [6,7], the equivalence is 

tested by proving the graph isomorphism of binary decision diagrams and by proving the 

tautology of the exclusive-Oil of the two functions in [8-10], Both methods do not offer 

information on the location of a logic error. 

Recently, Tumura [11] proposed a new approach which partitions the functional-level 

specification, and extracts the corresponding sub-functions from the gate-level circuit. 

The combinational circuit is modeled as a black box that has the same input data signals, 

input control signals, and output data signals as the functional-level specification. After 

that, by using hybrid symbolic simulation, the author can locate the error to some region. 

The disadvantages of this approach are extra control circuits needed, and partition and 

extraction are not easy jobs for general users. Especially, those external pins for testing 

are potential sources of manufacturing failure. Other current methods include the formal 

proof methods [12-14]. 
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Figure 1.2: The schematic diagram of functional verification. 

1.2 Basic Concepts of Functional Verification 

The approach in this paper treats the functional-level specification as a black box, 

and the gate-level implementation as an "existing product". The test patterns for the 

single stuck-line faults, i.e., stuck-at-0 faults (SAO) and stuck-at-1 faults (SA1), are gen

erated from the gate-level implementation by applying the PODEM algorithm. These 

test patterns are then applied to both the functional-level specification and the gate-level 

implementation to check if there is an inconsistency on any primary output. If an inconsis

tency is found, it can be sure that there is a design error in the gate-level implementation 

and we can further locate the site of error. This method is deterministic and has high 

resolution. The schematic diagram is shown in Figure 1.2. 

1.3 Assumptions 

Here are the assumptions that underline our approach. 
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1. The functional specification need not be completely simulatable, i.e., some test 

patterns may not exist. Usually, it is not easy to have a complete single stuck-

line fault test set if we have a functional design error which generates a redundant 

circuit. In this paper, we will show that we can find a design error in gate-level 

implementation even a redundant gate exists. 

2. Only one design error exists. 

3. Only the design errors: a gate replacement, an extra/missing inverter on the output 

of a gate, an extra gate, a missing gate, and an extra wire mentioned in [5] can be 

detected and located. 

4. The gates used are AND, NAND, OR, NOR, XOR, XNOR, NOT, and BUFFER. 

5. Only five symbols 0, 1, D, D, and X(don't-care) are used. The inactive primary 

inputs are assumed to be don't-cares. 

6. The circuit is combinational. 

7. Timing errors are not explicitly considered. 

Now, we begin discussing the algorithms used to detect and locate the various kinds of 

design errors. In the following section, we will describe the don't-care propagation tech

nique first. If the design error cannot be located precisely by the don't care propagation 

alone, we will use the union-intersection technique [15] discussed in Chapter 4 to narrow 

down the region containing the error. The overall system and the experimental results 

are presented in Chapter 5. 
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CHAPTER 2 

PODEM 

In this chapter we discuss the Path Oriented DEcision Marking (PODEM) algorithm. 

We first review some basic concepts of topological test generation. Then, we discuss all 

the procedures used in the PODEM algorithm. 

2.1 Basic Concepts of Topological Test Generation 

This section will review some of the basic concepts of topological ATPG. Test gener

ation algorithms can be classified into two groups: algebraic algorithms and topological 

algorithms. Algebraic test generation algorithms create tests for digital logic by exploit

ing some algebraic representation of the fault free and the faulty circuit. Topological 

algorithms generate tests by using a topological search. 
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Table 2.1: Value of a composite signal. 
Good Circuit 

0 1 

0 0 D 
Faulty 
Circuit 

1 AD 1 

2.1.1 The D Notation 

D notation was first introduced by J. Paul Roth at IBM Research Center at Yorktown 

Heights [18]. The D signal is a composite signal. It represents the signal value of the 

good circuit and the faulted circuit at the same time. Table 2.1 shows us how to decide 

the value a composite signal. 

If the value of a line at good circuit is the same as that of the faulted circuit, the value 

of the line will take a value of logic 0 or logic 1. In this situation, there is no different 

between good circuit and faulted circuit according to this line. If the value of a line at 

the good circuit is different from that of the faulted circuit, the value of the line will be 

"D", indicating logic a "1" on the good circuit and "0" on the faulted circuit, or 

indicating a "0" on the good circuit and "1" on the faulted circuit. 

2.1.2 Singular Cover 

For a logic element G which realizes the logic function f, the singular cover of G is a 

set of the prime implicants of f and /(the complement of f). Each prime implicant of the 

singular cover is called a singular cube. For example, consider the two-input NAND gate 



17 

1 1 2 3 
A 

B 

3 

2 

0 X 1 

X 0 1 

1 1 0 

Figure 2.1: A two-input NAND gate and its singular cover. 

illustrated in Figure 2.1. The prime implicants of f are A and B , and the prime implicant 

of / is A*B. The singular cover of the NAND gate is also shown in Figure 2.1 

2.1.3 Primitive D-Cube of a Fault 

In order to excite the fault at the fault site, the primitive D-cube of a fault(pDcf) must 

be defined. A pDcf is used to excite the fault in terms of the input and output lines of 

the faulty logic element. For instance, consider the NAND gate shown in Figure 2.2(a). 

Suppose there is a SAl fault at the output, line 3. To test the fault it is necessary to set 

"0" on the output line, and thus line 1 and line 2 must be forced to logic 1. Then the 

value of line 3 will have logic 1 if the fault is present and logic 0 if the fault is absent. 

Figure 2.2(b) shows the primitive D-Cube of the SAl fault. If there is a SAO at line 3, 

line 3 must be set to logic 1. To excite the fault, at least one of the input lines must be 

forced to logic 0. So, the result of primitive D-cube of the SAO fault is shown in Figure 

The primitive D-cubes of a fault can be constrcuted by intersecting pairs of singular 

cubes from the singular covers of the normal and faulty logic elements. In the following 

example, there is a fault that transforms a NOR gate into an AND gate as in Figure 2.3. 

2.2(c). 
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1 

(a) 

1 2 3 1 2 3 

1 1 0 X D 

X 0 D 

(b) <C) 

Figure 2.2: A two-input NAND gate and its pDcf. 

The singular covers of the normal and faulty gates are also shown in Figure 2.3. By 

intersecting Normal Gate with output O(NGO) and Faulty Gate with output l(FGl). 

2.1.4 Propagation D-cubes 

After exciting the fault at the fault site, we must try to drive a "D" or "2?" signal 

to an observable output. During propagation, we have a "D" or "Z?" on one or more 

inputs of a basic logic element. Then, we want to set the remaining inputs in such a way 

that the value of the output can be forced to "D" or "D". At this stage, propagation D-

cubes(pDc) of a fault are used to help D or l\D" signals pass through basic logic elements. 

Each entry of the propagation D-cubes represents a situation that a "D" or "T>" signal 

can pass through a basic logic element. Therefore, when we propagate a signal through 

a circuit, we search through the table of propagation D-cubes for an entry that matches 

the condition. The chosen entry tells UB what values must be set on the other inputs 

of the circuit. For example, consider the two-input NAND gate shown in Figure 2.4. If 
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(a) 

Normal Gate 
with output 0 

(NGO) 

(c) 

Faulty Gate 
with output 0 

(FGO) 

1 

1 2 3 

X 1 0 

1 X 0 

0 X 0  

X 0 0 

1 2 3 

Normal Gate 
with output 1 

(NG1) 

(b 

0 0 1 

) 

1 2 3 

Faulty Gate 
with output 1 

(FG1) 

(d 

1 1 1 

) 

1 2 3 

pDcf 0 0 D 

1 1 AD 

(e) (0 

Figure 2.3: A fault and its pDcf. 
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AD 
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AD 
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AD 

1 
1 

AD 

D 
AD 

D 

AD 

D 

Figure 2.4: A NAND gate and its pDc. 

there is a "D" on line 1, we can choose the third row or the fifth row of the pDc table in 

Figure 2.4 to propagate the "D" through the NAND gate. 

2.1.5 Path Sensitization, Backtracing, and Backtracking 

If we want to detect the fault, we must make the fault observable at a primary output. 

Therefore, for the purpose of driving the fault effect to a primary output of the circuit, 

there is path sensitization, which sensitizes a path from the fault site to a primary output. 

During the test generation, it is necessary to select some objective lines where the fault 

effect will pass through. After selecting an objective line, we choose a primary input and 

a logic value such that the chosen logic value assigned to the primary input has a good 

likelihood of helping to set the selected objective line to a desirable value. This process of 

searching a path from an objective line backward to a primary input is called backtracing. 

The topological test generation technique can be regarded as a path searching tech

nique. During the search, there may exist multiple paths which can be selected to propa

gate the fault effect to a primary output. Therefore, we must make a decision to choose a 

path to continue the test generation. If this selection can not generate a test, the effects 
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of the choice must be removed and selection of another path is considered. This process 

is called backtracking. 

2.2 The Analysis of PODEM Algorithm 

In this section, the PODEM algorithm is described in detail. First, we introduce this 

algorithm. Then, we begin to describe the backtrace, forward implication, and backtrack 

procedures. 

2.2.1 Introduction to the PODEM Algorithm 

the PODEM algorithm was invented by Geol in 1981 [16). It is an improved version 

of the D algorithm for test generation of combinational digital circuits. Unlike the D 

algorithm, the PODEM algorithm allows assigning values only to primary inputs. After 

assigning values to primary inputs, the PODEM algorithm uses forward implication to 

propagate the value to internal lines. Therefore, backtracking can only occur at the 

primary inputs, the PODEM algorithm investigates all primary input patterns implicitly 

but exhaustively as a test for a selected fault. The criterion for a successful test is that 

a "D" or UD" has been propagates from the fault site to a primary output. The test 

generation process will terminate if the PODEM algorithm determines that no primary 

input pattern can be a test. 

A flowchart of the PODEM algorithm is shown in Figure 2.5. First, we select a fault 

from the uncovered faults in the fault list. Then, we begin to excite the fault. The line 

under test is selected to be inital objective line (IOB). If the fault is a SAO(SAl) fault, 



Start 

Select a fault 

Select an IOB 

Backtracing 

possible to 
find a test 

Forward 
implication 

YES 
Conflict Backtracking 

NO 

impossible to 
find a test NO Reach a ^ 

^ ^ p r i m a r y  o u t p u t ^  

1 YES 

with test ^ 
Exit 

with no test 

Figure 2.5: The flowchart of the PODEM algorithm. 
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the line under test must be set to "D" (or "D"). After obtaining "D" or UD" on the line 

under test, we need to choose another initial objective to propagate the fault effect one 

step further to a primary output. 

After we had an initial objective, the backtrace procedure is applied to obtain an 

primary input assignment that will help to set the initial objective to a desirable logic 

value. Once deciding a value on a primary input, we use forward implication to determine 

signal value on internal lines. If the forward implication is done successfully, changes 

in the circuit state due to the last primary input assignment are stored on the stack. 

Unfortunately, if the forward implication is done unsuccessfully, the backtrack procedure 

is used to find a new primary input assignment. At this point, changes in the circuit state 

due to the last primary input assignment must be removed. 

Backtrace, forward implication, and backtrack procedures are executed whenever they 

are needed until the initial objective is satisfied. After it is satisfied, anew initial objective 

which is the easiest to observe among the available paths is selected if a "D" or "Z?" is not 

propagate to a primary output. The test program will terminate either when the stack 

is empty or when a "D" or "Z?" reach a primary output. If the stack is empty, there is 

no test for the line under test. In contrast, we has generated a test if a "D" or "U" has 

occured at a primary output. 

Before we discuss procedures in the PODEM algorithm, some important global vari

ables are defined as follows: 

1. DJist: It contains ail elements of the group of D frontiers. A D frontier is a gate 

whose one or mure inputs is "D" or and output is "X". 
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2. SETCO: It stores a list of lines which have been changed from "X" to "0", "1", 

"D", or "Z?w since the last primary input assignment. 

3. MODIN: It stores a list of gates that have had some of their inputs modified since 

the last application of the forward implication procedure. 

4. INC: It stores a list of lines which were added to the group of D frontiers since the 

last primary input assignment. 

5. DEC: It contains a list of lines which were removed from the group of D frontiers 

since the last primary input assignment. 

6. IOB: The line for which a pDc or pDcf is being generated. An IOB is the initial 

objective line at each stage of the test generation. 

2.2.2 Backtrace Procedure of the PODEM Algorithm 

Figure 2.6 shows the flowchart of backtrace procedure of the PODEM algorithm. First, 

the initial objective line and initial objective level are determined. If the line under 

test(LUT) has not been assigned a value, the initial objective line will be the LUT and 

the initial objective level will be a complement of the type of fault. If we need to propagate 

a "D" or "£>" through a gate, the initial  objective line will  be the line that "D" or "D" 

signal tries to pass through. Then, a line which has logic "X" and is an input of the initial 

objective line will be selected to be the next objective line. At this point, the logic value 

of the current objective line is decided by the type of the gate whose output is current 

objective line. For instance, logic 0 is for OR or NOR gate, and logic 1 is for AND or 

NAND gates, a single path from the initial objective line to a primary input. During 
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Figure 2.6: The flowchart of backtrace. 
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the backtrace process, we uses some heuristics to choose the next objective line and a 

suitable logic value. If the logic value of the current objective line can be obtained by 

setting any one input of the gate to a certain level, the input that can be easily set is 

chosen to be the next objective line. If the logic value can only be obtained by setting 

all inputs of the gate to a certain logic value, the input that is hardest to set is chosen to 

be the next objective line. We select the hardest input because an early determination of 

the inability to set the chosen input will save time that would be wasted in attemping to 

set the remaining inputs of the gate. Backtracing uses controllability measures to obtain 

the easiest and the hardest to control input of a gate. 

2.2.3 Forward Implication 

The flowchart of forward implication is shown in Figure 2.7. After assigning a primary 

input, we use the forward implication procedure to drive the value of internal lines. Dur

ing implication, all signal values that are implied by the primary input assignment are 

determined. The lines which change the value during the forward implication are stored 

in SETCO. MODIN stores gates whose inputs have been modified since the algorithm 

entered the forward implication procedure. Only lines in MODIN are picked for signal 

determination. If a line is selected from MODIN and the value is determined to be "X", 

it will be deleted from the MODIN. 

If any signal value is determined, MODIN will be modified accordingly. The forward 

implication procedure will terminate whenever the MODIN is empty or any conflict has 
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Figure 2.7: The flowchart of forward implication 



28 

occured. If MODIN is empty, the alogrithm will go to the backtrace procedure to continue 

the test generation process. Otherwise, it will enter the backtracking procedure. 

2.2.4 Backtracking Procedure of the PODEM Alogrithm 

The flowchart of backtrack procedure is shown in Figure 2.8. First, it removes all the 

effects which are generated since the last primary input assignment. At this step, the 

value of lines which are stored in SECTO are changed back to logic "X". Lines stored in 

INC are removed from the DJist. Moreover, lines stored in DEC are added to the DJist. 

After restoring status of the circuit, the algorithm will choose a primary input and a logic 

value to continue the test generation process. If there is no choice available, the algorithm 

will terminate and there is no solution for the given fault. 
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30 

CHAPTER 3 

DON'T-CARE PROPAGATION ALGORITHM 

3.1 Concept of Don't-Care Propagation 

The don't-care propagation algorithm can distinguish two gates if any test pattern 

which contains don't-care(s) is applied to both gates, and results in one gate having an X 

on its output and either a 0 or 1 on the output of the other gate. This is because these two 

gates have different functions such that one can propagate an X to its output but the other 

cannot. For instance, if the incorrect gate is an n-input OR. gate or AND gate as shown 

in Figure 3.1, after applying the input pattern 1, X, ..X or 0, X, ..X, respectively, 

the output is an X. However, by applying the same input pattern to the corresponding 

ideal (functionally correct) gates, we can detect the discrepancy by observing an X on the 

output line of the ideal gate. 

The cases of distinguishing between an OR gate and a NOR gate or an AND gate 

and a NAND gate will be discussed later. Similarly, we can also detect an incorrect 
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Figure 3.1: Don't-care propagation for n-input OR gate and AND gate, 

NOR(NAND) gate, because the output of the incorrect NOR(NAND) gate is 0(1) and 

the output of the ideal gate is an X. However, an incorrect XOR or XNOR gate cannot 

be detected by this method and will be handled by another technique in the next section. 

The following theorem shows how to apply the don't care propagation technique in a 

circuit. 

Theorem 1: A gate can be identified as an incorrect gate after a test pattern containing 

only one X is applied to the primary input lines of both the incorrect and the ideal circuits 

with no reconvergent fanout among the paths from the primary input with the X to the 

primary output, if the following conditions hold: 

Incorrect gates Correct gates 

1. at least an X is on one of its input lines and either a 0 or 1 is on its output line, 
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2. a stuck-line fault on its output line can be propagated to a primary output of the 

circuit, 

3. either a 0 or 1 is on the primary output of the incorrect circuit while an X is on the 

corresponding primary output of the ideal circuit, and 

4. the missing wire design error is not considered. 

Proof: An incorrect gate could be caused by a design error due to accidental gate re

placement, an extra-inverter on one of its inputs or output, or an extra-gate on one of its 

inputs, ..., etc. If the output of an ideal gate has a logic value of X after a test pattern 

which contains at least one X is applied to the corresponding incorrect gate and either a 

0 or 1 is generated on its output, then the ideal gate and the incorrect gate must have 

different functions according to the analysis in Figure 3.1. It is obvious that two gates 

with the same logic function should have the same output if the inputs are identical. 

Therefore, condition (1) is necessary. 

However, since the ideal circuit is treated as a blackbox in the verification process, we 

can only compare the final values on the primary outputs rather than the intermediate 

outputs of individual gates. The second condition of this theorem, i.e., a stuck-line fault 

on the output line of the incorrect gate can be propagated to the primary output of the 

incorrect circuit, is necessary to observe the output of the incorrect gate. Under the single 

error assumption, the rest of the ideal circuit except the incorrect gate should have the 

same function as the corresponding part of the incorrect circuit. Therefore, if a stuck-line 

fault on the output line of the incorrect gate can be propagated to its primary output, 

the same should be true for the ideal gate. 
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But, as stated in condition (4), we do not consider the case of a missing wire error 

because a missing wire is "invisible" in the incorrect circuit while the ideal circuit is 

treated as a "blackbox". From the results in [5], this functional design error can be 

detected but not located. 

The reason why we need only one X on one of the primary inputs of the circuits and 

no reconvergent fanout between the primary input with the X and the primary output 

is because we need a unique path from the primary input via the incorrect gate to the 

primary output. Hence, condition (3) indicates that an inconsistency is detected. After 

tracing back through this path, the location of the error can be determined according to 

conditions (1) and (2). • 

From the above theorem, we know that we might have more than one gate identified 

as incorrect if a reconvergent fanout exists between the primary input with an X and the 

primary output. Only one of these gates is an actual functional design error, but we can 

not identify which one it is. Therefore, we have the following lemma: 

Lemma 1: If all conditions in Theorem 1 are satisfied except that a reconvergent fanout 

exists between the primary input with an X and the primary output, then all gates 

detected by Theorem 1 are suspect gates of a functional design error. • 

From Theorem 1, we can quickly locate an incorrect gate. For instance, in Figure 3.2, 

a 2-input OR gate A in the ideal circuit is replaced by a 2-input AND gate B in the 

incorrect circuit. We apply 0 and X on the input lines of gate B, and then propagate 0 

from its output to the primary output of the incorrect circuit. After applying the same 

inputs to the ideal circuit, we found that X is propagated to the primary output of the 



34 

0 0 

0 

X 

0 

1 
0 

Incorrect Circuit 

0 X 

0 

X 

X 

1 
X 

Ideal Circuit 

Figure 3.2: Concept of don't-care propagation algorithm. 

ideal circuit. Since only gate B of the incorrect circuit has an X on an input line and a 

SAl fault on its output can be propagated to the primary output, we conclude that gate 

B is an incorrect gate. 

3.2 Details of the Don't-care Propagation Algorithm 

In the following, we will describe each step of the don't care propagation algorithm in 

detail. 

[A] Levelize the circuit under test from every primary output to the primary inputs. Any 

inverter or buffer connected to an input line of a gate is assumed at the same level as that 

gate. The gates which connect to the primary outputs are at level 1, and the following 

levels are levels 2, 3, ... etc. Usually, primary inputs have the highest level in this case. 

[B] Process the circuit under test from the primary outputs to the primary inputs by 

utilizing the test generation program PODEM [16], Theorem 1, and the following heuristic 
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hypothesis : "the best way to generate test patterns is to start from the primary output 

to the primary inputs such that a gate of the circuit under test has at least one X on 

its inputs and a stuck-line fault on its output can be propagated to an primary output." 

This is because we will have more primary inputs to be variables (don't-cares) or choices 

if we need to find a test pattern for a wire which is far away from the primary inputs. 

Oppositely, if we fix the values on the primary inputs at the beginning of test pattern 

generation, then these values will propagate from the primary inputs to the primary 

output such that some gates might be prevented from having any X on their inputs. 

[C] The wire assignments : 

(a) During the forward implication in the test generation process, we have to assign 

suitable values for the outputs of other gates in order to propagate the desired value on 

an input line of the target gate ( A target gate is a gate which has one or more input 

lines to be tested for either a SAO or SA1 fault) to the observable output. During the 

backtracing process, the target gate determination follows the algorithm in [16]. For every 

other gate, we assign a value to an input which is easiest to set and leave other inputs to 

be X's according to the following 4 cases : 

(al) AND gate: one input is a 0 and the others are X's, if the output is a 0; 

(a2) OR gate: one input is a 1 and the others are X's, if the output is a 1; 

(a3) NAND gate: one input is a 0 and the others are X's, if the output is a 1; 

(a4) NOR gate: one input is a 1 and the others are X's, if the output is a 0; 

However, we cannot assign a logic X on an input line of an XOR or XNOR gate if the 

output is not an X. For all cases other than (al) to (a4), we need to assign either Q's or 
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1's to all the inputs of the gate and therefore, the input hardest to set was chosen first as 

in the PODEM algorithm. 

Sometimes, we might not be able to assign a value of X on aline as desired. Therefore, 

some functional design error can generate outputs without any X on both the circuit under 

test and the ideal circuit. In this case, we have to use a technique, the union-intersection 

method described in the next chapter, to find the incorrect gate. 

(b) If the output of a gate which contains at least one primary input in a circuit under 

test has logic X, assign logic value of non-fanout inputs of the gate as follows: 

(bl) AND or NAND gate: assign the easiest to control input a 1 and all others X's. 

(b2) OR or NOR gate: assign the easiest to control input a 0 and all others X's. 

(b3) XOR gate and XNOR gate: assign a 0 or 1 to the input line which is easiest to 

set and X's to all other inputs. 

These assignments may save some works on condition [F]. 

If backtracking is necessary, we will change X to 0 or 1 without considering whether X 

can be propagated through the gate or not. This is because a don't-care by definition 

can be either 0 or 1, and the only loss by doing this is the opportunity to propagate the 

don't-care. 

[D] If the gates (at the next lower level) connected to a suspect gate are of the same type 

as the suspect gate, e.g., an OR gate connects to a suspect OR/NOR gate or an AND 

gate connects to a suspect AND/NAND gate, then these gates are also suspect gates. 

This is due to that the inputs of these gates have the same meaning as the inputs of the 

incorrect gate. 
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[E] After a test pattern has been generated, we apply this test pattern to the circuit under 

test, and record the corresponding value on each line. With the value on each line and the 

gate type of each gate, we can collect all the other stuck-line faults which are detected by 

this test pattern by applying deductive fault simulation method [19]. The set of stuck-line 

faults collected by applying this test pattern is stored in either the suspect_line_set or the 

good-line-set so that they can be used in union-intrsection procedure. The procedure will 

be discussed in chapter 4. 

[F] The following is the detailed procedure to locate the suspect gates. 

• Step 1: Record the test pattern which propagates an X to an output of the ideal 

circuit. 

• Step 2: If there is only one X in the test pattern, use Theorem 1 to locate the 

incorrect gate. 

• Step 3: If there are more than one X in the test pattern, keep only one of these 

inputs, the target input line, to be X and change X's on the other active primary 

inputs to be either 0 or 1 without blocking "X" from propagating on the primary 

output of the ideal circuit. An active primary input is a primary input which 

must be assigned a value of 0, 1, or X for the the test pattern to be valid. However, 

if logic X is blocked on the primary output of the ideal circuit, then keep the "X" on 

the primary input line of the circuit under test. This is because the current primary 

input line has fanout branches which are necessary for don't-care propagation. 

There are 2 cases to assign a logic value on the primary input lines: 
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(1) the assignment of other active primary input lines which connect to 

the same gate as the target input line, (2) the assignment of active primary input 

lines which do not connect to the same gate as the target input line. For case (1): 

- a. For an OR or NOR, gate, assign a 1 to every other active input if there is a 

1 on an input line of the gate already, otherwise, assign a 0. 

- b. For an AND or NAND gate, assign a 0 to every other active input if there 

is a 0 on an input line of the gate already, otherwise, assign a 1. 

For case (2): 

- a. For an OR or NOR gate, assign a 0 to every other active input if there is a 

1 on an input line of the gate already, otherwise, assign a 1. 

- b. For an AND or NAND gate, assign a 1 to every other active input if there 

is a 0 on an input line of the gate already, otherwise, assign a 0. 

This process is continued until a test pattern propagates an X to the primary output of 

the ideal circuit. Following that, we use Theorem 1 to locate the incorrect gate. 

[G] We assign a logic value on the primary output of the circuit under test based on the 

following heuristic so that we can propagate logic X to the primary output of the ideal 

circuit as soon as possible. 

(1)1 for OR gate and NAND gate, 

(2) 0 for AND gate and NOR gate. 
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A2 

Figure 3.3: An incorrect circuit with a 2-input AND gate replaced by a 2-input OR gate. 

Example 1: Use the don't-care propagation algorithm to locate the design error in the 

logic circuit of Figure 3.3, where gate B should be a 2-input AND gate rather than a 

2-input OR gate. 

Solution: After levelizing the logic circuit to be 3 levels, we try to find a test for SAl 

fault on line I first according to 3.2[G]. Since line I has to be 0, we assign 0 to line j and 

X to line k according to 3.2[C](a). Line j = 0 implies that lines d and e should be 0's, 

Next, we have to assign 0 to line h and X to line i according to 3.2[C](b). Finally, lines 

a, 6, and c are assigned 0, X, and 0, respectively, and we obtain pattern #1 in Table 3.1. 

However, no inconsistency at the outputs is found after this test pattern is applied to 

both the incorrect and the ideal circuits. 

Next, we try to find a test for a SAO fault on line j .  Since both line j  and line k  should 

be 1, SAO on line k can also be detected. We assign either line d or line e an X with line 

j  =  1 .  D u r i n g  t h e  b a c k t r a c i n g  p r o c e s s  w i t h  l i n e  k  =  1 ,  w e  a s s i g n  l i n e  i  a  1  a n d  l i n e  h  

a n  X  a c c o r d i n g  t o  t h e  r e q u i r e m e n t  i n  3 . 2 [ C ] ( a )  s i n c e  l i n e  i  i s  e a s i e r  s e t  t o  1  t h a n  l i n e  h .  

Then, we assign 1, X, 1 to lines a, b, and c, respectively. Therefore, we have test pattern 
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Table 3.1: Don't-care propagation in the circuit of Example 1. 

Test Pattern No. 1 2 3 

P. 1. 

a 
b 
c 
d 
e 

0 
X 
0 
0 
0 

1 
X 
1 
X 
1 

l 
X 
1 
0 
1 

P. 0. Incorrect 
Ideal 

0 
0 

1 
X 

1 
X 

I SA1 I SAO I SAO 

Faults Detected 
j SAO 
kSAO 

j SAO 
kSAO 
eSAO 

#2 in Table 3.1. After this pattern is applied, we find that an X is propagated to the 

primary output of the ideal circuit and a 1 to the primary output of the incorrect circuit. 

Prom Theorem 1, gate A1 and gate A2 are suspect gates. Note that in the row indicating 

"faults detected" of Table 3.1, the faults above the line segment in each column are the 

faults that we want to generate a test pattern to detect originally and faults below the 

line segment are those detected by the derived pattern. 

Item a of case(2) in 3.2[F] is used now to determine which one is the functional design 

error. Therefore, we assign line d a 0 as test pattern #3 in Table 3.1. After applying this 

test pattern to the ideal circuit again, we observe that the X on line b is propagated to 

the primary output of the ideal circuit. Since there is a reconvergent fanout at line 6, we 

can only consider gate A2 as a suspect gate but not an incorrect gate according to lemma 

1, Meanwhile, since both gate B and gate A2 are OR gates, they are all suspect gates 

according to 3.2[D]. 
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There are 4 points should be mentioned here : 

• We only locate an error but do not identify the type of error. 

• It is not necessary to generate tests for all single stuck-line faults in a circuit to 

locate the error. 

• There are some undetectable stuck-line faults such as SAl and SAO on line a, SAO 

on line /, and SAO on line h in Example 1 because line b is a redundant line in the 

incorrect circuit. 

• Since gate A2 and gate B are of the same type, we may connect lines g and c to 

gate A2 and delete line i without modifying the logical operation of the incorrect 

circuit. 

After doing this, we can see clearly that we actually have a missing gate which is a 

2-input AND gate. Hence, our algorithm indicates that gate A1 is an incorrect gate rather 

than gate B. 
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CHAPTER 4 

UNION-INTERSECTION AND XOR/XNOR GATES 

There are two cases that the don't-care propagation algorithm is not sufficient to locate 

logic design errors. The first case is that there is an XOR or XNOR gate in the circuit. 

The second case is that if the don't-care propagation algorithm cannot propagate an X 

to a primary output but an inconsistency is detected, we then have to use the union-

intersection procedure to locate the functional design error. 

4.1 Diagnosis of Incorrect XOR/XNOR Gates with Odd Inputs 

We will analyze this problem based on the number of inputs of an XOR or XNOR 

gate. Assume that the XOR/XNOR gate has an odd number of inputs. As an example, 

we use the truth table of several 3-input gate6 in Table 4.1 to analyze the properties of 

a gate with odd number of inputs. From the table, we list all the test patterns that can 

distinguish the XOR or XNOR gate from other gates; 

[1] XOR-AND: 001, 010, 100. 
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Table 4.1: Truth table of 3-input gates. 

INPUTS XOR XNOR AND NAND OR NOR 

0 0 0 0 1 0 1 0 1 
0 0 1 1 0 0 1 1 0 
0 1 0 1 0 0 1 1 0 
0 1 1 0 1 0 1 0 
1 0 0 1 0 0 1 1 0 
1 0 1 0 1 0 1 1 0 
1 1 0 0 1 0 1 1 0 
1 1 1 1 0 1 0 1 0 

[2] XOR-NAND: 000, 011,101,110, U\. 

[3] XOR-OR: 011,101,110. 

[4] XOR-NOR: 000, 001, 010, 100. 

[5] XNOR-AND: 000, 011, 101, 110, 111. 

[6] XNOR-NAND: 001, 010, 100. 

[7] XNOR-OR: 000, 001, 010, 100. 

[8] XNOR-NOR: 011, 101, 110. 

From Table 4.1 and the above list, we have the following obervations: 

• [A] If we have an XOR or a XNOR gate in the incorrect circuit, we then apply the 

following four types of input patterns in order to distinguish it from gates AND, 

NAND, OR, and NOR: 

— [Al] 00 • - * 0 (All zeros); 

— [A2] 11 • • • 1 (All ones); 

— [A3] Any input pattern other than the above test patterns, that causes the 

output of the XOR or XNOR gate to be 1; 
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- [A4] Any input pattern other than the above test patterns, that causes the 

output of the XOR or XNOR gate to be 0; 

• [B] If an XOR or an XNOR gate in the ideal circuit is replaced by an AND, OR, 

or NOR gate, then patterns [1] ~ [8] can o{fer some information for the union-

intersection procedure. In addition, the don't-care propagation algorithm may also 

be able to detect and locate this functional design error. 

• [C] If all detectable input and output lines of an AND, NAND, OR, or NOR gate 

have both SA1 and SAO in the suspect_line_set, the possible design error for each 

case is as following : 

- [CI] AND: NAND or XNOR; 

- [C2] OR: NOR or XNOR; 

- [C3] NAND: AND or XOR; 

- [C4] NOR: OR or XOR. 

From [C], we can see that there is a pair of gates on the right side of the colon in each 

case which cannot be distinguished by the test patterns generated from the gate on the 

left side. For instance, all the test patterns of a 3-input NAND gate such as 111, Oil, 101, 

and 110 cannot distinguish the NAND gate from a 3-input XNOR gate (see Table 4.1). 

4.2 Diagnosis of Incorrect XOR/XNOR Gates with Even Inputs 

In this section, we use the truth table of 4-input gates to analyze the properties of a 

gate with even number of inputs. 

[1] XOR-AND: 0001, 0010, 0100, 1000, 0111, 1011, 1110, 1111. 
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Table 4.2: Truth table of 4-input gates. 

INPUTS XOR XNOR AND NAND OR NOR 

0 0 0 0  0 1 0 1 0 1 
0 0 0 1  1 0 0 1 1 0 
0 0 1  0  1 0 0 1 1 0 
0 0 1 1  0 1 0 1 1 0 
0 1 0 0  1 0 .0 1 1 0 
0 10 1 0 1 0 1 1 0 
0 1 1 0  0 1 0 1 1 0 
0 1 1 1  1 0 0 1 1 0 
1  0 0 0  1 0 0 1 1 0 
1 0 0 1  0 1 0 1 1 0 
1 0 1 0  0 1 0 1 1 0 
1 0 1 1  1 0 0 1 1 0 
1 1 00 0 1 0 1 1 0 
1 1 0 1  1 0 0 1 1 0 
1 1 1 0  1 0 0 1 1 0 
1 1 1 1  0 1 1 0 1 0 

[2] XOR-NAND: 0000, 0011, 0101, 0110, 1001, 1010, 1100. 

[3] XOR-OR: 0011, 0101, 0110, 1001, 1010, 1100, 1111. 

[4] XOR-NOR: 0000, 0001, 0010, 0100,1000, 0111,1011, 1101, 1110. 

[5] XNOR-AND: 0000, 0011, 0101, 0110, 1001, 1010, 1100. 

[6] XNOR-NAND: 0001, 0010, 0100, 1000, 0111, 1011, 1101, 1110, 1111. 

[7] XNOR-OR: 0000, 0001, 0010, 0100, 1000, 0111, 1011, 1101, 1110. 

[8] XNOR-NOR: 0011, 0101, 0110, 1001, 1010, 1100, 1111. 

From Table 4.2 and the above list, we have the following obervations: 

• [A] If we have an XOR or a XNOR gate in the incorrect circuit, we then apply the 

following four types of input patterns in order to distinguish it from gates AND, 

NAND, OR, and NOR: 

- [Al] 30 • • • 0 (All zeros); 
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- [A2] 11 • • • 1 (All ones); 

- [A3] Any input pattern other than the above test pattern, that causes the 

output of the XOR or XNOR gate to be 1; 

- [A4] Any input pattern other than the above test pattern, that causes the 

output of the XOR or XNOR gate to be 0; 

• [B] If an XOR or an XNOR gate in the ideal circuit is replaced by an AND, OR, 

or NOR gate, then patterns [1] ~ [8] can offer some information for the union-

intersection procedure. In addition, the don't-care propagation algorithm may also 

be able to detect and locate this functional design error. 

• [C] If all detectable input and output lines of an AND, NAND, OR, or NOR gate 

have both SA1 and SAO in the suspectJine_set, the possible design error for each 

case is as following : 

- [CI] AND: NAND or XOR; 

- [C2] OR: NOR or XNOR; 

- [C3] NAND: AND or XNOR; 

- [C4] NOR: OR or XOR. 

From [C], we can see that there is a pair of gates on the right side of the colon in each 

case which cannot be distinguished by the test patterns generated from the gate on the 

left side. For instance, all the test patterns of a 4-input NAND gate such as 1111, 0111, 

1011, 1101, and 1110 can not distinguish the NAND gate from a 4-input XOR gate (see 

Table 4.2). 
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4.3 Union-Intersection 

The union-intersection procedure applies the negative tests in [15]. A negative test is 

also called an "if-then" test. The general form of the test is A —• B. The conclusion B 

says that the primary output has a specific value. The premise A is a conjunction that 

looks like OK(Pi) A.. .A OK(Pn) A [h ., ,Im\. Therefore, the implication A —• B means 

that a set of n paths {P\... Pn} of an incorrect circuit makes the primary output lines on 

both the incorrect circuit and its ideal circuits have the same logic value after applying 

the same test pattern to the primary inputs {/i.. ./m) on both circuits. 

Since this is an if-then test, we can write B -+ A, i.e. "If there is an inconsis

tency between the primary output of the incorrect circuit and that of its ideal circuit 

—* OK{P\) V ... V OK(P„) V I\ V ... V Im." For convenience, we may use ERR(P,) 

instead of OK(P{). We, then, rewrite the above formula as "If there is an inconsis

tency between the primary output of the incorrect circuit and that of its ideal circuit —+ 

ERR(Pj) V ... V ERR(P„)." The notations OK(Pt) and ERR(P,) are defined as follows 

: OK(P,)(OK(P,')) represents that no inconsistency occurs between both of the primary 

outputs after the test pattern which checks the SAl(SAO) fault on path P,- of the incor

rect circuit is applied, and ERR(P,-)(ERR(P/)) represents that an inconsistency occurs 

between both of the primary outputs after the test pattern which checks the SAl(SAO) 

fault on path P,- of the incorrect circuit are applied. Therefore, once an inconsistency is 

detected, each of the n paths could be a design error. Let P,(SAl)(Pi(SAO)) represent 

the SAl(SAO) fault on path P;. We represent the suspectJine^set as ERR[ ] which in

cludes Pj(SAl)(Pt(SAO)) if ERR(Pt)(ERR(P/)) is true and the goodiine_set as OK[ ] 
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which includes P,-(SAl)(Pi(SAG)) if OK(Pi)(OK(P/)) is true. The same situation for the 

primary inputs {i"i.. .Im). 

After all test patterns have been applied to both circuits, the final suspect Jine-set can 

be derived from ERR[ ] — ERR[ ] A 0K[ ]. We exclude all the faults which belongs 

to the good_line_set 0K[ ] from the suspect_line_set ERR[ ] in order to reduce the size 

of ERR[ ]. This is because P; is correct if P;(SA0) or Pj(SAl) is in 0K[ ] and is only a 

suspect of a functional design error if P,(SA0) or P,(SAl) is in ERR[ ]. For example, if 

we apply three test patterns to both the incorrect and the ideal circuits, and test patterns 

#1 and #2 cause inconsistencies and test pattern #3 offers consistency, as following: 

Test Pattern #1 SA1 : LI, L3, L4 and L5; SAO : None; 

Test Pattern #2 SAl : LI, L3, L8 and L9; SAO : None; 

Test Pattern #3 SAl : test OK for L3, L8 and L9; SAO : None; 

We take the union of the faults detected by applying test patterns #1 and #2, and then 

exclude the same faults tested by test pattern #3. Therefore, we have Ll(SAl), L4(SA1), 

and L5(SA1) in the suspect_line_set ERR[ ]. This means that lines LI, L4, and L5 may 

have design errors. 

If all lines connected to a gate are in ERR[ ], except those lines which are undetectable, 

a functional design error must have dominated the output of the gate so that the gate 

may be a suspect gate. This is because that the logic value on the output of the gate 

offers an inconsistency while propagating a SAl(or SAO) fault on the output line to a 

primary output of the incorrect circuit so that all detectable input lines which cause the 

output to be 0(1) must fail to be detected for either SAl or SAO faults on themselves. 
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Therefore, if we can find a test pattern for a stuck-line fault on an input of the gate, and 

the test pattern generates no inconsistency oil both of the primary outputs, then the value 

on the output of the gate must be correct. Because we found that the design error does 

not dominate the output of the gate, the gate is not a suspect gate of the design error. 

Therefore, if all wires of a gate are in suspect Jine_set, we have to include the output line 

of the gate in the suspect-gatejset. 

On the other hand, if a primary input line is in ERR[ ] and the gate connected to it 

is not in ERR[ ], then it should be put in Buspect-gate-set. This is because we treat 

a primary input line like a buffer whose output has the same logic value as its primary 

input. It is possible that the stuck-line faults on the output of the gate which connects to 

the primary inputs are in the good Jine_set since some inputs of the gate may mask the 

effect of the incorrect primary input. 

The above discussion does not consider the case of an extra/missing inverter. If a 

line has an extra/missing inverter and no fanout, then both SAO and SA1 of this line 

must be in ERR[ ]. We do not consider locating the extra/missing inverter error on a 

line with fanout since this will result in multiple errors Therefore, after all test patterns 

are applied, we have to check if any line has an extra/missing inverter, and then correct 

it. It is clearly that the line on the closest level to the primary output of the incorrect 

circuit is the incorrect wire for this design error, since all the wires passing through it to 

the primary output must have both SAO and SAl in ERR[ ]. On other words, we may 

think that wire is the source of error so that all its downstreams are erroneous too. Note 

that from 4.1[C], we can see that a gate replaced by an XOR or XNOR gate is equivalent 
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to an extra/missing inverter. Based on the concepts that the effect of a functional design 

error at a gate in the suspect _gate_set or an extra/missing inverter can be propagated to 

the primary output of the ideal circuit and tho application of the don't-care propagation 

in the test pattern generation, we have the following theorems: 

Theorem 2: After all the test patterns generated by the don't-care propagation algo

rithm have been applied and no X is detected at the primary output, the line on the 

most adjacent level to the primary output has a functional design error — either an ex

tra/missing inverter or a gate replacement of XOR/XNOR if the line and all its detectable 

preceding lines have both SAO and SA1 in the suspectJine_set ERR[ ]. • 

Theorem 3: If all detectable stuck-line faults of all wires on a gate are in the suspect_line_set, 

we have to include the output line of the gate in the suspect_gatejset. • 

Theorem 4: All the primary inputs in the suspectJine_set can have functional de

sign errors even if the output lines of these gates connected to them are not in the 

suspect_line_set. • 

Now that the concepts of don't-care propagation and union-intersection have been 

introduced, we need to utilize them in a systematic way in order to detect, locate, and 

even identify the design errors in a logic level circuit. 
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CHAPTER 5 

LOGIC VERIFICATION AND FUNCTIONAL ERROR 

LOCATION 

In this section, we will introduce the logic error location system utilizing the don't-care 

propagation and the union-intersection techniques. The whole system is divided into two 

major modules: the error detection module and the error location module. The flowchart 

is shown in Figure 5.1. 

5.1 Error Detection 

The detail implementation of the detection module is depicted in Figure 5.2. 

In step (1), if the primary output set po_set is not empty, we take one primary output 

from the po_set, and then levelize all the predecessor gates of this primary output to the 

primary inputs. After levelizing the gates, we include all the output lines of these gates 

and all the primary inputs to these gates in testJine_set in step (2). Both the x_flag and 

the error Jlag are initialized to 0. The error Jlag=l indicates that there is an inconsistency 
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detected by the test patterns 

in suspect_line_set 

Generate test patterns for the stuck-line 
faults on the output/P.I.'s of the current gate 

Figure 5.1: Flowchart of the overall verification system. 
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{ /* Error detection module */ 
(1) while (po.set of the logic circuit != empty) 

{take one primary output from po_sat; 
levelize all predecessor gates of the primary output; 

(2) include all output lines of these gates and primary input 
lines to these gates in the test_line_set; 

x_flag = 0; 
error_flag = 0: 

(3)..(13) test SAO and SAl faults for every line in the test_line_set; 
(14) if (error_flag == 1) go to (16); 
(15) delete the current primary output line from po_set; 

> /* end of while (po_8et is not empty) */ 
(16) if (error_flag == 1) 

go to error location module; 
(17) else 

the logic circuit is correct and DONE; 
> /* end of the detection module */ 

(a) 

(3) while (test_line_set != empty) 
(4) •{ select a line from the test_line_set; 
(5) if (the line is the output line of an XOR or XNOR) 
(6) { apply condition 4.1 for the XOR or XNOR gate; 
(7) if (P.O. of the circuit under test != 

P.O. of the ideal circuit) 
store the line in the exclusive_set; 

else 
(8) { generate test patterns for SAO and SAl on the current line; 

apply the test patterns to both circuits; 
(9) if (P.O. of the circuit under test != 

P.O. of the ideal circuit) 
(10) if (the P. 0. of the ideal circuit is an X) 

•C x_flag =1; /* set the x.flag */ 
error_flag =1; /* set the error_flag */ 

exit the while loop; > /* jump to (14) •/ 
(11) else 

{ store all other detected faults 
in the suspect.line_set; 

error_flag =1; > 
(12) else /* no inconsistency occurs. */ 

store all other detected faults in the good_line_set; 
} 

(13) delete this line from the test_line_set; 
> /* end of while (test_line_set != empty). */ 

(b) 

Figure 5.2: Error detection module. 
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at the outputs of the circuit under test and the ideal circuit and therefore, a design error 

exists. The xJlag=l indicates that one output has an X and the other output has a 0 or 

1. In steps (3) ~ (13), we will test SAO and SAl faults for every line in the testJine^set by 

applying conditions [C], [D], [G] in section 3.2, and the PODEM algorithm. The details 

will be discussed later. 

After finishing testing the subcircuit leading to the current primary output, we go to 

step (14) to check if any fault remains in the suspect_line_set. If the error jlag is set to 1, 

we go to step (16) since inconsistency between the functional level circuit and the logic 

gate circuit has been detected during steps (3) ~ (13). When all the detectable lines in 

the testJine_set have been tested, we delete the primary output line from the po_set in 

step (15). If po_set is not empty, we take the next primary output in step (1); otherwise, 

we execute step (16) to see if the error Jlag is set or not. If it is not set, we can leave the 

system since no functional design error is detected as shown in step (17). Otherwise, we 

have to go to the error location module. 

Steps (3) ~ (13) in Figure 5.2 (b)are the most important part in the detection module. 

While the test_line_set is not empty in step (3), we execute the steps (4) ~ (13). In step 

(4), we take a line from the testJine_set, and then check if it is the output of an XOR 

or XNOR gate. Steps (5) ~ (7) deal with gate replacement error of the XOR or XNOR 

gate. In step (7), we store the output line of the current XOR or XNOR gate to the 

exclusive_set because one of its inputs may cause the inconsistency rather than the gate. 

In steps (8) and (9), we load an input line from that set, and apply conditions [C], 

[D], [G] in section 3.2, and the PODEM algorithm to generate test patterns of SAO and 



55 

SA1 for that line. After applying the test patterns to both the ideal circuit and the 

circuit under test, we compare the values on the corresponding primary outputs. There 

can be 3 cases: (1) consistency on the P.O.'s (primary outputs), (2) inconsistency on the 

P.O.'s and one P.O. lias an X, and (3) inconsistency on the P.O.'s without an X. These 

three cases are considered in steps (10), (11) and (12). Case (1): in step (12), we save all 

stuck-line faults which are also detected by the test pattern in goodJine_set since both 

primary outputs are consistent. Case (2): in step (10), X is detected on the primary 

output of the ideal circuit. We set both xJlag and error Jlag to be 1 for further detection 

in this case and go to step (14). Case (3): if no X is propagated to the primary output of 

the ideal circuit, we store the stuck-line faults which are detected by the test pattern in 

suspect_line_set as shown in step (11). After finishing testing this line, we delete this line 

from the testJine.set in step (13) and go back to step (3). 

5.2 Error Location Module 

In this module, the precise location of the incorrect gate will be determined. The most 

useful locating tools are Theorems 1 4 and Lemma 1. We will discuss the errors of gate 

replacement(s), an extra gate, a missing gate, an extra/missing gate, and an extra wire 

in detail. The error location module is Figure 5.3. 

First we check the xJlag. If it is set to 1, steps (2) ~ (9) will be executed as following. 

First, in step(2), we have to store the test pattern which propagated an X to the P. O. 

of the ideal circuit in test-pattern_set which will be used later to locate the design error. 

In step (3), we mark all active primary input lines of the incorrect circuit because we 
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-C /* Locating the incorrect gate */ 
(1) if C xjflag == 1 ) 

(2) •{ store the test pattern in the test_pattern_set; 
(3) mark all active P. I.'B of the incorrect circuit; 
(4) store all the wires whose stuck-line faults are detected by 

the test pattern in the missing_wire_set; 
(5) apply conditions (bl), (b2), and (b3) of section 3.2[C] 

to modify the test pattern; 
(6) while C ! all the target P . I .'s checked ) 
(7) { mark the current target P.I. as checked; 
(8) apply the conditions in 3.2[F] to the incorrect circuit; 
(9) if (a P. 0. of the ideal circuit has an X) 

-C store all suspect lines satisfying Theorem 1 and 
Lemma 1 to suspect_gate_set; 

DONE; } /* job done, exit the system */ 
} /* end of while */ 

> 

else /* apply the union-intersection method */ 
(10) { while (there are lines in the suspect_line_set) 

{select a line to procens; 
(11) if ( there is a line whose SAO and SAi are 

in the suspect JLine_set ) 
apply Theorem 2 to locate the extra/missing 

inverter and store it in the suspect„gate_set; 
(12) else 

apply Theorems 3 and 4 to locate the error and 
store it in the suspect_gate_set; 

(13) delete the current suspect line from the suspect_line_Bet; 
> /* end of while */ 

(14) if (exclusive.set is not empty) 
store these gates in the suspect_gate_set; 

}• I* else */ 

(15) } DONE; /* exit the system */ 

Figure 5.3: Error location module. 
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do not need to consider other unused primary input lines. Next, we will consider how 

a missing wire could be detected. The missing wire error is that a wire should connect 

to the logic circuit, while the designers inadvertently miss to do so. It means that the 

missing wire is "invisible" in the incorrect circuit. Therefore, we can only detect all the 

possible suspect gates but not the exact position of the incorrect gate. A suspect gate is 

found by checking if any line of the gate has one of its stuck-line faults detected by the 

test pattern which generates an X on the primary output of the ideal circuit. Therefore, 

in step (4) all gates which could have a missing wire are included in the missing_wire_set. 

In step (5), we apply conditions (bl), (b2), and (b3) of section 3.2[C) to reduce the 

number of X's on the primary input lines. This process can speed up our execution time 

since we only need to consider fewer primary input lines with the value X. In steps (7) 

~ (8), we assign only one primary input line of the test pattern to X according to the 

conditions in section 3.2[F]. In step (9), we check the stuck-line faults of each line detected 

by the test pattern with Theorem 1 or Lemma 1. Whenever we find an X on the primary 

output of the ideal circuit, we store all the lines to suspect-gate-set. We keep processing 

steps (7) ~ (9) until the design error is found. On the other hand, if nothing is wrong with 

that gate, we must have a missing wire to any of the gates listed in the missing„wire_set. 

Otherwise, if xJlag = 0, we have to use Theorems 2 ~ 4 to locate the design error as 

shown in steps (10) ~ (12). In step (10), the error location process continues if not all 

the lines in the suspect_line_set have been processed. Select a line to process and check 

if its x-flag is set or not. In step (14), we include all the elements of the exclusive_set in 
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Figure 5.4: A gate replacement design error in Example 2. 

the suspect .gatejset since they could be gate replacement errors. After checking all the 

suspect lines in the suspect_line-set, the verification of the logic circuit is done. 

5.3 The Types of Functional Errors 

There are five typical types of functional errors: a gate replacement, an extra/missing 

inverter on the output of a gate, an extra gate, a missing gate, and an extra wire. All 

of these functional errors are mentioned in [5], and represents almost all the functional 

design errors. 

5.3.1 Gate Replacement 

Gate replacement error means that a gate in the ideal circuit is replaced by a different 

one, on the same set of inputs, when the incorrect circuit is constructed. 

Example 2: To detect and locate a functional design error such that a 2-input XNOR 

gate in the ideal circuit is replaced by a 2-input NOR gate in the incorrect circuit as 

shown in Figure 5.4. 
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Solution: According to the condition (2) in 3.2[G], we assign line g of the incorrect 

circuit to be 0. Therefore, either line e or line / should be 0 and the other one should 

be X. We choose line e = 0 and line / = X since line e is easier to set to 0 than line /. 

To have line e = 0, we assign line a = 1 and line b = X in the incorrect circuit. Also, we 

assign line c = X and line d = 0 for line / = X according to the condition (b2) in 3.2[C]. 

After the test pattern #1 of Table 5.1 is obtained, we apply it to both the incorrect 

and ideal circuits. As shown in Table 5.1, we got an X on the primary output line of the 

ideal circuit. Although this means that the gate replacement error has been detected, we 

need to apply the condition in 3.2[F] to locate the incorrect gate. Prom test pattern #3, 

we locate the incorrect gate at gate B. 

One point should be mentioned : test patterns 4 ~ 9 are obtained from the primary 

input lines to the primary output line of the incorrect circuit and are not able to offer any 

information to detect the functional design error, even though the test patterns detect 

the stuck-line faults of all wires. 

5.3.2 Extra-Inverter/Missing-Inverter 

FVom Theorem 2, we can find an extra/missing inverter design error. Since we only 

concern with "where the error" rather than "what kind of error", a wire on the level next 

to the primary output and a wire as well as all its detectable proceeding wires in the 

suspect Jine_set should be the potential sites of the error. Although some cases in 4.1[C] 

could have the same symptoms as an extra/missing inverter error, we can still locate the 

erroneous gate. 



Table 5.1: Test patterns for the circuit in Example 2. 

Test Pattern 
No. 1 2 3 

P. 1. 

a 
b 
c 
d 

1 
X 
X 
0 

1 
0 
X 
0 

1 
X 

1 
0 

P. O. 

Inco
rrect 
Ideal 

0 

X 

0 

0 

0 

X 

g SA1 g SA1 gSAi 

hauits 
Detected e SA1 

Test Pattern 
No. 

4 5 6 7 8 9 

P. 1. 

a 
b 
c 
d 

0 
0 
1 
X 

0 
1 
1 
X 

1 
0 
1 
X 

0 
0 
0 
0 

0 
0 
1 
0 

0 
0 
0 
1 

P. 0. 

Inco
rrect 
Ideal 

1 

1 

0 

0 

0 

0 

0 

0 

1 

1 

1 

1 

Faults 

a SA1 
b SA1 

b SAO a SAO cSA1 
d SA1 

c SAO d SAO 
Faults 

a SA1 
b SA1 

e SA1 
gSAi 

e SA1 
g3A1 

cSA1 
d SA1 

f SAO 
a SA1 
b SA1 
eSAO 

g SAO 
aSA1 
b SA1 
eSAO 

Detected eSAO 
f SAO 
g SAO 

e SA1 
gSAi 

e SA1 
g3A1 f SA1 

gSA1 

f SAO 
a SA1 
b SA1 
eSAO 

g SAO 
aSA1 
b SA1 
eSAO 
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Figure 5.5: An extra-inverter between gates Bl and B2 in Example 3. 

Example 3: The 2-input NOR gate B2 in Figure 5.5 should be a 2-input OR gate { or 

an extra inverter is between gate Bl and B2). 

Solution: In this example we will see how the union-intersection procedure is applied to 

locate a design error. All the test patterns derived from Figure 5.5 are listed in Table 5.2. 

First, we test SAO fault on line i according to the condition 3.2[G]. After applying 

test pattern #1 to both the incorrect and the ideal circuits, we put SAO on line i to the 

good Jine_set since no inconsistency exists on the primary outputs of both circuits. Then 

we try to find the test pattern for SA1 fault on line i. We store SA1 on lines i, g, and 

h in the good_line_set since logic values are identical on both primary outputs. However, 

for test pattern #3 in Table 5.2, we have inconsistency on the two primary outputs. 

Therefore, we put SAO faults on lines g, i, c, and / as well as SA1 faults on lines a and b 

to the suspect_line_set. 

We keep testing the stuck-line faults on each line. In this example we need to test 

all lines since no "X" is detected on the primary output of the ideal circuit as shown in 

Table 5.2. After applying the union-intersection procedure, we have SAO on lines a, i, 



Table 5.2: Test patterns for the circuit in Example 3. 

Test 
Pattern No. 

1 2 3 4 5 

P. 1. 

a 
b 
c 
d 
e 

X 

0 
1 
1 
1 

X 

0 
0 
0 
X 

0 
0 
1 
0 
X 

X 
0 
0 
1 
1 

1 
X 
1 
0 
X 

P.O. 

Inco
rrect 

Ideal 

1 

1 

0 

0 

1 

0 

1 

1 

0 

1 

i SAO i SA1 g SAO h SAO f SA1 

Faults 
Detected 

g SA1 
h SA1 

i SAO 
c SAO 
f SAO 
aSA1 
b SA1 

d SAO 
eSAO 
I SAO 

i SA1 
g SA1 
h SA1 

Test 
Pattern No. 

6 7 8 9 10 

P. 1. 

a 
b 
c 
d 
e 

0 
0 
0 
0 
X 

0 
X 

0 
0 
1 

0 
X 

0 
1 
0 

1 
0 
1 
0 
X 

0 
1 
1 
0 
X 

P.O. 

Inco
rrect 

0 0 0 0 0 

Ideal 0 0 0 1 1 

c SA1 d SA1 e SA1 a SAO b SAO 

Faults 
Detected 

g SA1 
h SA1 
i SA1 

gSA1 
h SA1 
i SA1 

g SA1 
h SA1 
i SA1 

f SA1 
g SA1 
h SA1 
i SA1 

f SA1 
g SA1 
h SA1 
i SA1 
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e 

Figure 5.6: An extra AND gate B in Example 4. 

c, /, and g as well as SA1 on lines a, 6, and /. Since each of the lines a, b, and / has 

both SAO and SA1, we can conclude that line / (gate B2) has an extra/missing inverter 

according to Theorem 2. 

5.3.3 Extra Gate 

In this case, the designer inadvertently gates together wires before directing them to 

the successor gates. Therefore, the extra gate will affect the successor gates except when 

both the predecessor gate and the successor gate are of the same type such as an AND 

gate being an extra gate of another AND gate, an OR gate being an extra gate of another 

OR gate, ... etc. The location of the extra gate can be determined if 

[1] an X is propagated through that extra gate, or 

[2] all its input lines and output line are faulty on either SA1 or SAO, or both. 

Example 4: An extra AND gate connects to lines d and e, but line d and line e should 

connect directly to gate A (Figure 5.6). 
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Table 5.3: Test patterns for the circuit in Example 4. 

Test Pattern No. 1 2 3 4 

P. 1. 

a 
b 
c 
d 

0 
1 
X 

0 

1 
0 
X 
0 

l 
0 
X 
0 

i 
0 
1 
0 

e X X 1 X 

P. 0. 
Incorrect 0 1 1 1 

P. 0. 
Ideal 0 X 0 X 

i SA1 a SAO 
h SAO 

a SAO 
h SAO 

a SAO 
h SAO 

Faults Detected i SAO 
gSA1 
f SA1 

i SAO 
f SA1 
g SA1 
d SA1 

i SAO 
f SA1 
g SA1 
b SA1 

Solution: According to the condition in 3.2[G], we obtain the test pattern #1 (01X0X) 

for SAl on line i first as shown in Table 5.3. However, no inconsistency occurs. We then 

test SAO on line h with the second test pattern. We find an X is on the observable output 

of the ideal circuit. Since there are 2 X's on the primary input lines c and e, we assign 

1 to line e as the test pattern #3. Because no X is on the primary output of the ideal 

circuit, we assign line e back to be X and assign 1 to line c as the test pattern #4 and it 

detects that gate B is incorrect according to Theorem 1. 

5.3.4 Missing Gate 

If a wire which should be connected to one input of the missing gate does not lead to 

any gate in the incorrect circuit, it can be detected by counting the number of primary 

outputs. If the output of the missing gate connects to the other gate, this is a multiple 

design errors. Because at least 2 portions of the incorrect circuit have errors if there is a 
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Figure 5.7: A missing gate between lines c, e and gate B in Example 5. 

reconvergent fanout among them, the result will be unpredictable. In this paper, we only 

consider the case that the input lines of a missing gate connect with the gate where the 

output line of the missing gate should go. 

Example 5: A 2-input AND gate is missing between lines c, e and gate B (Figure 5.7). 

So lu t i on :  I f  we  fo l l ow  t he  r equ i r emen t  i n  3 .2 [G]  f i r s t ,  we  have  t o  a s s ign  1  on  l i ne  g  

for SAO test. Next, let line c = 1, line e = X, and line / = X according to (a2) in 

3.2[C]. Therefore, we obtain the test pattern (1X1) for SAO on line g in the incorrect 

circuit. After applying this test pattern to both the incorrect and the ideal circuits, we 

find an inconsistency on the primary outputs. The gate B is hence incorrect according to 

Theorem 1. 

On the other hand, the design error would not be easy to find if we start generating 

test patterns from the primary inputs. The test patterns are shown on Table 5.4, and the 

process is shown below : Since line e is a redundant wire in Figure 5.7, we have no test 

pattern for SAO and SA1 on line a, and SAO on line /. From test patterns #1 and #3 of 

Table 5.4, we find that lines c, e, and g are faulty, and line / is unknown. Therefore, we 

conclude that gate B is incorrect. 
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Table 5.4: Test patterns for the circuit in Example 5. 

Test Pattern No. 1 2 3 4 

P. 1. 
a 
b 
c 

X 
0 
1 

X 
0 
0 

0 
1 
0 

1 
0 
0 

P. 0. 
Incorrect 1 0 1 0 

P. 0. 
Ideal 0 0 0 0 

c SAO c SA1 
b SA1 

b SAO d SA1 

Faults Detected g SAO e SA1 
f SA1 
g SA1 

e SAO 
g SAO 

f SA1 
gSAi 
e SA1 
b SA1 
c SA1 

5.3.5 Extra Wire 

Usually, an extra wire is due to an extra branch from an existing wire in the correct 

circuit. In this paper we only deal with the case that one wire has at most one extra 

branch. Because an reconvergent extra branch will offer an redundant wire in the circuit, 

it is difficult to handle more than one branch which reconverge to the same prime output. 

An extra wire can cause its stuck-line faults to be in suspect_line_set. This is because 

the extra branch is not supposed to exist in the ideal circuit, so it is impossible to be 

covered by any element in the good Jine.sct. The following example is a typical case for 

an extra wire. 

Example 6: An extra wire f is a fanout from gate B to gate Al(Figure 5.8). 

Solution: As shown in Table 5.5, SAO and SAl on line a, SAO on line e, and SAO on 

line g are undetectable, since line / "masks" them. After all the test patterns have been 
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• Figure 5,8: An extra wire / in the circuit of Example 6. 

Table 5.5: Test patterns for the circuit in Example 6. 

Test Pattern No. 1 2 3 4 5 6 

P. 1. 

a 
b 
c 
i 

X 
0 
0 
0 

0 
1 
X 

0 

X 
0 
0 
1 

1 
0 
0 
0 

0 
1 
0 
0 

0 
0 
1 
0 

P. 0. Incorrect 0 1 1 0 1 1 

Ideal 0 0 1 0 0 0 

h SA1 f SAO i SAO e SA1 b SAO c SAO 

Faults Detected 
g, f, 
i, b, 
c, d, 
SA1 

d SAO 
h SAO 

h SAO g, h, 
d, f, 
i, b, 

c 

SA1 

d SAO 
f SAO 
h SAO 

d SAO 
f SAO 
h SAO 

generated as shown in Table 5.5, we use the union-intersection algorithm to the stuck-

line faults detected by these test patterns. We find that lines b, c, d, and f are faulty. 

Therefore, gate B is identified as the site of the functional design error. 
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CHAPTER 6 

EXPERIMENTAL RESULTS 

Our algorithm has been implemented in C on Sun workstations under UNIX operating 

system. The circuits used in the experiment are taken from the set proposed at ISCAS'85 

[17] as benchmarks for ATPG(Automatic Test Pattern Generation). All functional errors 

are inserted manually. 

The errors detected by the Don't-care propagation algorithm can be classified into 

four categories: the erroneous gates detected by Theorem 1 (X.prop), the erroneous gate 

has an missing input with logic X (X_miss), erroneous gates caused by an extra/missing 

inverter with reconvergent wire on either output line or input line of the suspect gate 

(XJnv), and errors propagated by reconvergent wires (X_recon). We will discuss all these 

four cases in the following. 

First, any output line of a gate which satisfies Theorem 1 can be included in X.prop. 

Second, the output line of a gate can be in X_miss if it satifies one of the following 
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conditions and its logic value can be propagated to a primary output by the current test 

pattern: 

1. the logic value is 1 and the gate type is AND/NOR; 

2. the logic value is 0 and the gate type is OR/NAND; 

3. the logic value is 0 or 1 and the gate type is XOR/XNOR. 

For instance, if we have an extra wire on the input of a gate and the wire has logic 

"X", then the logic "X" dominates all the inputs of the gate, so that the extra input can 

change the logic value on the output to be logic "X", 

Next, XJnv could happen whenever an extra or a missing inverter on the input line of a 

gate whose output line is in X.prop. Therefore, we have to include all the preceeding lines 

whose logic value is either 1 or 0 to XJnv. Usually, this is accompanied by a reconvergent 

wire. Finally, lines in X_recon are caused by functional error together with reconvergent 

wires as shown in Figure 6.1. In this figure, gate A is assumed to have a functional error 

according to Theorem 1. However, Lemma 1 suggests gate A could be a suspect gate 

since it is a reconvergent circuit. For this case, we can include all the preceeding .gates 

of suspect gates detected by Theorem 1 to suspect_gate_set if any of the preceeding gates 

has either logic 0 or logic 1 on its output and at least one logic "X" on its input lines. 

Therefore, we include gate B in X_recon. Generally speaking, a reconvergent 

error usually is hard to be located. 

The order of checking these four types of suspect errors may affect the speed to locate 

the site of a functional error. According to Tables 6.1 ~ 6.9, we can conclude that all the 

suspect lines in X.prop should have the highest priority to be processed, the suspect lines 
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Figure 6.1: The example of a reconvergent circuit. 

in X_miss the second, then the suspect lines in Xinv, and the suspect lines in X_recon 

the lowest priority. 

There are three categories of suspect lines detected by the Union-intersection proce

dure: an extra/missing inverter detected based on Theorem 2 (UUnv), the site of error 

has reconvergent fanouts (UI_recon), and design errors detected by Theorem 2 and 3 

(ULerror). ULerror has been discussed in Chapter 4 already. The concept of ULinv and 

UI_recon are similar to that of X Jnv and X_recon. 

Similar to the Don't-care propagation, we assign the order of checking for the three 

types of suspect errors, we can summarize that all the suspect lines in UUnv have the 

highest priority to be processed, then the suspect lines in ULerror, and all the suspect 

lines in UI_recon the lowest priority. 

Tables 6.1 ~ 6.9 give the experimental results on eight benchmark circuits, C432, 

C499, C880, C1355, C1908, C3540, C5315, C6288, C7552, respectively. We can see that 

the number of suspect gates for most of cases are very small which means that we can 

locate the error exactly. The exception is that an extra/missing inverter on a certain 

primary output causes a huge amount of suspect gates. For instance, the last row of 

Table 6.7 has 261 suspect gates. However, this is not a problem for an extra/missing 
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Table 6.1: Experimental results of the benchmark circuit C432 

Error Site 
(Line No.) Error Type Algorithm/Type # of 

Suspect Gates 
Exe. Time 
(Seconds) 

295 AND to OR X_prop 1 6.15 

295 Inverter X_mlss 3 0.83 

329 Inverter XJnv 46 12.24 

347 NAND to NOR X_prop 8 0.86 

347 Extra Wire X_prop 5 0.84 

378 Missing Gate X_prop 8 0.29 

346 Extra Gate Xjarop 5 62.68 

432 Inverter UI_error 107 95.74 

inverter error. This is because we always check the primary output first, so that we may 

ignore the rest of the suspect gates if we found that the functional error is on the primary 

output. 

The following tables list some functional errors of each of nine benchmark circuits; 

The six examples discussed in the text were tested and the results are summarized in 

Table 6.10. The fifth row of the table shows whether an error is located by the don't-care 

propagation process alone or jointly with the union-intersection procedure. The execution 

time for the example errors located by the don't-care propagation is substantially less than 

that for the errors located by the union-intersection. This is because we need to generate 

test patterns for all single stuck-line faults in an incorrect circuit if union-intersection 

is applied to locate the errors, while for other circuits not all test patterns need to be 

generated. Note that Table 6.10 does not imply the type of design is always detected by 

the method shown. 
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Table 6.2: Experimental results of the benchmark circuit C499 

Error Site 
(Line No.) Error Type Algorithm/Type #of 

Suspect Gates 
Exe. Time 
(Seconds) 

4G7 AND to XOR UI_error 46 27.08 

312 Extra Wire X_prop 1 20.11 

232 XOR to NOR X_prop 1 1.35 

186 Inverter Uljnv 41 88.41 

220 Inverter UI_error 45 90.63 

431 Extra Gate Xjjrop 1 1.60 

499 XOR to NAND Xjarop 1 0.13 

499 Inverter UI_error 88 86.31 

Table 6.3: Experimental results of the benchmark circuit C880 

Error Site 
(Line No.) Error Type Algorithm/Type # of 

Suspect Gates 
Exe. Time 
(Seconds) 

847 NAND to NOR X_prop 1 0.16 

617 Inverter XJnv 46 2.78 

805 Extra Gate UI_error 56 19.44 

591 NAND (o XOR UI_error 2 25.02 

847 Missing Gate X_prop 4 1.56 

617 Extra Wire UI_error 5 27.39 

880 Inverter UI_error 86 20.02 
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Table 6.4: Experimental results of the benchmark circuit C1355 

Error Site 
(Line No.) Error Type Algorithm/Type # of 

Suspect Gates 
Exa. Time 
(Seconds) 

1291 NAND to NOR X_prop 4 2.91 

245 Exlra Wire X_prop 1 1.02 

370 NAND to NOR lll_error 16 463.97 

370 Missing Gate Uljnv 6 901.70 

370 Inverter Uljnv 15 435.31 

1129 Inverter UI_error 6 584.5 

770 Inverter X_prop 90 0.55 

991 Exlra Gate UI_recon 9 186.78 

1355 Inverter UI_error 90 821.5 

Table 6.5: Experimental results of the benchmark circuit C1908 

Error Site 
(Line No.) Error Type Algorithm/Type #0f 

Suspect Gates 
Exe. Time 
(Seconds) 

989 Inverter X_mi9s 12 79.06 

1174 Inverter X_prop 4 0.58 

1791 AND to OR X_prop 9 8.98 

1276 Extra Gate X__prop 2 0,57 

891 Missing Gate X_prop 3 0.61 

331 Extra Wire X_prop 2 0.66 

798 NAND to XOR UI_error 1 453.1 

331 NAND to XOR UI_error 1 431.33 
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Table 6.6: Experimental results of the benchmark circuit C3540 

Error Site 
(Line No.) Error Type Algorithm/Type # of 

Suspect Gates 
Exe. Time 
(Seconds) 

3449 NAND to NOR Xjjrop 17 2.31 

3449 Extra Wire Xj'econ 16 1.65 

3449 Missing Gats X_recon 196 85.72 

3449 Inverter UI_recon 818 2540.20 

3370 NANDtoXOR UI_error 818 2430.84 

3346 Inverter X_recon 58 94.77 

3508 Extra Gate UI_error 818 2460.72 

3540 Inverter UI_error 818 2482.08 

Table 6.7: Experimental results of the benchmark circuit C5315 

Error Site 
(Line No.) Error Type Algorithm/Type # of 

Suspect Gates 
Exe. Time 
(Seconds) 

2204 AND to NOR XJnv 14 1.02 

4655 NAND to XOR Ul_error 1 268.38 

4749 Extra Wire X_prop 1 3.22 

5162 Extra Gate X_prop 1 3.19 

5166 AND to OR X_prop 1 1.45 

5172 Missing Gate X_prop 1 1.59 

792 Inverter X_miss 2 1.06 

5315 Inverter UI_error 261 280.3 
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Table 6.8: Experimental results of the benchmark circuit C6288 

Error Site 
(Line No.) Error Type Algorithm/Type # o f  

Suspect Gates 
Exe. Time 
(Seconds) 

6248 Extra Gate X_prop 1 4.57 

6239 Missing Gate X_prop 1 3.78 

5713 NOR to NAND UI_error 2161 59772.121 

5713 NOR to XOR UI_error 1371 59245.922 

5713 NOR to XNOR UI„error 1 59250.262 

1307 Extra Wire X_prop 3 5.20 

6288 NOR to NAND X_prop 3 2.83 

6288 Inverter UI„error 1371 60106.25 

(Around 8130 SAO's and SAVs last for line 5713) 

Table 6.9: Experimental results of the benchmark circuit C7552 

Error Site 
(Line No.) Error Type Algorithm/Type # of 

Suspect Gates 
Exe. Time 
(Seconds) 

7433 OR to XOR UI_error 1 52.71 

7433 Missing Gate X_prop 2 0.75 

7375 Extra Wire X_prop 5 0.52 

7375 Inverter Ul_error 125 53.88 

7360 NAND to XOR UI_error 1 52.91 

7360 Extra Gate UI_error 102 51.99 

7552 Inverter UI_error 125 66.71 



Table 6.10: Experimental resulte of the examples in the thesis. 

Example No. 1 2 3 

Figure No. 3 7 8 

Number 
of Wires 12 7 9 

Type of 
Design Error 

Replace
ment 

RepHce-
ment 

Extra 
Inverter 

Located 
by Don't-Care Don't-Care Union-

Intersection 

Execution 

Time 

(Seconds) 

0.05 0.06 0.29 

Example No. 4 5 6 

Figure No. 9 10 11 

Number 
of Wires 

8 7 9 

Type of 
Design Error 

Extra 
Gate 

Missing 
Gate 

Extra 
Wire 

Located 
by 

Don't-Care Don't-Care 
Union-

Intersection 

Execution 

Time 

(Seconds) 

0.05 0.03 0.36 
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CHAPTER 7 

CONCLUSIONS 

A new technique, don't-care propagation, is used in conjunction with test pattern 

generation to generate a test set which is utilized in a new way to compare a gate-level 

implementation of a circuit with a functional-level specification in order to detect and 

locate logic design errors. 

From Table 6.1 ~ Table 6.9, we note that the execution time of the don't-care propa

gation algorithm is much less than that of the union-intersection procedure. Furthermore, 

the number of error sites over the number of 6uspect lines, of the don't-care propagation 

algorithm is much higher than that of the union-intersection procedure. The main reason 

is that we process stuck-line faults starting from the primary outputs of the circuit under 

test. 

On the other hand, even though an extra/missing inverter occurs on the primary 

output could cause large amount of suspects as Table 6.1 ~ Table 6.9 shows, we don't 
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need to worry about it. This is because we always check the primary output first so that 

we may ignore the rest part of the suspect list if we found that the functional error is 

located on the primary output. 

From section 4.1, section 4.2, and example 2, we know that our algorithm can detect 

and locate the gate replacement of XQR/XNOR with either the don't-care propagation 

algorithm or the union-intersection procedure. 

This approach is deterministic and litis high resolution that the region containing the 

error usually is just a single gate or a line. A large class of common design mistakes such 

as gate replacement, extra/missing inverter, extra gate, missing gate, and extra wire can 

be handled. The experimental results indeed show that our approaches are very effective 

in detecting and locating logic design error. 

Suggestions for further work include expanding our discussions in chapter 6 to indicate 

what type of functional error is on the error site. Therefore, we can detect, locate, and 

identify functional errors. 
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