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ABSTRACT 

This thesis addresses the problem of backtracking strategies in test 

generation. First, a methodology which uses status of absolute dominators 

as a means for causing backtracking during the test generation process is 

presented. Then, different heuristics that force the test generation to 

execute the backtracking procedure are investigated. Experiments which 

generated test patterns for over 30000 faults have been used to evaluate these 

heuristics. According to the experimental results, we recommend a new 

backtracking strategy that has the best performance among the six 

strategies explored in this thesis. 
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CHAPTER 1 

INTRODUCTION 

1.1 Overview and Recent Development 

Recently, with the advancement of VLSI technology, logic devices 

have shrunk in physical size. In other words, engineers can put more 

gates into a very small chip. While enjoying various applications and high 

density of gate arrangement, engineers began to encounter more difficult 

testing problems. Unlike printed circuit boards, VLSI chips can not be 

observed at internal lines. Therefore, the only pins we can access are the 

primary inputs and primary outputs. Therefore, several methods are 

used to alleviate the VLSI logic testing problems. 

"Design for test" is one of the approaches. In this method, 

engineers try to improve the controllability and observability of a circuit by 

following some kind of rules while designing the circuit. Another 

approach is developing a fast test generation process. In this approach, 

fault simulation and automatic test pattern generation (ATPG) are used to 

generate a set of test patterns. Because the scale of VLSI chips continues to 

grow, efficient test generation algorithms are needed to minimize the time 
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that is used to generate test patterns. In this thesis, we focus our 

attention on the area of ATPG. 

Among test generation algorithms, the D algorithm [1] is the most 

famous. Then, in 1981, PODEM which is an improved version of the D 

algorithm was introduced by Goel [2]. Both of them use path-tracing 

method to find a test pattern for a given fault. Thus, backtracing, 

implication, and backtracking may be involved at every stage of test 

generation. In this thesis, different backtracking strategies in the 

PODEM algorithm are evaluated. Also, absolute dominators are used to 

accelerate the test generation. 

Chapter 2 provides an introduction to the basic concepts of path-

tracing or topological test generation. After reviewing the basic concepts, 

the PODEM algorithm is discussed in detail. Each procedure used in the 

PODEM algorithm is explained clearly with the help of flowcharts. 

Chapter 3 presents the SCOAP testability measurement and absolute 

dominators. How to use testability measures in ATPG is also shown in this 

chapter. Moreover, an algorithm used to find absolute dominators in 

combinational digital circuits is provided. 

Chapter 4 evaluates six backtracking strategies in the PODEM 

algorithm. Heuristics and examples are provided. Then, experimental 

results are discussed in chapter 5 and conclusions of this thesis are 

presented in chapter 6. 
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1.2 Introduction to Test Generation Process 

For a better understanding of automatic test pattern generation 

(ATPG), test generation process is briefly presented in this section. Figure 

1.1 shows the flowchart of test generation process. First, we create a 

computer model to describe a given circuit. Then, a fault list is created. 

After creating a fault list, a fault is selected from the fault list and an 

attempt is made to generate a test for that fault. If the pattern generator 

succeeds in generating a test pattern, the process is passed to the fault 

simulator. The fault simulator then checks which faults, if any, have 

been detected by the test pattern and deletes the detected faults from the 

fault list. Then, if the fault coverage of the circuit does not meet the 

termination criteria, the test generation process passes control to the 

pattern generator. 



Start 

No 
Fault coverage meets 

criteria 

Yes 

Create a fault list 

Pick a fault 

Fault simulator 

Create a computer 
circuit description 

Automatic test 

pattern generator 

Figure 1.1 The process of test generation 
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CHAPTER 2 

THE PODEM 

In this chapter we discuss the PODEM algorithm. We first review 

some basic concepts of topological test generation. Then, we discuss all the 

procedures which are used in PODEM. 

2.1 Basic Concepts of Topological Test Generation 

Before we discuss the PODEM algorithm, this section will review 

some of the basic concepts of topological ATPG. Test generation 

algorithms can be classified into two groups: algebraic algorithms and 

topological algorithms. Algebraic test generation algorithms create tests 

for digital logic by exploiting some algebraic representation of the fault free 

and the faulty circuit. Topological algorithms generate tests by using a 

topological search. 
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2.1.1 The D Notation 

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

Center at Yorktown Heights [3]. The D signal is a composite signal. It 

represents the signal value of the good circuit and the faulted circuit at the 

same time. The following table shows us how to decide the value a 

composite signal. 

good circuit 
0 1 

faulty 0 0 D 

circuit 1 AD 1 

Table 2.1 Value of 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 "0" or "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 "AD", 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 Af (Af is the complement of 

f). Each prime implicant of the singular cover is called a singular cube. 

For example, consider the two-input NAND gate illustrated in figure 2.1. 

The prime implicants of f are AA and AB, and the prime implicant of Af is 

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

1 2 3 

A 

B 

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

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. Suppose there is a S-A-l fault 

at the output, line 3. To test the fault it is necessary to set "0" on the output 
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line, and thus line 1 and 2 must be forced to value 1. Then the value of line 

3 will have value "1" if the fault is present and "0" if the fault is absent. 

Figure 2.2(b) shows the primitive D-cube of the S-A-l fault. If there is a S-

A-0 at line 3, line 3 must be set to "1". To excite the fault, at least one of the 

input lines must be forced to "0". So, the result of primitive D-cube of the S-

A-0 fault is shown in figure 2.2(c) 

(a) 

1 2 3 1 2 3 

1 1 AD 0 X D 

X 0 D 

(b) (c) 

Figure 2.2 A two-input NAND gate and its pDcf 

The primitive D-cubes of a fault can be constructed by intersecting 

pairs of singular cubes from the singular covers of the normal and faulty 

logic elements. As an example, there is a fault that transforms a NOR gate 
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into an AND gate as in figure 2.3. The singular covers of the normal and 

faulty gates are also shown in figure 2.3. By intersecting NGl and FGO, we 

get the first pDcf shown in figure 2.3(f). The second cube in figure 2.3(f) is 

derived by intersecting NGO and FG1. 

> 
(a) 

12 3 

normal gate X 1 0 

with output 0 1 X 0  

(c) 

normal gate 
with output 1 

(NGl) 
(b) 

faulty gate 

with output 1 
(FG1) 

(d) 

12 3 

0 0 1 

12 3 

1 1 1  

12 3 12 3 

faulty gate 0 X 0  p D c f  0 0 D 

with output 0 X 0 0 1 1 AD 

(FGO) 
(e) (0 

Figure 2.3 A fault and its pDcf 
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2.1.4 Propagation D-cubes 

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

"AD" signal to an observable output. During propagation, we have a "D" or 

"AD" 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 "AD". At this stage, propagation D-cubes (pDc) of a fault 

are used to help D or "AD" signals pass through basic logic elements. Each 

entry of the propagation D-cubes represents a situation that a "D" or "AD" 

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 entry we 

choose tells us 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 

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. 

12 3 

2  

1 

1 D AD 
1 AD D 
D D AD 

AD AD D 
D 1 AD 

AD 1 D 

Figure 2.4 A NAND gate and its pDc. 
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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, a primary input and a logic level are chosen such that the chosen logic 

level assigned to the chosen 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 technique. During the search, there may exist multiple paths 

which can be selected to propagate 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 of the choice 

must be removed and selection of another path is considered. This process 

is called backtracking. 



2.2 PODEM Algorithm Analysis 

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

we introduce the PODEM algorithm. Then, we begin to describe the 

backtrace, forward implication, and backtrack procedures. 

2.2.1 Introduction to the PODEM Algorithm 

The PODEM (Path Oriented DEcision Marking) algorithm was 

invented by Geol in 1981 [2], 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 values 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 "AD" has been propagate 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 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 initial objective line 

(IOB). If the fault is a S-A-0 (S-A-l) fault, the line under test must be set to 
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Start 

Select a fault 

Select anIOB 

Backtracing 

possible to 
find a test Forward 

implication 

Yes 
Conflict Backtracking 

No impossible 

find a test 
Reach 

a primary output 
No 

Exit 
with no test Yes 

Exit with test 

Figure 2.5 Flowchart of PODEM 
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"D" ("AD"). After obtaining "D" or "AD" on the line under test, we need to 

choose another initial objective to propagate the fault effect one step further 

to a primary output. Given the initial objective, the backtrace procedure is 

used to obtain an primary input assignment that will help to set the initial 

objective to a desirable logic level. After 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. So, backtrace, forward implication, and 

backtrack procedures are executed repeatedly until the initial objective is 

satisfied. After it is satisfied, a new initial objective which is the easiest to 

observe among the available paths is selected if a "D" or is not 

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

when the stack is empty or when a "D" or "AD" reaches 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 "AD" has occurred at a primary output. 

Before we discuss procedures in the PODEM algorithm, some 

important global variables are defined as follows: 

(1) D_list: It contains all elements of the group of D frontiers. A D 

frontier is a gate whose one or more inputs are "D" or "AD" 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 "AD" 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 PODEM 

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 "AD" 

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

signal tries to pass through. Then, a line which has an "X" value and is an 
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Reach 

primary input 

Yes 
Exit 

No 

Current 
objective value and 
^v.jype of gate^x 

OR/NAND value = 0 

AND/NOR value = 1 

OR/NAND value = 1 
AND/NOR value = 0 

No Yes Current gate 
!AND or NOR 

Select IOB 
and objective value 

Select the easiest to 
control input to be 
next objective line 

Select the hardest to 
control input to be 
next objective line 

Next objective value is the 
Complement of current 

value 

Next objective value is the 
same as current objective 
value 

Figure 2.6 Flowchart of backtrace 
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input of the initial objective line will be selected to be the next objective line. 

At this point, the current objective level is decided by the type of the gate 

whose output is current objective line. For example, "0" for OR and NOR 

gates or "1" for AND and NAND gates. 

Unlike the D algorithm, the backtrace procedure traces a signal on a 

single path from the initial objective line to a primary input. During the 

backtrace process, we uses some heuristics to choose the next objective line 

and level. If the current objective level 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 current objective level can only be 

obtained by setting all inputs of the gate to a certain logic level, the input 

that is hardest to set is chosen to be 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 attempting to set the 

remaining inputs of the gate. Backtracing use controllability measures to 

obtain the easiest and the hardest to control input of a gate. We will 

discuss controllability measures in chapter 3. 

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 

derive the value of internal lines. During implication, all signal values that 
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are implied by the primary input assignment are determined. The lines 

which change the value during the implication are stored in SETCO. 

MODIN stores lines 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 whether the MODIN is 

empty or any conflict has occurred. If the MODIN is empty, the algorithm 

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 PODEM 

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 "X". Lines stored in INC are removed from the DJist. 

Moreover, lines stored in DEC are added to the D_list. 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. Different strategies will be discussed in chapter 4. 



Start 

Yes 
Is MODIN empty ? 

Exit without conflict 
No 

Yes No No 
Value = "X1 

Modify values of lines , 
MODIN, SETCO, INC, 
DEC, and DJist 

Take a line from MODIN 
and determine its logic 
value 

Figure 2.7 Flowchart of forward implication 
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Reset all lines In SECTO, 
Clear INC and DEC, 
Reset D list 

another selection 
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No Exit with no test 

Yes 

Choose a new primary 
input and determine 
its value 

Exit to forward implication 

Figure 2.8 Flowchart of backtracking 
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CHAPTER 3 

TESTABILITY MEASURES AND ABSOLUTE DOMINATORS 

3.1 Introduction 

This chapter describes the use of testability measures and absolute 

dominators for automatic test pattern generation (ATPG). Testability 

measures help the test generation program to select the most possible route 

to excite the fault. Also, testability measures provide information to 

propagate the fault through the easiest path to primary outputs. In other 

words, testability measures organize the search space for test generation. 

A number of existing ATPG algorithms use testability measures to 

improve the efficiency of test generation. Present testability measures are 

computer based and generate testability estimates by analyzing the 

topological description of a digital circuit. Testability measures have the 

advantage of quantifying the testability of each node in the circuit. 

Testability measures use the concept of controllability and observability to 

describe the testability of a circuit. Controllability indicates the ease with 

which a node within the circuit can be set to a certain logical level and 
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observability shows the ease of determining the value of a node by observing 

the primary outputs. 

In addition to improving the efficiency of automatic test pattern 

generation, testability measures have many other applications. They 

supply an overall summary of circuit testability. This summary can be 

used to grade each design according to its testability to reflect designs that 

may not be easy to test. Another application of testability measures is to 

find specific regions within the circuit that may be responsible for 

untestable circuit designs. Then, design modifications to improve 

testability may focus on these areas. 

During the propagation of a fault to the primary outputs, values are 

assigned to nodes in the propagation paths. The nodes which are in the 

propagation paths fall into two categories: absolute dominators (mandatory 

observation nodes) and optional observation nodes. Absolute dominators 

are those which must finally take a value in the set of {D, ADJ for a test to 

exit, while optional observation nodes are possible to have a value in the set 

of {1, 0, X, D, AD}. In other words, absolute dominators are the nodes 

through which the fault effect must pass to reach a primary output. 

Moreover, the set of absolute dominators of a fault does not include any 

nodes that depend on a path choice. Using the information of absolute 

dominators can early detect the untestable paths. In other words, 

knowledge of these absolute dominators can be used to restrict the search 

space. Therefore, applying the information of absolute dominators to 
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automatic test pattern generation will improve the efficiency of the whole 

process. 

3.2 Using Controllability and Observability in PODEM 

During test generation, the PODEM algorithm must excite the fault 

and sensitize a path from fault site to a primary output of the circuit. 

During the process, there are often multiple paths available for excitation 

and sensitization. 

For exciting the fault, controllability measure can be used in the 

backtrace procedure, where the algorithm tries to find a primary input 

assignment that might help satisfy the initial objective. The controllability 

values can be used to choose one of the input lines, which is most efficient to 

set the output of the gate to a given logic value. 

During the process of sensitization, a random choice may result in 

an attempt to propagate the fault through a more difficult or an impossible 

path to primary outputs. The observability values point out which path is 

most observable for a certain logic value. Therefore, using the observability 

measure to select the forward path can lead to an easy and inexpensive 

solution. 

Figure 3.1 shows how observability and controllability measures can 

be used in PODEM algorithm. If line 18 is stuck at 1, we need to excite the 

fault by setting line 6 or line 17 to logic 0. The controllability measure will 
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tell us that line 6 is easier to control. Therefore, we set line 6 to zero. In 

order to propagate the fault to primary outputs, there are two paths, line 24 

and line 22, to be chosen. Looking at observability data, we will find that 

line 24 is easier to observe than line 22. So, line 24 is selected to propagate 

the fault to a primary output. 

3.3 SCOAP 

In this paper, SCOAP (Sandia Controllability Observability Analysis 

Program) is used as a testability measure for the PODEM algorithm. 

SCOAP characterizes the circuit by assigning six values to each node: 

combinational 0 and 1 controllabilities, combinational observability, 

sequential 0 and 1 controllabilities, and sequential observability. For 

combinational digital circuits, only the combinational controllabilities and 

observability are needed during the process of test generation. These are 

defined in the following paragraph. 

The combinational controllability, CCO and CC1, are defined as the 

minimum number of nodes that must be set in order to produce either a 0 

or 1 on the node in question. The combinational observability, CO, is 

defined as the minimum number of nodes, which need to be set for a fault to 

propagate from its source to a primary output of the circuit. CCO, CC1, and 

CO are computed in such a way that higher values are assigned to nodes 
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Figure 3.1 Using testability in PODEM 
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which are more difficult to control or observe. CCO and CCl are defined to 

be 1 at circuit inputs. Observability are defined to be zero at circuit outputs. 

Using the above definitions, controllabilities and observability for OR 

and AND gates can be calculated as follows: 

CCO (primary input) = CCKprimary input) = 1 

CO(primary output) = 0 

OR: CCO(output) = sum(CCO of all inputs) + 1 

CCl(output) = minimum value of CCl of input + 1 

CO(input) = CO(output) + sum(CC0 of remaining 

inputs) + 1 

AND: CCO(output) = minimum value of CCO of input + 1 

CCl(output) = sum(CCl of all inputs) + 1 

CO(input) = CO(output) + sum(CCl of remaining 

inputs) + 1 

An example is illustrated in figure 3.2 and their testability values are 

shown in table 3.1. A detailed description of the SCOAP is given in [4] and 

[5]. 



Figure 3.2 Testability measures of a digital circuit 

line CCO CC1 CO 

1 1 1 7 
2 1 1 7 
3 1 1 8 
4 1 1 8 
5 1 1 8 
6 1 1 8 
7 1 1 8 
8 2 3 5 
9 3 2 6 

10 3 2 6 
11 4 5 3 
12 7 4 0 

Table 3.1 Testability measures of the circuit shown in figure 3.2 
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The automatic generation of tests for combinational digital circuits 

can be treated as a search through a search space. During a search for a 

test, there may be multiple paths for nodes, called optional observation 

nodes, to reach primary outputs. However, there may exist some nodes 

which must be visited in order to generate the test result. They are path 

independent and called absolute dominators (mandatory observation 

nodes). In figure 3.3, if the fault site is at line 3, line 6 and 12 are absolute 

dominators for the fault. On the contrary, line 7, 8, 10, and 11 are not 

absolute dominators since a path choice exists. 

> 
8 

> 10 

> 11 

12 

Figure 3.3 Absolute dominators for a fault 

A method for finding absolute dominators can be based on the theory 
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of dominators in flow graphs [6], 

We can represent combinational circuits as graphs. A single output 

combinational circuit which output W can be assumed as a directed graph 

G with N vertices and M edges. In such a graph, a vertex r in G is the root 

of the graph if there is a path from every vertex to r in graph G. An 

example of such a graph and the circuit it represents is shown in figure 

3.4a and figure 3.4b, respectively. Any vertex in G is a dominator of 

another vertex in G if and only if every path from the dominated vertex to 

the root of the graph passes through the dominator vertex [6]. In our 

example, vertex 8 dominates vertex 1 and vertex 6. We can find more 

relationship among nodes as follows: Vertex 9 dominates vertex 4 and 

vertex 7. Vertex 5 dominates vertex 2 and vertex 3. Also, every vertex 

except vertex 10 is dominated by vertex 10 (the root). 

Figure 3.4a A graph for the circuit shown in figure 3.4b 
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Figure 3.4b A single output combinational circuit 

Using the following simple algorithm we can find the 

dominators for a single output graph. 

1. Dom(root) = 0; 

2. For each vertex s in graph except root, 

if ( number_successor(s) == 1) 
Dom(s) = successor(s) + (& Dom(successor(8))); 

else 
Dom(s) = & Dom(successor(s)); 

Where Dom(s) is the dominator of s, successor(s) is the immediate 

successors of s, + is the union operator, and & is the intersection operator. 

Figure 3.4a can be used to illustrate the operation of this algorithm. 

The process begins vertex 10 (the root of the graph) and proceeds breadth 
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first through the graph. They will be processed in the order from vertex 10 

to vertex 1. Because the set of successors of vertex 8 and vertex 9 contains 

only the root, we execute the union of vertex 10 + 0 and get the result {10) as 

the set of dominators for vertex 8 and vertex 9. Similarly, the set of 

dominators of vertex 6 is {8,10} and the set of dominators of vertex 7 is {9,10}. 

The successors of vertex 5 is vertex 6 and vertex 7. Performing the 

intersection of the dominators of vertex 6 and vertex 7 generates {10} as the 

set of dominators of vertex 5. 

Now we can define absolute dominators as a dominator with respect 

to all reachable outputs. Absolute dominators can be computed from the 

dominator data by performing the intersection of the dominators for all 

outputs reachable from a node. For instance, we want to find absolute 

dominators for line 3 in figure 3.5. First, {8,10,12} and {8,11,13} are sets of 

dominators with respect to line 12 and 13. The intersection is {8}, showing 

that all paths from line 3 to any output must pass through line 8. 

The following rules are used to find absolute dominators in 

combinational digital circuits: 

Rule 1: After computing all of the absolute dominators of its successors, the 

absolute dominators of the node can be computed. Therefore, the direction 

of computing is from primary outputs to primary inputs. 

Rule 2: Any node which does not have successor does not have absolute 

dominators. Therefore, in combinational circuit primary outputs don't 

have absolute dominators. 
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Figure 3.5 A multiple outputs combinational circuit 

Rule 3: Absolute dominators of a node can be found from the dominator 

data by forming the intersection of the absolute dominators of all the 

successors. 

Rule 4: The absolute dominators of a node which has only one successor are 

equal to the absolute dominators of its successor plus its successor. 

Rule 5: If a node has following two conditions, it doesn't have absolute 

dominators. 

Condition 1: There is at least one of its successors which don't 

have absolute dominators. 

Condition 2: The number of successors is larger than one. 

Moreover, the following pseudo code is the algorithm for finding 

absolute dominators in combinational digital circuits: 
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compute_absolute_dominators() 
{ 

set line_counter = lowjbound of primary output - 1; 
while ( line_counter >= 1 ) 
{ 

current_line = line„counter; 
if (the number of successors of current_line == 1) 
{ 

abs_dominators of current_line 
= abs_dominators of its successor + its successor; 

}/*if*/ 
else 
( 

current„successor = 1; 
temporary_abs_dominators 
= abs„dominators of current_successor; 
current_successor - current_successor + 1; 

while ( current_successor <- total number of successors) 
{ 

temporary_abs_dominators = abs_dominators of 
current_successor & temporary_abs_dominators; 
current_successor = current_successor + 1; 

} /* while */ 

abs_dominators of current_line = temporary_abs_dominators; 
} /* else */ 
line_counter = line_counter - 1; 

} /* while */ 
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CHAPTER 4 

BACKTRACKING STRATEGIES IN PODEM 

Good heuristics can improve the efficiency of PODEM algorithm. In 

this chapter different heuristics are applied to the backtracking procedure 

of the PODEM algorithm. Also, absolute dominators are used to improve 

the backtracking procedure in strategies 4, 5, and 6. 

4.1 Method 1 

A detailed description of this method is given in [7]. This method 

uses three conditions to decide whether to do backtracking or not during 

test generation. First, the value of the initial objective line (IOB) is "1" or 

"0" instead of MD"or "AD". In this situation, the "D" or "AD" is not 

propagated through the IOB. Then, if only one value of the primary input is 

tried, the primary input is set to an alternate value. If the second value of 

the primary input still fails to pass the "D" or "AD" signal through the IOB, 

this IOB is removed from the set of D frontiers because it is impossible to 

propagate fault effect through it with the last primary input assignment. 

Then, another path is picked for D propagation. Second, the logic level of 
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the line under test (LUT) is the same as the stuck fault value. In case 2, 

the fault is not excited at fault site. The third situation for executing the 

backtracking procedure is when the set of D frontiers is empty. In the 

third case, there are no paths available to propagate the fault to a primary 

output. 

The flowcharts of figures 4.1a and 4,1b describe this method. An 

example is shown in figure 4.2. In figure 4.2, assuming that it is desired to 

find a test for a S-A-0 fault at line 3. First, we set line 3 to "D" and line 2 to 

"1". Then, the implication of these assignments cause line 10 to become 

"D". At this point, a choice to propagate the fault to either line 13 or line 14 

is available. If we choose line 13 as an IOB to propagate the fault, line 1 

will be set to "1" at next step. During the implication procedure, line 9 set 

to "0" and line 13 set to "0". Backtracking procedure is executed because 

there is a conflict at IOB. Then, line 1 is set to "0" instead of "1". However, 

this IOB (line 13) still has a value "0". After unsuccessfully using both 

values of line 1, we delete line 13 from the set of D frontiers. Therefore, the 

choice becomes unique. Line 14 is selected to be a new IOB. Next, line 4 is 

set to "1". After implications, fault reaches a primary output, line 14. 
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Figure 4.1a Flowchart of backtracking decisions of method 1 
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Figure 4.1b Flowchart of method 1 
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Figure 4.2 An example for method 1 

4.2 Method 2 

In this method, there are only two situations which are needed to 

execute the backtracking procedure. (1) The logic level of the line under 

test is the same as the stuck fault value. (2) The set of D frontiers is empty. 

In this method, backtrackings do not occur when the value of current IOB 

is in the set of {0,1}. When the current IOB is set to be "1" or "0", this 

method searches for a new D frontier to become a new IOB. In other 

words, as long as there exists a path to a primary output, method 2 does not 

need to backtrack. Perhaps, there may be a solution according to this path. 

If there are no paths available, then condition 2 is satisfied. Therefore, the 
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backtracking procedure is executed and a new IOB is found to propagate 

the fault to a primary output. 

The flowchart of figure 4.3 describes this method. An example is 

shown in figure 4.4. If we want to find a test for a S-A-0 fault at line 3. 

The steps are: (1) Line 3 is set to "D" and line 2 set to "1". Then the value of 

line 10 becomes "D". Moreover, line 13 is selected to be the current IOB. (2) 

Line 1 is set to "1" in order to propagate the fault through current IOB. 

However, it makes line 9 to becomes "0". Finally, the value of current IOB 

becomes "0". (3) Since the value of the current IOB has been set to "0", we 

need to select a new IOB. Therefore, line 14 is chosen to be a new IOB. (4) 

In this step, line 4 is set to "1". During the implications, line 14 becomes 

"D" and line 15 becomes "D". At this point, the fault propagates to a 

primary output, line 15. 

The comparison between methods 1 and 2 of this example is shown in 

figure 4.5. In this example, method 1 needs two more steps to find the 

solution. 
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Figure 4.3 Flowchart of method 2 
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Figure 4.5 A comparison between methods 1 and 2 



5  1  

4.3 Method 3 

In this method, two situations that cause backtracking during test 

generation are the same as in method 2. However, method 3 uses a new 

strategy to select the IOB. Instead of focusing on propagating the fault 

effect through the current IOB, this method always selects the D frontier 

that has the easiest observability value to be a new IOB. In other words, if a 

new D frontier is generated, its observability value is compared to the that of 

current IOB. If the observability value of this new D frontier is better than 

that of the current IOB, it is selected to be the IOB in the next iteration 

during the test generation. 

The flowcharts of figure 4.6 described the difference between method 

3 and 2. An example is shown in figure 4.7. Suppose we want to generate 

a test for a S-A-0 at line 6. The steps are: (1) Line 6 is set to "D" and line 5 is 

set to"!". Then, the signal value of line 17 becomes "D". Moreover, line 20 

is selected to be the current IOB. (2) Line 1 is set to 1 in order to propagate 

fault effect through line 20. After implications, line 9 is set to "1" and line 

21 is set to "D". At this point, a new D frontier is generated. Therefore, we 
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Figure 4.6 Difference between methods 2 and 3 
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compare its observability value to that of line 20 (current IOB) and find out 

that line 22 is easier to observe. Therefore, line 22 is selected to be a new 

IOB. (3) Line 7 is set to "0". However, the value of line 22 still is "X". (4) 

Line 2 is set to "0". Then, the value of line 20 is forced to be "0". Finally, 

we get the solution that line 22 is set to "D". 

The comparison of method 3 and 2 of this example is shown in figure 

4.8. In this example, method 2 needs two more steps to find the solution. 

4.4 Applying Absolute Dominators to Backtracking 

Strategies 

In this section, a new condition is used to decide whether the process 

of test generation needs to do backtracking or not. The condition is that the 

signal value of absolute dominators of LUT is "0" or "1" instead of "D" or 

"D". In this case, no path is available to propagate the fault effect to a 

primary output. The benefit of this condition is that we do not waste time to 

search a fruitless search space during test generation. 

Adding this condition to the backtracking procedure needs a 

preprocessing step to calculate the absolute dominators. The preprocessing 

step is described in chapter 3 and needs a very small amount of time 

compared to that needed for test generation. After adding this condition, 

methods 1, 2, and 3 transfer to methods 4, 5, and 6, respectively. 
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Figure 4.9 An example for method 6 

An example of method 6 is shown in figure 4.9. Assume that it is 

desired to find a test for a S-A-0 at line 4. According to line 4, There are two 

absolute dominators, line 13 and line 14. The steps are: (1) Line 4 is set to 

"D" and line 3 is set to "1". Then, the value of line 8 becomes "D". 

Moreover, line 11 is selected to be the current IOB in next iteration. (2) Line 

1 is set to "0" in order to propagate the fault effect through line 11. But this 

assignment forces line 14 to become "0". (3) Since the value of a absolute 

dominator, line 14, is "0", we need to do backtracking. Therefore, line 1 is 

set to "1". At this point, the value of line 11 is forced to be "1". Therefore, 

line 12 is selected to be a new IOB in the next iteration. (4) In this step, line 
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5 is set to "1". Then, the values of line 13 and line 14 are forced to be "D". 

Since the fault effect reaches a primary output, line 14, test generation 

stops. 

The decision trees of methods 6 and 3 of this example are shown in 

figure 4.10. In this example, method 3 needs six more steps to backtrack at 

line 2 and line 5. 
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Figure 4.10 A comparison between methods 3 and 6 
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CHAPTERS 

EXPERIMENTAL RESULTS 

The six methods discussed were implemented in C language 

running on a SUN 3/260. The ten circuits used in the experiment are taken 

from the set proposed at ISCAS'85 [8] as benchmarks for ATPG. The fault 

set for each circuit was obtained by collapsing complete single stuck-at 

fault set. Experiments were conducted with a backtracking limit of 100 for 

each circuit. If the total number of backtrackings exceeded the 

backtracking limit, the fault was dropped. For all circuits, the average 

execution time and number of backtrackings per fault were computed. 

Moreover, the total number of dropped, detected, and undetectable faults 

were counted for each circuit. 

The results are shown in table 5.1 and 5.2. For all circuits, method 1 

which uses the current IOB as a condition for backtracking detects the least 

number of faults and takes much more time than that of other methods. 

Also, compared to the heuristic used in method 1, heuristics used in 

method 2 and 3 detected more faults without backtracking. In other 

words, the average number of backtrackings needed to find a test in method 

2 and 3 is smaller than that in method 1. For instance, according to the 

number of backtrackings, fault coverages of methods 1, 2, and 3 for the 
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c6288 circuit are shown in figure 5.1. Obviously, the performance of 

method 1 is worse than those of methods 2 and 3. It tells us that the 

backtracking heuristic using the condition that the current IOB is set to "0" 

or "1" is not a good heuristic at all. 

According to the experimental results, using absolute dominators as 

a backtracking condition will reduce the number of backtrackings and 

improve the fault coverage. Furthermore, if there are many 

backtrackings at absolute dominators, the test generation will save much of 

the CPU time to generate test patterns. As an example, figure 5.2 shows 

the effect of absolute dominators for the c3540 circuit. In this example we 

only count faults which need to do backtracking in order to find a test. 

Clearly, method 6 which uses the status of absolute dominators as a 

backtracking condition detected more faults and needed less number of 

backtrackings than method 3. Generally speaking, the experimental 

results confirm that using the status of absolute dominators as a 

backtracking condition does improve the performance of PODEM 

algorithm. 
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Table 5.1 Experimental results for backtracking limit of 100 

method 1 2 3 4 5 6 I 
time/fault(ms) 412 359 342 370 323 317 
total faults 524 524 524 524 524 524 

c432 detected 514 514 514 517 517 517 
undetectable 0 0 0 0 0 0 
dropped 10 10 10 7 7 7 
fault coverage 98.09 98.09 98.09 98.66 98.66 98.66 
time/fault(ms) 751 539 587 747 578 591 
total faults 758 758 758 758 758 758 

c499 detected 750 750 750 750 750 750 
undetectable 0 0 0 0 0 0 
dropped 8 8 8 8 8 8 
fault coverage 98.94 98.94 98.94 98.94 98.94 98.94 
time/fault(ms) 156 145 153 168 156 154 
total faults 942 942 942 942 942 942 

c880 detected 942 942 942 942 942 942 
undetectable 0 0 0 0 0 0 
dropped 0 0 0 0 0 0 
fault coverage 100 100 100 100 100 100 
time/fault(ms) 753 643 680 750 685 687 
total faults 1574 1574 1574 1574 1574 1574 

cl355 detected 1568 1568 1568 1568 1568 1568 
undetectable 0 0 0 0 0 0 
dropped 8 8 8 8 8 8 
fault coverage 99.62 99.62 99.62 99.62 99.62 99.62 
time/fault(ms) 1835 1061 849 1532 1013 794 
total faults 1879 1879 1879 1879 1879 1879 

cl908 detected 1717 1719 1719 1736 1738 1738 
undetectable 8 8 8 13 13 13 
dropped 154 152 152 130 128 128 
fault coverage 91.84 91.91 91.91 93.08 93.19 93.19 
time/fault(ms) 829 563 555 746 528 530 
total faults 2595 2595 2595 2595 2595 2595 

c2670 detected 2390 2392 2392 2409 2411 2411 
undetectable 30 30 30 38 38 38 
dropped 175 173 173 148 146 146 
fault coverage 93.26 93.33 93.33 94.30 94.37 94.37 
time/fault(ms) 3040 1337 1283 1900 903 851 
total faults 3428 3428 3428 3428 3428 3428 

c3540 detected 2670 2689 2690 2832 2843 2844 
undetectable 220 233 233 277 282 282 
dropped 530 506 505 319 303 302 
fault coverage 84.54 85.24 85.27 90.70 91.16 91.20 
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Table 5.1 (continue) 

method 1 2 3 4 5 6 
time/fault(ms) 561 360 368 512 358 354 
total faults 5350 5350 5350 5350 5350 5350 

c5315 detected 5237 5238 5238 5240 5241 5241 
undetectable 74 74 74 74 76 76 
dropped 39 38 38 36 35 35 
fault coverage 99.27 99.30 99.30 99.33 99.35 99.35 
time/fault(ms) 22130 2644 2681 22510 2717 2705 
total faults 7744 7744 7744 7744 7744 7744 

c6288 detected 7174 7175 7175 7174 7175 7175 
undetectable 32 32 32 32 32 32 
dropped 538 537 537 538 537 537 
fault coverage 93.05 93.07 93.07 93.05 93.07 93.07 
time/fault{ms) 1917 814 844 I860 851 846 
total faults 7552 7552 7552 7552 7552 7552 

c7552 detected 7271 7281 7281 7273 7283 7283 
undetectable 45 45 45 45 45 45 
dropped 236 226 226 234 224 224 
fault coverage 96.88 97.01 97.01 96.90 97.03 97.03 



Table 5.2 Experimental results according to # of backtracks 

# of number of faults 
backtracks method 1 method 2 method 3 method 4 methods method 6 

0 510 510 510 510 510 510 
1 —> 19 4 4 4 7 7 7 

c432 20 —> 39 0 0 0 0 0 0 
40 —> 59 0 0 0 0 0 0 
60--> 79 0 0 0 0 0 0 
80 --> 100 0 0 0 0 0 0 

0 420 700 700 420 700 700 
1 —> 19 330 50 50 330 50 50 

c499 20 ~> 39 0 0 0 0 0 0 
40 —> 59 0 0 0 0 0 0 
60 -~> 79 0 0 0 0 0 0 
80 ~>100 0 0 0 0 0 0 

0 941 9il 941 941 941 941 
1 —> 19 1 1 1 1 1 1 

c880 20 — > 39 0 0 0 0 0 0 
40—> 59 0 0 0 0 0 0 
60-~> 79 0 0 0 0 0 0 
80->100 0 0 0 0 0 0 

0 690 1244 1244 690 1244 1244 
1 —> 19 876 322 322 876 322 322 

cl355 20 — > 39 0 0 0 0 0 0 
40 —> 59 0 0 0 0 0 0 
60 —> 79 0 0 0 0 0 0 
80 --> 100 0 0 0 0 0 0 

0 1271 1446 1447 1271 1446 1447 
1 —> 19 450 279 278 472 301 300 

C1908 20 --> 39 2 1 1 4 3 3 
40 ---> 59 1 0 0 1 0 0 
60 — > 79 1 1 1 1 1 1 
80 ~> 100 0 0 0 0 0 0 

0 2329 2339 2339 2329 2339 2339 
1 ««> 19 77 73 73 97 93 93 

c2670 20 — > 39 7 4 4 6 2 2 
40 —> 59 5 5 5 5 7 7 
60 — > 79 0 1 1 4 4 4 
80 --> 100 2 0 0 6 4 4 

0 1900 2120 2124 1900 2120 2124 
1 -»-> 19 836 625 622 1133 922 919 

c3540 20 —> 39 &1 65 65 40 56 56 
40--> 59 29 31 31 15 14 14 
60 — > 79 11 11 11 8 4 4 
80 --> 100 68 70 70 13 9 9 



Table 5.2 (continue) 

# of number of faults 
backtracks method 1 method 2 method 3 method 4 methods method 6 

0 4632 4986 4986 4632 4986 4986 
1 —> 19 583 230 230 626 273 273 

c5315 20 —> 39 57 58 58 40 41 41 
40 — > 59 19 18 18 4 3 3 
60 ---> 79 13 13 13 12 12 12 
80-->100 7 7 7 0 0 0 

0 2820 5711 5711 2820 5711 5711 
1 —> 19 4046 1221 1221 4046 1221 1221 

c6288 20 —> 39 196 145 145 196 145 145 
40 —> 59 16 1 1 16 1 1 
60 — > 79 128 128 128 128 128 128 
80 --> 100 0 1 1 0 1 1 

0 5746 6159 6120 5746 6159 6120 
1 —> 19 1507 1115 1152 1522 1129 1167 

c7552 20 ~> 39 36 32 34 31 28 29 
40-~> 59 20 14 14 13 7 7 
60 ~> 79 6 5 5 5 4 4 
80 --> 100 1 1 1 1 1 1 
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Figure 5.1 A comparison among methods 1, 2, and 3 according to 
number of backtrackings on the c6288 circuit 
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Figure 5.2 An example to illustrate the effect of absolute dominators 
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CHAPTER 6 

CONCLUSIONS 

One of the purpose of this work is to explore how heuristics used in 

backtracking procedure influence the performance of the PODEM 

algorithm. Not only does a new algorithm, such as FAN, improve the 

performance of the test generation substantially, but also a good heuristic 

may improve the performance of the test generation significantly. 

According to the experimental results, strategy 1 that backtracks when 

there is any conflict at initial objective line (IOB) haB poor performance 

compared to strategy 2 which does not backtrack until the list of D frontiers 

is empty and strategy 3 which always selects the D frontier that has the 

easiest observability in the list of D frontiers as an IOB. For example, for 

the c6288 circuit, the CPU time of either strategy 2 or 3 is eight times faster 

than that of strategy 1. 

With the help of absolute dominators, we do improve the performance 

of most of the circuits. Considering the fault coverage, we found strategy 

6 that improves strategy 3 with the help of absolute dominators has the 

highest fault coverage. Therefore, we recommend it should be used as a 

backtracking strategy in the PODEM algorithm. 
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Suggestions for further work include applying the heuristics 

developed in this paper to function level or transistor level test generation 

packages. Also, the testability measures other than the SCOAP can be 

used to explore the merits of the backtracking heuristics discussed in this 

thesis. 
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