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Abstract 
We propose a coverage metric and a two-pass test gen- 

eration method for path delay faults in combinational logic 
circuits. The coverage is measured for each line with a 
rising and a falling transition. However, the test criterion 
is diflerent from that of the slow-to-rise and slow-to-fall 
transition faults. The test, called “line delay test”, is a 
path delay test for the longest sensitizable path produc- 
ing a given transition on the target line. The maximum 
number of tests (and faults) is limited to twice the num- 
ber of lines. However, the line delay test criterion resem- 
bles path delay test and not the gate or transition delay 
test. Using a two-pass test generation procedure, we begin 
with a minimal set of longest paths covering all lines and 
generate tests for them. Fault simulation is used to de- 
termine the coverage metric. For uncovered lines, in the 
second pass, several paths of decreasing length are tar- 
geted. We present a theorem stating that a redundant 
stuck-at fault makes all path delay faults involving the 
faulty line untestable for either a rising or falling transi- 
tion depending on the type of the stuck-at fault. The use 
of this theorem considerably reduces the effort of delay 
test generation. We give results on benchmark circuits. 

P Introduction 
At least three types of fault models have been used 

to represent delay defects. Transition fault model [ll] is 
a qualitative model and assumes a lumped delay defect 
(i.e., slow-to-rise or slow-to-fall) at an input or output 
of a gate. Carter et al [l] have introduced a quantitative 
gate delay fault model in which the delay through a gate is 
represented by intervals. A fault in this model is an added 
delay of certain amount (referred to as the size of the 
fault) in the rising or falling transition at the gate input 
or output. In path delay fault model [lo], the cumulative 
effect of gate delays along a path from PIs to POs of 
the combinational logic is considered. The number of 
transition or gate delay faults is linearly proportional to 
the number of gates in the circuit, but the number of path 
faults can be exponential. Despite efforts to classify path 

faults and identify a subset that must be tested, their 
number remains a problem [4]. 

In this paper, we define a rising line delay test that 
sensitizes the longest sensitizable path passing through 
the target line producing a rising transition on it. Simi- 
larly, a falling line delay test is defined. The definition of 
“longest” can be appropriately chosen. For example, in 
the simplest case, it can be the path with largest number 
of gates. Alternatively, gates can be weighted by their 
nominal delays. However, once the path is selected, the 
test generation is independent of gate delays. The crite- 
rion of delay test through the longest path has been used 
for diagnosis [5]. 

The coverage is measured for all lines with two possible 
transitions. Thus, the maximum number of faults (or 
tests) is twice the number of lines. Yet, test criterion is 
similar to path delay fault, and not like gate or transition 
delay fault. In general, a test will cover several lines. This 
coverage methodology can also be applied to the reported 
methods that extract sensitizable paths [2, 31. 

An iterative approach for generating a robust test was 
first proposed by Park and Mercer [S]. They devised an 
approximate method where the search space of test gener- 
ation process is biased to End a test along a path whose 
propagation delay is greater than or equalto a predefined 
threshold value. Our approach is to use an exact method 
for generating a test for the longest robustly testable path 
through each line. 

2 Two-Pass Test Generation 
Finding the longest sensitizable and robustly testable 

path through a given delay fault site is an NP-hard prob- 
lem [8]. We first attempt to find a robust test for the 
longest structural path through a line. If the path is 
not sensitizable, then we try to find a robust test for the 
next longest structural path, and so forth, until a test 
for the longest sensitizable path is found. Given enough 
resources this method guarantees a test for the longest 
sensitizable path through the line if such a test exists. 

The first pass of our two-pass test generation strat- 
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Figure 1: Test generation for longest path through line 4 

egy is essentially the same as reported in [7]. Initially 
a simple path selection method is employed to obtain a 
list of paths that cover all signal lines by their respective 
longest structural paths. The multiple backtrace proce- 
dure employing a g-value logic system [7] is used to derive 
robust tests for these targeted path faults. Once a robust 
test is generated, fault simulation is carried out to ob- 
tain information on the robust detection of other path 
faults. Whenever the fault simulator finds that a path 
is robustly tested by the generated test vector pair, each 
line on this path is examined to see if the vector pair sat- 
isfies the criterion of being a line delay test for any other 
line on that path. If the robustly tested path happens to 
be the longest structural path in the circuit through any 
line, then this line can be marked as covered since a line 
delay test has been obtained for the line with respect to a 
rising/falling transition. The fault coverage includes lines 
and transitions for which line delay tests were obtained. 

The line delay fault coverage at the end of the first 
pass is generally low since many structural paths are not 
sensitizable. For each line that is not covered by the line 
delay tests of the first pass, we attempt a robust test for 
the second longest structural path. If a robust test exists 
for this path, we mark the line as covered. If a test is not 
possible for the second longest structural path, then we go 
for the third, fourth, etc., successively shorter paths till 
we get a robust test. Again fault simulation is employed 
after each vector pair is derived to determine the cov- 
erage metric. This strategy usually obtains significantly 
improved line delay fault coverage after the second pass. 

Erample 1: Consider the circuit given in Figure 1. 
Lines are numbered 1 through 22. The label of line 1 is 

Z[m, n], where m  and n are level and depth, respectively. 
These are the maximum distances (in terms of the num- 
ber of logic levels) from primary input and primary out- 
put. We generate a line delay test for falling transition 
on line 4. In the first pass the longest structural path 
through line 4 is enumerated as 4-6-7-12-13-16-18-21-22. 
However, our multiple backtrace procedure [7] will find 
that no robust test exists for this path and hence line 4 
remains as not covered at the end of the first pass. In the 
second pass, we enumerate the second longest structural 
path through line 4 as 4-6-7-12-13-16-17-20. A robust 
test is obtained for this path using our test generator 
and hence this test will be a line delay test for line 4, 
which is now marked as covered. c1 

3 N-Longest Path Selection 
A polynomial time algorithm is known for finding the 

minimal longest path cover for all lines [6]. However, 
in the absence of a simple algorithm for the N-longest 
path problem, we enumerate all possible paths through 
the target line L, order the paths according to decreasing 
length, and select the top N paths. 

We first trace backward in a breadth first manner from 
line L towards PIs and mark all signal lines from which 
there is a path to L. We then trace forward from line 
L in a breadth first manner towards POs and mark all 
signal lines that can be reached from L. For each PI 
that has been marked in the backward trace from L, we 
enumerate all paths that start at the PI and pass through 
L, by traversing depth first along only the marked lines. 
As each path is enumerated, we store it in a linked list 
in decreasing order of path lengths. If the total number 
of possible paths through line L is greater than N, then 
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