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Abstract

We define a family of delay fault models to address severd
issues, including the number of delay faults, and the need to cap-
ture different defect mechanisms leading to delay faults. Under
the kth model, we consider faults affecting subsets of k linesin
the circuit. We describe a test generation procedure for the pro-
posed models under robust propagation conditions using k =1
and k =2. We present experimental results to demonstrate the
effectiveness of the procedure and the models. The models can
be used aone or in addition to other delay fault models.

1. Introduction

Several delay fault models were proposed to model defects that
change the timing behavior of a circuit [1]-[3]. The path delay
fault model [3] models distributed as well as localized excessive
delays. However, the number of paths (and therefore the number
of path delay faults) in practical circuits may be very large [4]. In
addition, the number of testable path delay faults may be very
small [5]. Therefore, test sets to detect al the path delay faults
may not exist, and test sets to detect all the detectable faults may
not be computationally achievable.

To address the deficiencies of the models above, other
models were proposed [6], [7]. In both models, as well as in the
path delay fault model, tested lines are on the same path from the
primary inputs to the primary outputs. However, defects that may
increase circuit delay sometimes involve lines that do not drive
each other. Crosstalk faults and high-resistance bridging faults
[8] are examples of such faults. Such defects are not captured by
the path delay fault model or its restrictions. Therefore, tests for
these models may not detect such defects.

In this work, we define a family of delay fault models to
address the issues above. We use a parameter k to describe a spe-
cific fault model. Under the kth model, we consider subsets of k
lines in the circuit, each line associated with a signal-transition.
Our goal isto ensure that for each subset of k lines and the asso-
ciated signa-transitions, a fault involving al k lines will be
detected. For example, when k = 2, we require that every fault
involving a pair of lines and their signal-transitions will be
detected. Under this model, detecting faults involving lines on
the same path promotes the detection of path delay faults and of
defects whose cumulative effects result in delay faults, while
detecting faults involving lines on different paths promotes the
detection of crosstalk faults and high-resistance bridging faults.
Specificaly, the faults whose detection is enabled are those
where two lines carrying signal-transitions may interfere with

+ Research supported in part by NSF Grant No. MIP-9725053, and in part
by SRC Grant No. 98-TJ-645.

each other causing one or both of the transitions to be delayed.
Although the proposed models do not guarantee detection of
path delay faults or crosstalk faults, tests generated for these
models have the potential of showing improved coverage of
these models. We demonstrate this point with respect to path
delay faults.

We consider only robust tests in this work [9]. The
importance of robust tests stems from the fact that they remain
valid in the presence of arbitrary delays in the circuit. Thus, a
robust test for a delay fault that increases the circuit delay by a
sufficient amount is guaranteed to detect the fault. We concen-
trateonk =land k = 2.

2. Fault models and fault simulation procedures
In this section, we define fault models based on robust propaga-
tion of signal-transitions. In al the definitions, we consider only
lines that are primary inputs, fanout branches or primary outputs.
This is because these lines are sufficient to ensure robust propa-
gation of signal-transitions through all other lines.

The single line model requires that a rising and a falling
signal-transition would be robustly propagated from a primary
input to a primary output through every line g in the circuit. We
denote the set of tested single lines for a test t by W(t). For a
test set T, we define W' = [ ] {W(t):t OT}.

The line pair model requires that for every pair of lines
01, O, in the circuit, and for every combination of rising and
falling transitions try, tr, on g;, g,, respectively, tr; and tr,
would be propagated through g, and g,, respectively, by a test
that robustly propagates signal-transitions from one or more pri-
mary inputs to one or more primary outputs through g; and gs.
We denote the set of tested line pairs for atest t by W(t). For a
test set T, we define W? = [ ] {W?(t):t OT}.

Simulation of the line k-subset model under a test set T
proceeds as follows. Regardless of the value of k, the first step of
the simulation procedure is to obtain, for every test t O T, the
set of lines W(t) through which signal-transitions are robustly
propagated by t from the primary inputs to the primary outputs.
Together with every line g in W(t), we maintain the signal-
transition on g. The set W(t) can be obtained by performing one
logic simulation pass over the circuit from the primary inputs to
the primary outputs, and an additional pass from the primary out-
puts to the primary inputs.

In the second step of the simulation procedure, we omit
from T tests such that the faults they detect are also detected by
another test. Thisis done independent of k, as follows. Consider
two tests t; and t, in T, such that W(t,) OW (t,). In this case,
every k-subset of lines detected by t, is also detected by t,, and
weomitt, fromT.



The third step of the simulation procedure depends on the
fault model being considered. For k = 1 (the single line model!),
we have Wi(t) = W(t), and W' = [ ] {W(t):t OT}. For k = 2 (the
line pair model), we find the set of line pairs W(t) = W(t) x W(t)
over every set W(t), and take the union of all the sets.

3. Test generation

From our experiments, it is possible to construct atest set T from
random two-pattern tests, such that T would detect most of the
single lines; however, relatively few line pairs are detected. The
test generation procedure described in this section combines two
tests out of the initial random test set, each detecting a different
single line, into a test that detects the two lines together. This
results in the detection of the line pair consisting of the two sin-
gle lines. This procedure serves to demonstrate that it is possible
to increase the line pair coverage at a relatively low computa
tional cost.

Let t; be atest that detects a single line g; with a transi-
tiontr, on g,. Lett, beatest that detects asingle line g, with a
transition tr, on g,. Our goa isto combinet; and t, into asin-
gle test that detects both lines. The following input values are
important for each one of the lines. For g;, we have an output
cone O(g,) that contains all the primary outputs driven by g;.
These primary outputs have an input cone denoted by 1(g;) that
contains all the primary inputs driving the outputs in O(g;).
These primary inputs allow robust propagation of a signal-
transition from a primary input through g, to a primary output.
Similarly, we have the input cone 1(g,) for g,. If 1(g,) and 1(g,)
are digoint, we can take the values of 1(g;) from t; and the val-
ues of 1(g,) fromt,, and define a test that detects both faults. In
generd, 1(g;) and 1(g,) may overlap. We use heuristics to con-
struct new tests based on t; and t, in this case.

4. Experimental results of test generation

We applied the proposed test generation procedure to the combi-
national logic of ISCAS-89 benchmark circuits. The results are
reported in Table 1. We first show the number of testsin the ini-
tial random test set, followed by the number of tests obtained
after test generation. We then show the total number of single
lines, followed by the number of single lines detected by using
theinitial test set, and the number of single lines detected by the
test set obtained after test generation. Finally, we show the total
number of line pairs, the number of line pairs detected by using
the initial test set, and the number of line pairs detected by the
test set obtained after test generation.

Table 1: Results of test generation

single pairs

tests detect detect
circuit | init tg total init tg total init tg
s208 452 1248 | 244 81.56 100.00 29646 19.95 35.03
s344 1000 4214| 402 88.06 96.77 80601 34.09 57.48
420 692 6663 | 484 68.80 100.00| 116886 13.41 44.95
s526 1000 21302| 720 72.78 99.17| 258840 17.99 58.70
s820 839 3522 | 1110 65.14 99.64| 615495 319 6.82
s1196 | 1000 45890| 1396 53.51 96.78| 973710 6.47 37.45
s1423 | 1000 96822 | 1690 77.04 95.98| 1427205 24.66 77.77
s1488 | 1000 7836| 1720 69.36 98.60| 1478340 356 9.19
s5378* | 1000 133049 | 1000 54.40 96.40| 499500 8.78 82.33
$9234* | 1000 85565| 1000 36.10 78.50| 499500 7.36 50.29

* Only 1000 lines are considered

From Table 1, it can be seen that the proposed procedure
can increase the number of single lines detected to 100% or close

to it. It aso increases significantly the number of line pairs
detected. The percentage of detected line pairs is smaller than
100% partly because some line pairs are undetectable.

We also considered robust detection of path delay faults.
We recorded the fault coverages with respect to all the paths and
with respect to the longest paths after 1000 tests were applied,
and after the complete test set was applied. In many circuits,
1000 tests correspond to the initial random test set. Thus, the
data allows us to see the increase in path delay fault coverage
due to test generation. In Table 2, we show the coverage of path
delay faults after applying 1000 tests, and after applying the
complete test set. Next, we show the coverage of longest paths
after applying 1000 tests, and after applying the complete test
set. Since for some circuits, the longest paths are untestable, we
show in the last column of Table 2 the length of the longest
tested path after applying 1000 tests, and after applying the com-
plete test set.

Table 2: Path delay fault coverage

fault coverage longest
al paths longest detected
circuit 1000 al.t 1000 al.t 1000 Al.t
s208 89.31 99.31 | 50.00 100.00 14 14
s344 4944  85.21 0.00 100.00 17 20
420 50.00 95.66 0.00 50.00 16 28
s526 4793 84.63 0.00 0.00 8 8
s820 67.99 99.59 455 95.45 10 10
s1196 10.60 57.04 0.00 0.00 18 23
s1423 134 7.71 0.00 0.00 18 33
s1488 6117 9745 0.00 100.00 15 17

From Table 2 it can be seen that the path delay fault cov-
erage increases significantly as additional tests are generated by
the proposed procedure. Thisincludes an increase in the number
of detected faults associated with longest pathsin the circuit.
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