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As the complexity ¢i VLSI cireuits continues to increase, the need to
test for faiiures has become impevative. The problem of generating
te=t to detect failures on FET transistor networks has been unsclved
for all but simple cases. TIn this article we describe an effective
method for computing ftest for failures for FET switching networks.
Here we define a function-preserving, {ailure~-pregsiving transformation
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of o swit~hing network, into a logic network. There are efficient
means for computing tests for failures in logic networks, specificalliy.,
the D-algorithm. Tests so computed for the image Logic network are
automaticallv tests for failures in the original switching network, In
other words the logic network so generated not only computes the same
function; it also has the same failure-structure. Tests for the logic-
network failures are computed by efficient test-generation procedures,
using the D-algorithm [*]. Tt is proven for the transformation that a
test for a stuck failure in logic metwork is simultaneously a test for
a short {or open) for the corresponding switch in the switching net-
work. Run time for the transformation, from switching to logic net-
work, increases linearly with the ccmplexity of the switching network,
so that its run time can be neglected.

O0f the means of realization of function, legic circuits and switch-
ing circuits, logic circuits are much easier to test, with, e.g., the
use of the D-algorithm: direct methods for switching circuits are semi-
exhaustive. However, the test for VLSI logic based on the logic repre-
sentation without regard for the actual FET implementation is proven to
be inadeguate.

Wwe define a structural mapping of each switching c¢ircuit into a
logic circuit, performing the same function and having the same failure
characteristics. This mapping has linear complexity. We then compute
a test assemblage for this constructed logic-circuit image which is
guaranteed to detect all of its (stuck) failures. We prove that these
same tests cover all transistor failures in the original switching
circuits. We use some new techniques to generate s minimal number of
tests to cover these failures. Thus, the testing of switching circuits
is reduced to the testing of logic circuits.

Definitions

A logic circuit is a directed acyclic graph: on each 1| "anch (s a
binary function of the branches directed toward it; branches with no
hranches directed toward it are assigned binary variables; branches
pointing nowhere are primary outputs; in addition, any branch way be
designated as a primary output. '

A switching circuit is defined by a graph whose branches ave o0f
two types. In one type, there is a switch which is open or closed
depending upon the value of a binary variable controlling it. 1o the
other is an inverter, which inverts the value, 1 or 0, of the signal oﬁ\
the input side of the inverter. TIn general, an inverter is never in-
serted in parallel with switches, and only at a point where the graph
necks down to one branch. The switches are bilateral devices, whereas
the inverters are unilateral. The switching circuint has two terminal
nodes: ground and input side of the inverter. Therefore, the existence
of a path connecting the terminal nodes in the switching c¢ircuit means
logical zero value at the inverter input, j.e., logical one at the
inverter output.
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Direct computation of tests for failures in switching civcuits h
been difficult., Here, an algorithm is given for "failurs-equivalent’
mapping of switching circuits into logic circuits: it is an iterative
and structural mapping. We prove that tests covering stuck failures in
the image logic network also coustituie tests for shorts and opens in
the coriginal switching circuit. Shorts and opens of switches in switch-
ing circuits are in one~to-one correspondence with stuck failures in
equivalent logic circuits. !

Example of Structural Mapping

Consider the bridge circuit conzisting of four nodes 2,3,4,5 and
five switches interconnected as follows (¥VFig. !

The following notation is used to define a switch:

A switch with vertices a,b controlled by variable v is denoted v
v<a,b> , A switching circuit is defined by a collection of such
switches in such notation; the description must also specify the (sets
of) terminal nodes. The function realized by such a switching circuit
is defined by:

a<?2,3>,b%2,4>,e<3,4> c<4,5>,d<3,5>,

Assume that 2 and 5 are tverminal pair. We start arbitrarily with 2.
The switches contiguous to 2 are a<2,3> and b<2,4>., The first labelled

functicn is

cesgssee

cea vt e

vew

F, = a<2,3>+b<2,4>

The boundaries of this chain

are 3

and 4 and

their cofaces

are

A A N I I I T R N L N T

D*(3)=6<3,4>+d<3,5>
D*(4)=e<4’3>+c<hw5>

Those already in the chain, a<3,2> and b<4,2>, are not in the cofaces.
These cofaces are multiplied into the above expression to produce

FZ = a<2,3>{e<3,4>+d<3,5>)+b<2,4>(e(4,3>+c<g,5>)

The boundary points of F2 are 4 and 3 {5 being a terminal node).
Thus, the terms having 4 and 3 as boundaries are multiplied by their
surviving cofaces, namely, c<4,5> and d<3,5>:

Fy = a<2,3>(e<3,4>(c<4,5>)+d<3,5>)+b<2,4>(e<4,3>(d<3,5>) +c<4,5>)

This is the final structural chain. The corresponding algebraic
chain is:

5]

3

F=a{ec+d)+b (ed+c)
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alec+d)+b(ed+c)

Table T represents the Boele=an tree, translated by the procedure
from the above switching circuit (e.g., CMOS), in the notation of 'RLD’
{regular logic design): the primary inputs E D A B C are given integer
labels 2 3 4 5 6; then the variable designated 7 in the Boolean tree
formed is specified to be the AND-~Invert (Al) of arguments 3 2 5, etc.;
the primary output F in the CMOS design 1s here designated as 12,

TABLE T

N Channel Boolean logic converted from BRIDGE IL1

\

B

e Bt i i B aadit = = IS = N o B 5
L
Il
s
=t

6=P1

7=AT 3 2 5
8=aT 6 5

$=A1 6 2 4
10=AT 3 4
1i=AND 10 9 8 7
12=P0 11

Computation by the D-algorithm yields the following tests for
primary inputs of the generated logic circuit (Fig. 2).

These represent tests both for each primary-input line stuck-at-l
and -0, for the six input 1lines a,b,c,d,e in order. Cleariy, more
reduction could be achieved; for example, the test cubes for ¢ and d
can be interfaced to produce a single test for ¢ or d stuck-at-l.

Referring to the original switching circuit, we see that DO11l is
a test for ewitch a<2,? stuck either way, for b=0 blocks either path
between the terminals. Likewise OD11! allows only a gsath through b
between terminals, checking failure both ways on b< 2,4 | Similarly,
11D0! blocks all paths except those through «<4,5>,

1t is clear that the number of tests needed to test the switches
in the given example is less than what was obtained by using our pro-
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cedure for test generation for FET switching civecuits via failure-
preserving transformation to logic civecuits (Fig. 3).

However, ouvr objective is not to produce the minimal test buz to
assure the coverage of "transistor-faults". In this case the excess
test vectors might be beneficial for the coverage of the physical de-
fects not covered by the transistor faults.

Test generation for failures in FET-switching circuits, for small
number of FETs, has been possible only by manual methods: —the combin-
atorics grows exponentially with the size of the circuit for direct
approaches. For logic circuits, on the other hand, extant methods ave
satisfactory and widely practiced. 1In this article we define a trans-
formation from switching-to-logic-circui* which preserves function and
is failure-preserving, i.e., there is a one-to-one correspondence be-
tween ashorts and opens of the switching circuit and stuck~l and stuck-0
failures in the corresponding logic circuit.

We demonstrate that this transformation is linear, in that the
run-time doubles with doubling the size of the underlying switching
zircuit. The conversion time is negligible compared to the time used
for the test generation. Thus, the complexity of test generation using
this method is comparable to that for the logic circuits.

We use the same recent improvements in the D-algorithm which sub-
stantially reduces its run-time as well as the number of tests.
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