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NEW METHOD FOR GENERATING TEST CODES

TO DETECT MULTIPLE STUCK-AT-FAULTS
IN COMBINATIONAL CIRCUITS". PART 1

The article is devoted to a new method of generating test codes to detect multiple damages in
digital combinational circuits, which is based on the artificial introduction of nonessential
variables and the application of the procedure of g-partition of minterms of a given function.
Due to the use of a numerical set-theoretic approach, the proposed method differs from the
known ones in a relatively simpler practical implementation to detect stuck-at-faults (0/1)
type both at one point and at several points simultaneously of the circuit under study.

Keywords: ccombinational circuit, single and multiple stuck-at-faults (0/1) type damage,
g-partition of minterms, nonessential variables, vector of test codes.

Introduction

In [1, 2], a method for detecting stuck-at-faults (0/1) at any single point of
a combinational circuit is proposed by determining (generating) vectors of
test codes. This method is based on a set-theoretical approach, using sim-
ple procedures and operations on binary minterms of a given function [1]
or system minterms of a given system of functions [2] describing the ope-
ration of the studied circuit.

! This article is a development of a topic published in the author's previous articles [1, 2].
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In the practice of microcircuit design, there are often situations where
stuck-at-faults (0/1) type damages can occur not only at a single point in
the circuit, but also at several different points in the circuit simultaneous-
ly, which may be interconnected. Such damage is more difficult to detect
due to the random nature of their occurrence, and in addition, their binary
values may differ. Determining them by pointwise search is not a convin-
cing proof of the reliability of the obtained result, which consequently re-
duces the reliability of the design process.

Known methods for detecting multiple stuck-at-faults (0/1) at several
points in a combinational circuit [3-12] are mainly based on modeling sin-
gle errors to find the minimum number of test vector sets. However, this
approach is quite cumbersome, as it requires the use of additional proce-
dures, since the problem of detecting such faults is NP-complete with a
complexity of at least O(2") for n errors. To solve this complexity, in [6] it
was proposed to use the SAT Solver algorithm to generate test sets in com-
binational circuits with several errors, that also complicates the problem.

Among the approaches to the diagnostics of digital circuit design for
detecting multiple errors, in addition to modeling, symbolic methods are
also known [3, 4]. However, they do not rely on test vectors, but usually
use ordered binary solution diagrams (OBBD) to characterize the neces-
sary and sufficient conditions of a potential error source as a Boolean func-
tion. Although symbolic approaches are more accurate than modeling ap-
proaches, the strong increase in the complexity of their implementation
imposes practical limitations for detecting the above-mentioned errors
during the design of digital circuits.

This article is devoted to a new method of generating test code vectors
to detect stuck-at-faults (0/1) type damages both at one point and at se-
veral different points of a combinational circuit simultaneously. The meth-
od is based on the idea of artificially introducing into the Boolean space a
completely specified function f(x,,x,,...,x;), which describes the opera-
tion of the studied circuit, a certain number (but not ) of a nonessential
variables and applying the g-partition procedure of the minterms of the
perfect STF Y' function £[12, 13]. Unlike the known methods of generating
test codes, the proposed approach is relatively simpler in terms of practi-
cal implementation.

Theoretical Part

It is generally known that a Boolean function f(x,,x,,...,.x;) significantly
depends on the variable x; if there are such values o,,...,06,,,6,,,,...,0
of the variables x,,...,x;, ;,x;,,,...,x, that

n

f(ey,..,0,4,0,6,4,..,0,)% f(0,,..,0,,,1,6,,1,....0,,) . 1)

If condition (1) is not met, then the variable x; is nonessential for the
function f.
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Instead, to transform an essential variable x; of the function f into a
nonessential one, which is assumed by the proposed method, it is necessa-
ry to replace the value o, with the opposite one in the domain of definition of
the function f, that is, in the set 2" of sets E, ={{(c,...,0;,...,0,):0, €{0,1}}
of its variables. Then, the Boolean space of the function f will be divi-
ded into two equivalent subspaces, and the newly created function will
differ from the original one in values on certain sets of variables. Accor-
dingly, if r “nonessential” variables are simultaneously introduced, the
Boolean space will be divided into 2" equivalent subspaces, and those sets
of variables, on which the values of the function f have changed, are pre-
cisely the desired vectors of test codes, which will allow to recognize
the type and the location of stuck-at-faults (0/1) damage in the studied
scheme.

Table 1 illustrates the changes in the values f,, f,,..., f, (3" column) of
the conditional function f(x,,x,,x;) in various intervention situations:
when one “nonessential” variable is introduced, for example x, (4th and
5th columns) and x, (6th and 7th columns), and when the same variables
are introduced simultaneously as “nonessentials” ones (8th, 9th, 10th and
11th columns).

In Table 2, this case is illustrated by an example of a function
f(x,,x,,%;) that has a perfect STF Y'={(001),(101),(110),(111)}" (see
Example 1 in [1]). For the same “nonessential” variables x, and x,, the
elements of the pseudo-perfect STF differ from the elements of the perfect
STF Y', which are highlighted here in bold. For example (see the 4th co-
lumn), a function f, , corrupted by an “nonessential” variable x, /0 has
a pseudoperfect STF Yxl1 0= {(001),(101)}', where two elements on the sets
of variables (110) and (111), which are vectors of test codes, are highlight-
ed in bold.

In Table 2, the numbers in the 9th (log. 0) and 11th (log. 1) columns,
highlighted in square frames, show that these test code vectors cannot be
determined separately for the “nonessential” variables x, and x,. Since
such vectors are not present in the “damaged” functions f, ,_ and f,_,_,

Table 1

“10” X1 Xy X5 f f; /0

1

000 | o | o | i | S | | | L | | K
001 A | A | 6| A A | A | K| K| f
010 | o | LA | K | Ho | L | K | L | i | K
011 | £ Jf‘s Ll h | 6 A K| | S
100 | f fO fo | | | | R Ak
101 | f fl S A A A
110 | f f2 T/ /A S I T A
111 | f SN V2 N S (R R N/ N S I S B

fon

1

oo

2/

ﬁr /1 frlxz/OU ﬁ(lxz/Ul ﬁclxz/l() f;lxz/ll

2/

NN O W N RO
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this confirms the need to search for possible multiple stuck-at-faults (0/1)
in the studied circuit, which is important for diagnostics.

To determine (generate) vectors of test codes that will detect stuck-
at-faults (0/1) type damage both at one point and at several different
points of the combinational circuit simultaneously, it is convenient to ap-
ply the g-partition procedure of minterm of the perfect STF Y' of the
Boolean function f, the essence of which is as follows. »

As noted in [12, 13], the g-partition procedure (operator =) of an
n-position binary minterm m, =(0,6,--6,), ©,€{0,1} of the function
f(x,,%,,...,x,) is a sampling of g positions (g€ {1,2,...,(n-1)}, g <n) from
the minterm m This procedure is performed by applying of a mask of li-
terals {I, [, - |1, 1s, -1, } to the minterm 1, formed by partitioning in-
to two Classes — the (n q) “class and the g-class — the conjunction of lite-
rals I, ---1,, I, €{x;,x,;} , where the dash | is the symbol of the g-partition.
The g-partition procedure of minterms m,,m,,...,m, of a perfect STF
of an arbitrary completely specified function f forms a set of parti-
tioned minterms:

1

p1
Y' =y iy S L L (Ll ol )=

0O "0y

={my " |m§ ,m, " |mg ,...mg " |mg =, (2)

where m;™" |m! is the partitioned i-th minterm consisting of two submin-
terms: (n —q)-class — m?‘q and g-class — m/; in binary format — m;™" |m] =

=(0,, "0, q ) (o, ) For example, the 2-partition of a binary min-
term (10010) for mask of literal {/,1,1, | I,I} looks like (10010) {LLI, |LL} =
=(001]10).

As a result of the g-partition procedure of the binary minterms of the per-
fect STF Y' (2), a set of the partitioned of binary minterms is formed like that:

=1(0,, =04, )(Gp, -0y ) (S, Oy, )(Sp, - Op )

]

Table 2
«10» | x; X, % f f;l/o ﬂ’l/1 f;z/(] frz/l flez/oo ,fxlxz/Ol fxlxz/lo f;lxz/u
0 000 0 0 0 0 0 0 0 0
1 001 1 1 1 1 0 1 0 1 1
2 010 0 0 1 0 0 0 0 0 1
3 011 0 0 1 1 0 1 0 1 1
4 100 0 0 0 0 1 0 0 0 1
5 101 1 1 1 1 1 1 [0] 1 1
6 110 1 0 1 0 1 0 0 0 1
7 111 1 0 1 1 1 1 0 1 1
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and, it can be further simplified first by the “rightwise union” procedure
lu
(operator =), and if necessary, then by the “leftwise union” procedure

(operator :|>) [14].

Let the binary subminterms of the (n—gq)-class reflect the values of
“nonessential” variables and their number r=1,2,...,(n —1) . Then the val-
ues of this subminterms in the (1 —g) -class must form a complete set E; .
Thus, the values of the “damaged” function f for each case of a one “non-
essential” variable (r=1) or “nonessential” variables (r=2,3,...,(n—1))
will form sets of pseudo-perfect STFs, accordingly.

Let us consider the proposed approach in more detail.

Let g=(n—-1). This means that one “nonessential” variable x; is cho-
sen, for the existence of which it is necessary to have in the (n— q) -class
(here in the 1-class of the partition) two values of the subminterms

={0,1} , namely:

pnfl

Ju
Yi={my,my, e m ) =40 [ Gl ={O0INGT),AINTDY, ()

where Nj', NJ7' are sets of subminterms of the (n—1)-class formed by
the (n—1) -partition procedure and the “rightwise union” operation.

Based on (3), two sets can be formed: a pseudoperfect STF Y1 -
when a “nonessential” variable x; caused “damage” s-a-0 (x; /0) and a
pseudoperfect STF Yxli — when a “nonessential” variable x; caused
“damage” s-a-1 (x; /1). To determine the test codes, it is necessary to first
perform the concatenation procedure on the partitioned minterms (3)
(0| N;™") and (1|N;™), and then, to combine the resulting sets in a poly-
nomial format with the given minterms, i.e. to form {YX1 0, Y'}® and
{Yx1 1, Y}, As a result, the desired test code vectors are “filtered” into
separate sets CX /O,CO/O and Cx Y Si/l [2]:

Y 1% [cl
{ ’1‘“’} =1 ", (4)
Y Cx,. /0

' 17 [c!
{ Z"“} =1 5)
Y Cx,. N

Let q=(n-2). This means that two “nonessential” variables x; and x;
are chosen, for the existence of which it is necessary to have four values of
subminterms in the 2-partition class — E; ={00,01,10,11} , namely:

Pu72

Y= {my my, om0 1 L ol )=
= {(00] Ng;*), (01 Ng;*), (10| Ni*), (11 N3 )}, (6)

where Nj;?, Ni?, Nio?, Nii? are sets of subminterms of the (1 — 2) -class.
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Fig. 1

From the set (6) similarly to (3) it is possible to form four pseudo-
perfect STFs Y, o Yy, o Yz, 10 Yo, u and on their basis to obtain vec-
tors of test codes for determining possible stuck-at-faults (0/1) type da-
mages simultaneously at two points of the combinational circuit.

It is obvious that by using the same algorithm, it is possible to gene-
rate sets of test code vectors for a larger number of introduced “nones-
sential” variables of the function f.

It should be noted, that in practice, when studying (diagnostics) com-
binational circuits for verification of possible stuck-at-faults (0/1) type
damages, a situation may occur when | Y" [>| Y°|. In this case, due to the
less cumbersome (simpler) implementation of the necessary procedures
and operations, it is advisable to use a set Y’ instead Y" (see example 2 be-
low). Then, after the operation of combining pseudoperfect STFs Yx‘? s and
Yf ;1 in inverse polynomial format (using the example of introducing an
“nonessential” variable x,) with a perfect STF Y’, the desired sets of test
code vectors cfji /07 Ci{ s and Cffx Y Ci’ ;1 can be defined as follows:

Practical Part

Let us illustrate the proposed method with examples.

Example 1. Determine the vectors of test codes for detecting multiple
stuck-at-faults (0/1) type damages at the 0- and 1-levels and at the inter-
section points of the cutset 1 and 2 of the logic circuit shown in Fig. 1.
(borrowing from [1])

Solution. The scheme in Fig. 1 implements the function f(x,,x,,x;)
given by Table 2.
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Let us first define the vectors of test codes for the case of introdu-
cing one “nonessential” variable x;.

At the 0-level of the scheme, as a result of the 2-partition of the min-
terms of the perfect STF Y' of the function f, we obtain sets of partitioned
minterms, which after the “rightwise union” procedure will simplify to
the following form:

1

» L |LL {(0]01),(101,10,11)}

Y' ={(001),(101),(110),(111)}' =31, | L, t =4{(0]01,11),(1]10,11)}" .

L4, {(0]11),(1]00,10,11)}!

For each mask of literals from the two formed subsets, we obtain pseu-
doperfect STFs Y, , and Y, ,, after the concatenation operation (opera-
tor =). Each of these sets, similarly to ([1] see table 2), after combining
in polynomial format their minterms with the given minterms of the per-
fect STF Y" of the function fand simplifying by eliminating identical pairs,
will form the desired vectors of test codes (here and further we will high-
light the value of the “nonessential” variable in bold):

(!

Y. o =1(0,1)] 01} S{(001),(101)}' = {8617}8},110,111} = {{110,111}0’

Y!, ={(0,1)]01,10, 11} {(001),(010), (011),(101), (110), (111)}" =

. {oerrmo 011, }GHJ[@JL{&} {{010,011}1 .
@

1(0,1)] (01,11)}" ={(001), (011),(101),(111)}" =

001,011,304,433)°  [{011}"
00%202,110,121] | (110"’

12/0

=

Y}, ={(0,1)[10,11} =5{(100),(101),(110),(111)}! =
{100,}91,4&9,4&&}63 {{100}1

= = .

001, 10436,441 {001}°

In Table 2, columns 4-7 correspond to the pseudoperfect STFs Y, ,,
Y! ., Y, and Y]
x /17 “x,/0 x/1°

Y. 0 =1(0,1)] (1)} ={(110), 111} =
110,111 ° [ioy
- 001,101,116;44% = {001,101}
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on

Yx13/1 ={(0,1)|00,10,11}" C:>{(000),(001),(100),(101),(110),(111)}1 =

000,00T,100,10%,110,441]° ({000,100}’
~ 1001101 110.111 iy

Note that the resulting test code vectors are the same as in the article [1].

Let us apply the 1-partition of the given minterms to determine the
test codes for the case of simultaneous stuck-at-faults (0/1) damage at two
points on the 0-level of the circuit:

A
Y ={(001),(101),(110), A111)} =4 L1 |1, ¢t =
LI 1L

{(00,10]1),(01|@),(11]0,1)}’
=1{(00]9),(0110),(10]1),(11|0,1)}",
{(00]2),(01]0,1),(10,11 | 1)}"

Yllxz/OO,lo =1{(00,01,10,11)| 1} 2;{(001),(011),(1()1),(111)}1 =

001,011,305,1312)° ({011}
= = ,
061,161,110, 141 {110)°

Y1 o ={(00,01,10,11)| 2} {2} =

X

@ ° ey
= = y
001,101,110,111 {001,101,110,111}°

Y!, . =1(00,01,10,11)[0,1}' =
Z;{(000),(001),(010),(011),(100),(101),(110),(111)}1 =

000,001,010,011,100,101,110,111) {000,010,011,100}"
= = o) .

In Table 2, columns 8-11 correspond to pseudoperfect STFs leXz /007
Y., s Yoo o and Y, , and the numbers, highlighted in bold, are vec-
tors of test codes for cases of simultaneous stuck-at-faults (0/1) damage
at the two specified points of the circuit.

For other pairs of “nonessential” variables at the O-level of the circuit,

we obtain the following result:
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Y1, 0 ={(00,01,10,11)| @} {2} =

%) iy
= =
001,101,110,111 {001,101,110,111}0

Y1, ={(00,01,10,11) |0} =5{(000), (001), (100),(101)}" =

000,001,100,101]°  [{000,100}*
= loex261,110,111[ 110,111}

Y1, 1 ={(00,01,10,11) | 1} ={(010),(011),(110), (111)}' =

010,011, 116,4+)° {010,011}
= = ,
001,101,364+ {001,101}°

! =1(00,01,10,11)[0,1)' 5

g{(OOO),(001),(010),(011),(100),(101),(110),(111)}1 =

000,001,010,011,100,101,110,111) {000,010,011,100}"
= = o) ;

Y., 00 =1(00,01,10,11) | B} ={D)' =
%) (o
= = ,
001,101,110,111 {001,101,110,111}°

Y., o =1(00,01,10,11)]0,1)' =

g{(OOO),(001),(010),(011),(100),(101),(110),(111)}1 =

{000, 001,010,011,100,101,110, 111}® {{000, 010,011,100}"
e el

7

Yxlzwm/11 ={(00,01,10,11)|1}' 2};{(100),(101),(110),(111)}1 =

100,46:110,411)°  [{100}"
~001,261,320,131  |{001)°"

At the 1-level of the scheme we have a function f(x,,z,,x,), which
has a perfect STF Y'={3,4,5,7}'. After performing the 2-partition pro-
cedure over its minterms, we obtain the same test code vectors as in ([1],
see table 4):
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A {(0]11),(1]00,01,11)}'
Y' ={(011),(100),(101),(111)}' =11, | L,  =<{(0|10,11),(1| 01,11)} ,
13 | 1112 {(0 | 10)/ (1 | 01110111)}1

Y! = {(0,1)| 11} ={(011 111}1:{ ’ F): oy
o= Oy St a5 o001

on

1 ={(0,1)]00,01,11}' S5{(000), (001), (011), (100, (101), (111)}’ =
000,001,011,100,101,111]°  [{000,001}"
~ 011.100.10L.111 iy ’

110} 001}' o} 010,110}
Yzl /0 = { }0 , Yzl P N { }0 , Y; 10 — { } o Yxl " = { . } )
S Nty AT Yooy’ B T Jiotn, 11 B iy

In case of simultaneous stuck-at-faults (0/1) damage at two points on
the 1-level of the circuit, after performing the 1-partition procedure of the
minterms of the function f(x,,z,,x;), we obtain the following result:

i LL |1, {(00|2),(01,11|1),(10|0,1)}'

Y' ={(011),(100),(101),(111)}' ={LL | L, $ =1{(00|),(01]|1),(10]0),(11]0,1)}";
LL |1 {(00,01|1),(10|@),(11]0,1)}'

)
Y o=t2r =12 L ,
%a/ 011,100,101, 111 {011,100,101,111}°

e

Y!. oun =(00,01,10,11)| 1} ={(001),(011),(101), (111)}' =

001,611101111]°  [{001}!
= = ,
011,100,301 431 {100}°

Y, 1 =1(00,01,10,11)[0,1}' =

X

g{(OOO),(OOl),(010),(011),(100),(101),(110),(111)}1 =

000,001,010,011,100,101,110,111] ® {000,001,010,110}"
= = o) ;

® 1
L o 9}
Y, .0 =19} = = ,
™ 011,100,101,111 {011,100,101,111}°
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Y!. o =(00,01,10,11)|1}! :>{(01o ,(011),(110),(111)}* =
010,011,110 m {010 110"
~ 1 0#1,100,101 m ~1{100,101)°

Y!, 1 =(00,01,10,11)| 0}" :>{(000 ,(001),(100),(101)}* =

000,001,200,20+]° ({000,001}’
011,300,261, 111[ 011,111}

Y!, u ={(00,01,10,11)]0,1} =
=5{(000), (001), (010}, (011), (100), (101),(110), (111)}! =

{000,001,010,@14,4@9,419},110,144}@ {{000,001,010,110}1
= = ;
011,100,101 111 (D)

Y! . o0 =(00,01,10,11) | 1} ={(100),(101),(110),(111)}' =

100,101,110,141]°  [{110}"
= = ,
011,100,101 {011)°

Yl

s 10 = =(00,01,10, 11)|®} {@} =
%) ° |iey

= = ,
011,100,101,111 {011,100,101,111}0

Yzlx3/11 {(00101/10/1 1) | 0,1}1 i’;
:>{ 000),(001),(010),(011),(100),(101),(110),(111)}' =

{000 ,001,010,611+166,161,110, ],H} { {000,001,010 110}

Table 3
2-partition 0-level 1-level
Stuck-at-fault X/~ X,/ ~ X/~ X/~ z~ X5~
s-a-0 (110)0 (011)' (001)‘) (100)0 (110)' (011}0
s-a-1 (010)1 (100)' (000]1 (000)1 (001)’ (010)1
011 (001)0 100 001 (100)0 110
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Table 3 contains vectors of test codes at 0- and 1-levels of the circuit
for the case of stuck-at-faults (0/1) type damage at one point, and Table 4
for the case of multiple damage at two points of the circuit.

For the cutset 2 we have the function f(x,,z,,2;)=%x,2; Vv 2z, =
= {(1-1),(-11)}' that has a perfect STF Y'={3,5,7}' (Y°={0,1,2,4,6}°).
After performing a 2-partition of its minterms, we define the vectors of
test codes:

. L LI {(0]11),(1]01,11)}'
Y' ={(011),(101),(111)}' =1L, | LI, t =< {(0|11),(1]|01,11)}" ;
LILL)  [{(0]@), (1|01 10,11)}

Y] =10,1)111 {(011), A1)} = {Dmm {101}

Y ={(0,1)]01,11}" Z5{(001),(011), (101), (111)}"
{Oomﬂﬁﬁiﬂﬂ} {{001}
= =

011,101,111 ()
Table 4
1-partition 0-level 1-level
Stuck-at-fault XX,/ ~~ XXy ) ~~ XXy ) ~~ X2,/ ~~ XXy ) ~~ Z,X/ ~~
s-a-00 (011" | (oo1)" | (oo1)" | (o11)" | (o11)" | (110)'
101 101 100 100
(110)0 110 110 101 101 (011)0
111 111 111 111
s-a-01 oo1)’ | (000)" | (000) | (001)' 010)" | (110)
101 100 010 110
110 o | [o11 0 ’
111 o 100 (100)" | {7 o
111 101
s-a-10 (011" | (010)" | (100)" | (000Y | (000Y | (011)°
011 001 001 100
(110 | (oo1) | (oor) | |°1° o11)" | [101
101 10 111 i
s-a-11 000)' | (o000 | (100)' | (001)' | (000\' | (000Y
010 010 001 001
011 011 oo | (ooy | |00 010
100 100 110 110
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Y! . ={(0,1)|11}} ={(101 111}1:{% e
o=ty Siaon = {FA 18

on

Yzll/1 ={(0,1)|01,11}" C:{(001),(011),(101),(111)}1 =

{001,914,491,44&}@ {{001}1
= =
015,10L11F @)

4

@
Y] ={(0,1)|@}12{@}1:> © = @y ;
/0 011,101,111 {011,101,111)°

on

Yzi/l ={(0,1)|01,10,11}' C:>{(010),(011),(100),(101),(110),(111)}1 =

010,0%1,100,101,110,141]°  [{010,100,110}"
= = .
01101111 (2)°

The vectors of test codes with simultaneous stuck-at-faults (0/1) dam-
age at two points of the circuit can be obtained after performing the 1-par-
tition of the minterms of the function f(x,,z,,z;):

i LL L {(00|@),(01,10,11| 1)}
Y' ={(011),(101),(111)}' =41 |1, ¢ =1{(00,10|D),(01]|1),(11]0,1)}" ;
LL 1L [{(00,10|@),(01]1),(11]0,1)}'

1 |2 [l
w0 =1{(00,01,10,11) | @}' = - .

1 oon =1(00,01,10,11) | 1} ={(001),(011),(101), (111)}" =
001,045105441 ¢ [{001}*
= = ;
101, (@1
Y! {(00,01,10,11) | }* @ e
Y. = V4 v V4 :> :> ;
a0 = ) 011,101,111 {011,101,111}°

Y!, o ={(00,01,10,11) | 1}' ={(010),(011),(110),(111)}" =
{om,pn,nom}@ {{010,110}1
= =

7

031,101, 131 {101}°
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Y!, 1 ={(00,01,10,11)|0,1}' =
Z5{(000),(001),(010), (011), (100), (101),(110), (111)}"
000,001,010,0%,100,167,110,441] __ [{000,001,010,100,110}*
- {91&49144% m} {{@}(’

Y! {(00,01,10,11 @ ) (@ ;
2y23/00,10 — {( )| @ = o
011,101,111 {011,101,111}

YL, o ={(00,01,10,11) |1} = {(100) (101),(110),(111)}* =

100,1071,110,1#1] {100,110}"
= =
011, 10111 {011}°

4

Y., =1(00,01,10,11)[0,1)' =
=5{(000), (001),(010), (011),(100), (101),(110), (111)}" =
{000,001,010,9%1’,100,19{,110,14/(}@ {{000,001,010,100,110}1
= = .

Y1101t (@)’
The test code vectors obtained for  14ble 6
the cutset 2 for damage at one point of Stuclat. 1-partition
the circuit are placed in Table 5, and fault
for simultaneous damage at two R Rk
points of the circuit — in Table 6. s-a-00 0 0 0
For the cutset 1 of the scheme in 011 011 011
Fig.1,wehave the function f (z,, x,,x,) = 101 101 101
=2,X, V 2yx3 = {(11-),(1 - 1)}1 that has — 1 1
sa-0L 1 (0o1)' | (010Y | (100Y
Table 5 110 110
0 0
2-partition (101) (011)
Stuck-at- s-a-10 1 0 0
fault X/~ 2/~ 2/~ (001) 011 011
5 101 101
At (101)’ | (101) | (011 111 | (111
101 _a-
0 sa 1 001)" | (000Y | (000Y
001 001
sa1 1 (o1)" | (001)' | (010Y 010 | | 010
100 100 100
110 110 ) | 110
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a perfect STF Y' ={5,6,7}' (Y° ={0,1,2,3,4}°). After performing the 2-par-
tition procedure of minterms, we determine the vectors of test codes for
the case of damage at the intersection points of section 1:

Lkl ] [1019),(1]01,10, 1y
Y! = {(101),(110), A1)} =11, | LI, + =< {(0]11),(1] 10,11)}* ;
LILL]  [{(0]11),(1]10,11)}"

Y2, ={(0,1)| @) {2} 2 o[l
a0 HODIGE =N =901 110,111 {101,110,111}"

Y1, ={(0,1)](01,10,11)}* ={(001),(010),(011),(101), (110), (111)}' =
. {001,010,011,%91,4%9,44&}@ _ Jtoo1,010,011)"
101,116,111 (@) '
Y o ={(0,1) |11} S{(101), (111} =1 F: 2y
/0 R ’ 101,110,141 {110

YL, ={(0,1)](10,11)}* ={(100),(101),(110), (111)}* =
{100,191,4%9,44%}@ {{100}l
= = ;

101,110,111 @° "’

1 1 1 HO1H ¢ (@)
Y, 0 =1{(0,1)[11} ={(110),(111)} = {101 ﬂ@—l&&} = {101}0,
Y;%/l {(0,1)](10,11)}} 2;{(100),(101),(110),(111)}1 =

{100,191,449,4%}6 {{100}1
= = .
1041106, (@)°

After performing 1-partition of the minterms of the function f(z,,x,,x;),
we obtain vectors of test codes for detecting damage at two points of the
circuit:

o |k 1l {(00,01|2),(10]1),(11|0,1)}!
Y' ={(101),(110),(111)}' =1L L | I, p =<{(00,01|@),(10] 1),(11]0,1)}" ;
LI L] [{(00]@),(01,10,11| 1)}
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oy

%) N
y! ={(00,01,10,11) | @} ={2}!
/o = ( )19} =12} :{101,110,111} :{{101,110,111}0

Yzlm/w ={(00,01,10,11)| 1}* g{(OOl),(011),(101),(111)}1 =

001,011,30+434]®  [{001,011}"
= =
101,110,141 {110}°

Y., i =1(00,01,10,11)|0,1}* =

2;{(000),(001),(010),(011),(100),(101),(110),(111)}1 =

{000,001,010,011,100&91,4&8,44%}@ {000,001,010,011,100}"
= = ;
101116, (@)°

@y

con %) @
Y! ={(00,01,10,11) |2} ={2}' = = ,
2,3 /00,01 {( )| } { } {101’110,111} {{101’110’111}0

Z

YL, 1 ={(00,01,10,11) | 1} ={(010),(011),(110), (1)} =

010,011,316;111]°  [{010,011}"
el el
101,110,141 {101}°

Y1, ={(00,01,10,11)[0,1}' =
5{(000), (001), (010), (011), (100), (101), (110), (111)}" =

{000, 001,010,011,100, }91,—1%9,—144—}@ {000,001,010,011, 100}1
= = ;
104416444 {@}0

v Lo |2 C_ e

10 =1(00,01,10,17) |2} S’ = = y
\ 101,110,111 (101,110,111}

Y! 1 ={(00,01,10,11)| 1} =5{(100),(101),(110), (111)}! =

100,40:110,414 % [{100)*
= = .
105116, (@)°
The obtained vectors of test codes for the cutset 1 for damage at one

point of the circuit are placed in Table 7, and for simultaneous damage at
two points of the circuit — in Table 8.
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Example 2. The proposed method is to determine the vectors of test
codes to detect single and simultaneous stuck-at-fault (0/1) damage at
points B and C of the circuit in Fig. 2 (borrowed from [4], p. 594, Fig. 3).

Solution. The given circuit is described by the function f(a,b,c,d)=,

= abc bedwhich has a perfect STF Y'={2,3,4,5,6,7,10,11,12,13,14}" or
Y’ ={0,1,8,9,15}° . Since | Y" |>| Y° |, then we will solve the example taking
into account the perfect STF Y’.

We will determine the vectors of test codes for single damage at points
B and C of the circuit, applying the 3-partition of the minterms of the
perfect STF Y’ with respect to the variables b and c:

Table 7
2-partition
Stuck-at-fault
Z,/~ X,/ ~ X,/ ~
s-a-0 101Y (110)° (101)°
110
111
sa-l 001)' (100)' (100)'
010
011
Table 8
1-partition
Stuck-at-fault
2%,/ ~~101 Z,X5/ ~~ XXy ~~
s-a-00 101 101 101)
110 110 110
111 111 111
s-a-01 101Y° 101Y’ (100)
110 110
111 111
s-a-10 1 1 1
001 . 010 . (100)
(On] (110) [mJ (101)
000Y)' 000Y)' (100)'
a1 001 001
010 010
011 011
100 100
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abc d

¢
® B @1

U3 p—

v~

U4

e

Fig. 2

L |LLI

(0000),(0]001),(0]100),(0|101),(1|111)}°

{ {(0]000),(0]001),(0]100),(0|101),(1]111)}° -
v [{0](000,001,100,101),1|111}°
{{o 1(000,001,100,101),1|111}°

Y ={(0000),(0001),(1000),(1001),(1111)}* = {l LT }

Considering these sets and procedures (7) and (8), we obtain the de-
sired test codes:

Y2, ={(0,1)|(000,001,100,101)}"

Z5{(0000), (0001),(0100), (0101), (1000), (1001), (1100), (1101)}° =

6660676601, 0100,0101,1666;166%,1100,1101 © (0100,0101,1100,1101)°
= =
0606;0601,1666;16601, 1111 (1111)"

4

Y., ={(0,1)]111)° = {(1011),(1111)}° =

1011, 1441 ® [@o11)
= = ’
0000,0001,1000,1001,1121 (0000,0001,1000,1001)"

Y9, ={(0,1)|(000,001,100,101)}" =

g{(OOOO),(0001),(0010),(0011),(1000),(1001) (1010),(1011)}° =

0000,000%,0010,0011,4000,4601,1010,1011) ° (0010,0011,1010, 1011)
= =
0006;,00061;1660,166%,1111 (1111)"

Yco/l ={(0,1)|111}° = {(1101),(1111)}° =

1101, 141 ¢ [a1o1)
= =
0000,0001,1000,1001,131T (0000,0001,1000,1001)"
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The test codes in the case of simultaneous stuck-at-fault (0/1) da-
mage at points B and C of the circuit are obtained after applying the
2-partition of minterms and procedures (7) and (8):

Y ={(0000),(0001),(1000),(1001),(1111)}° z:»{lzl3 | L1} =
={(00]00),(00|01),(00|10),(00]11),(11|11)}" I:U>
l

2{(001(00,01,10,11)), (01| @), (10| @), (11| 11)}° =
2{(001(00,01,10,11), ((01,10) | @), (11| 11)}"

®
E4
Yy 00 = {(00,01,10,11)[(00,01,10,11)}° = § 2 =
0000,0001,1000,1001,1111

{(0010,0011,0100,0101,0110,0111,1010,1011,1100,1101,1110)0
= ;
{2y

Y. Jo1.10 =1(00,01,10,11) | N =2} =
{@ } (2
= = ,
0000,0001,1000,1001,1111 (0000,0001,1000,1001,1111)"

Yy 1y ={(00,01,10,11) | 11}° i’§{1001,1011,1101,1111}0 =
{0000,0001,1000&991,4444}@ {(1011,1101)O
= =

16001,1011,1101, 24T (0000,0001,1000)"
Table 9

«10» abced f fh/~ fC/N fbc#
b/0 b/1 /0 /1 be/00 be/01 be/10 be/11
0 0000 0 0 1 0 1 0 1 1 1
1 0001 0 0 1 0 1 0 1 1 1
2 0010 1 1 1 0 1 0 1 1 1
3 0011 1 1 1 0 1 0 1 1 1
4 0100 1 0 1 1 1 0 1 1 1
5 0101 1 0 1 1 1 0 1 1 1
6 0110 1 1 1 1 1 0 1 1 1
7 0111 1 1 1 1 1 0 1 1 1
8 1000 0 0 1 0 1 0 1 1 1
9 1001 0 0 1 0 1 0 1 1 0
10 1010 1 1 1 0 1 0 1 1 1
11 1011 1 1 0 0 1 0 1 1 0
12 1100 1 0 1 1 1 0 1 1 1
13 1101 1 0 1 1 0 0 1 1 0
14 1110 1 1 1 1 1 0 1 1 1
15 1111 0 1 0 1 0 0 1 1 0
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The obtained test codes for single and simultaneously both “nones-
sential” variables b and c of the function f(a,b,c,d), which is implemen-
ted by the scheme in Fig. 2, are shown in Table 9 (see the bold numbers in
the columns for f,,, f.,.and f,,_).

Conclusion

A new method for generating test codes for detecting multiple stuck-at-
faults in digital combinational circuits is proposed, which is based on
the artificial introduction of nonessential variables and the application
of the procedure of g-partition of minterms of a given function describing
the operation of the studied circuit. Due to the application of a numerical
set-theoretic approach to the execution of operations and procedures, the
proposed method, compared to the known ones, is characterized by a
relatively simpler practical implementation of detecting the mentioned
faults both at any point and at several points of the studied circuit simu-
Itaneously.
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HOBWI METO/ TEHEPYBAHHSI TECTOBIVX KO/IIB
JUTA BVISIBITEHH S MHOXKVMHHMX ITOINKOIPKEHD STUCK-AT-FAULTS
Y KOMBIHALIIMTHMX CXEMAX. YACTMHA 1

Beryn. BaximBuM po3fizioM JIOTIKOBOTO IPOEKTyBaHHS IMQPPOBUX IIPUCTPOIB €
TexHiuHa [1iarHOCTHKa, B MeXaXx sIKOI po3poOIIsSIOThCsl METOAV IepeBipKi TeXHIUHOTO
CTaHY HIPUCTPOIB I 3a0e3ledeHHs HAAiMHOCTI iX poboTn. BusasuTy HecipaBHICTb
y cxeMi IPUCTPOI0 MOXKHA IIOCITIOBHICTIO KOHTPOJIBHUX TECTiB (TeHepyBaHHAM
BEKTOpiB TeCTOBMX KOJIiB) Ha 1 BXO/Iax Ta CIIOCTepeXeHHs pe3ysIbTaTiB Ha 1i BUXoJIax.
Ha mnpaktuili mpoekTyBaHHsI MiKpocxeM 4YacTO TpaIUIAIOTBCS CUTYallil, Koyu
MOIIKOIKeHHs Ty stuck-at-faults (0/1) MOXYTh BUHMKATH SK B OIHIV TOUIIi cXeMy,
TakK 1 B KUIBKOX Pi3HMX B3a€MOIIOB sI3aHMX TOUKAaX CXeMM OJIHOYACHO, AKi CKIIafiHO
BUSABJIATY. Bimomi MeTonm IiarHOCTVKY MHOXKMHHUX ITOIIKOKeHb TaKOTo TUILY, SIKi
IPYHTYIOTbCS Ha MOZIEIIOBAaHHI OfVMHOYHMX ITOMWIOK Ta CMMBOJIBHVIX MeTOIax, He
3a0e311euyIoTh TepeKOHJTMBI TOKa3M JIOCTOBIPHOCTI pe3ysIbTaTy, 10 3HVDKY€ HaJIilfHiCTh
IIpoLiecy IIPOEKTYBaHH:.

Merta craTTi. 3arIponIOHyBaTV METOJl TeHepyBaHHs BeKTOPiB TeCTOBUX KOJiB
117151 BUSIBJIEHHS SIK OJIMHOYHMX, TaK i MHOXXMHHMX IIOIIKOIKeHb TUITYy stuck-at-faults
(0/1) y xoMOiHaIIiVHVIX IPVCTPOSIX, KMV IIOPIBHSIHO 3 BiIOMMMV METOHAMVI MOXKe
3a0e3medyBaTyi JOCTOBipHI pe3ysIbTaTii 3 JOIIOMOTIOI0 peaTi3allii IIPOCTMX oIlepariin i
IpoLenyp.

Metoau. 3anporioHOBaHMUY MeTOfI, TeHepyBaHHs TeCTOBMX KOAiB IPYHTYEThHCS
Ha YMCIIOBOMY TeOPeTMKO-MHOXWMHHOMY IIIIXOAi 110 peanisaui'l' BCix ormepariint i
TPOIIe/lyp, a came: IITyYHOTO BIIPOBA/DKeHHA y OyJ10BMII IPOCTip MOBHOI (PYHKIIIT
f (x1 1 Xy e Xi ) IO OIVCY€E p060Ty cxXeMim ILOCJ]]JDKYBaHOFO KOMOIHALITHOrO IIPUCTPOIO,
OIIHOI aGo Gibime (mo n-1) HeicTOTHMX 3MIHHMX Ta 3aCTOCYBaHHI IIpOLIENypWU
g-po36utTst MiHTepMiB nockoHaof TM® Y' dyHKii f.

PesynpTaTis. 3a 10IIOMOrOIO 3TeHepOBaHMX 3alIpOIIOHOBaHNM MeTOJOM BEKTOpPiB
TeCTOBUX KO/iB MOXKHa BM3HAUYMUTH B CXeMi IIPVCTPOIO SK MicIle ITOIIKO/PKeHH s, TakK i
TUII OIVHOYHOTO Ta MHOXMHHOTO stuck-at-faults (0/1) nomkomxenss. ITokasaHo
3aCTOCYBaHHS IIPOLeNypU ¢§-pO3OWMTTS ABIVIKOBMX MiHTepMiB, Ha OCHOBi SKOI
peaisyeTbCs BIIPOBaJDKeHHs OOHOI HeicToTHOI 3MiHHOI Ta dopMyBaHHS
1iceBOomockoHatoi TM® Yl _ dyHKIII f I BU3HAaUYeHHS OAVMHOYHVIX [IOIIKOIKEHb,
a TakoxX OijIbIre (Bim ABOX ;:[o n— 1) HeicToTHMX 3MiHHMX Ta POPMyBaHHS BiIIIOBITHMX
ricepgopockoHayx TM® dyHKIII f I BU3HauYeHHS MHOXVHHWX ITOIIKOKeHb.

BrcHOBKM. 3aBIsIKV 3aCTOCYBAaHHIO UVCIIOBOIO TEOPETVKO-MHOKVHHOIO IIIX0my
ISl BUKOHAHHSA OIlepallill i Mporenyp MpOIOHOBAHNII METO]I, IIOPIBHSIHO 3 BiTOMMMY,
BiZIPi3HAETBCA BiTHOCHO POCTIIIOIO ITPaKTUYHOO peasTi3alli€lo BUSABIICHH 3rafaHmx
HecITpaBHOCTe! $K B OyAb SKivt ogHiM TOYIli, TakK i B OMHOYACHO KiJIBKOX TOYKaXx
JIOCITIIKyBaHOI cxeMn. 3a3HaueHi IlepeBarvi MeTOly UTIOCTpYIOTh HaBeeHi B CTaTTi
HNPUKIIaAM BU3SHaUYeHHS MOXK/IVBYX ITOIIKOKeHD Y peaIbHIX cXeMax KoMOiHaIimHMx
IIPUCTPOIB.

Katouo8i caoba: xombinayinina cxema, o0uHuuHe mMa MHOXUHHE NOuikoOxeHHA stuck-at-
faults (0/1), g-po3dumma minmepmib, neicmomui 3minHi, Bexmop mecmoBux xo0ib.
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