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This paper considers the new method of detection (diagnostic) stuck-at-faults (0/1) in digital combinational circuits based on a
numerical set-theoretical approach. Compared to known methods and algorithms, the proposed approach differs in simpler imple-
mentation of searching for vectors of test codes at arbitrary points of the studied logic circuit. A few simple set-theoretical operations
and procedures are sufficient to determine the location and the type of a stuck-at-fault (0/1). This is evidenced by the presented
examples of application of the proposed method, that are borrowed from the publications of well-known authors.
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Introduction

The technical diagnostics is an important section
of the logical design of digital devices, within the
framework of which, the methods of checking the
technical condition of devices are developed to en-
sure the reliability of their functioning. Any viola-
tion of the normal functioning of a digital device
is called a fault of its operation. A fault in the logic
circuit of a digital device can be detected by a se-
quence of control tests on its inputs and observa-
tion of the results obtained on its output or outputs.
A test is a combination of input data (test codes)
that determines the expected error-free response
that the circuit should produce. If the value of the
function at the output of the circuit differs from
the expected one, this indicates a fault in the tested
circuit. The task of diagnostics for any device is to
find the minimal number (from all possible 2" in-
put combinations) of test codes. Typical models of
the fault in the design of digital devices are single
(at some point of the circuit) fixed log. 0 constants
(stuck-at-0 — abb. s-a-0) or log. 1 constants (stuck

at-1 — abb. s-a-1) whether multiple stuck-at-fault.
In this article we will consider single damages of
the stuck-at-fault (0/1) type, that mainly occur
in digital combinational devices. To detect such
faults, various methods and algorithms [1—16] are
known, for example: Truth Table and Fault Vatrix
method based on the Boolean derivatives (Boo-
lean difference), the Path Sensitization method
and the Searching D-Algorithm based on the test
patterns (PODEM), Brach-and-Bount method,
etc. However, the vast majority of them are based
on an analytical approach and are characterized by
their complexity and cumbersomeness of practical
implementation, that grows with the increase with
amount of variables.

The article proposes a new stuck-at-faults (0\1)
detection (diagnoctic) method in combinational
digital circuits (schemas), which is based on a nu-
merical set-theoretic approach and differs from the
known ones by its simplicity of practical imple-
mentation [17, 18].
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Theoretical Part

The initial requirement for the implementation of
the proposed method is the specification of a logical
function f(x,,x,,...,x,) that describes the operation
of the circuit under study, in the set-theoretical
form (STF) as a perfect STF Y' = {m,m,,...,m,}",
where m,,m,,...,m, are the binary minterms of the
given function f17, 18].

The peculiarity of the method is that some set
(vector) of the test codes (a set of input variables)
is used to determine the place in the circuit and
the type of stuck-at-fault (s-a-0 or s-a-1). This set
(vector) can be easily obtained by a few simple ST
operations over the binary minterms of the given
function f. Let's consider this in more detail.

Let there be fault of type s-a-0 ("sticking" in the
state of log. 0) or s-a-1 ("sticking" in the state of log.
1) at an arbitrary point « of the circuit under study,
which led to an undesirable change in the value of
1 — 0 or (0 — 1 at the output fof the circuit. In order
to find out exactly at which point of the circuit this
change occurred, it is first necessary to determine
on which set of variables the value of the function /
has changed, since this will lead to a change in the
perfect STF ¥ '. The new formed set will precisely
differ from the perfect STF Y' by those elements,
which are the sought-after test codes, allowing to
easy determine the location and the type of stuck-
at-fault (0/1). We will call this newly formed set as
the pseudoperfect STF of the function fand denote
it ¥, if fault of the type s-a-0 occurred at point of
the circuit, or as K.:u in the case of fault of the type
s-a-1 at point a.

The pseudoperfect STFs Y, and Y, can be easi-
ly obtained after the union of sets: a perfect STF
Y'= {ml,mz, ,m, }'with some set ¥, , (for Y
and set V' 1,0, (for ¥, ! ). The sets Y, 0,1, and y' , are
formed from bmary minterms ml,mz, 1y, Where

m; =(c -6 ;-6 ), 6, €{0,1}, in which the value
is replaced by the one corresponding to the condi-
tional stuck-at-fault (0/1): if fault of the s-a-0 type
is considered, then the j-th position 0, is replaced
by 1, i.e. 0, —1, and if fault of type s-a-1 is con-
sidered, then the j-th position 1, is replaced by 0,
i.e. 1, =0, At the same time, the proposed proce-
dures are performed in a polynomial format [18],

where pairs of identical elements are eliminated
from the consideration:

a/o ={¥'UY, ), ey
Y, =Y UYLO e ()

On the basis of pseudoperfect STFs Y, u/o (1) and

Y, (2), it is possible to construct a truth table of
the given and (conditionally) corrupted function f
in order to compare the difference between them
for the further determination of the test codes, i.e.
some sets of minterms of a given function f.

To determine the variables for which the fault
points will be considered, it is convenient to draw
demarcation lines in the studied circuit, at the in-
tersection of which these points are located with
the lines of communication between the elements
of the circuit. At the same time, at the 0-level of
delimitation, such points will be the input variables
X,,%,,....x, of the given function f, and at the 1-,
2-, ..., -levels of delimitation, there will be vari-
ables formed by the rest of the circuit without ele-
ments of the lower levels of the circuit. Thus, newly
formed functions are considered for variables of a
non-zero level of delimitation, on the minterms of
which similar operations are then performed to de-
tect possible fault of the stuck-at-fault (0/1) type
there.

Test codes for detecting the location and type of
fault at an arbitrary level of the circuit under study
can be determined on the basis of ¥, (1) and Y],
(2) using simple ST operations:

Y]\nl/o:ylm};o/o’ 3)
Y \Y' =Y, nY", 4
Yx, =r' Ny, 5)
Yo \Y =1, Ny, (6)
where Y, ¥! and Y’ the set minterms of STF for

the value of the function f= 0.
We will illustrate now the proposed method with
concrete examples.

Practical Part

Let's consider few examples of using the proposed
stuck-at-fault (0/1) type detection method in digi-
tal combinational circuits.

Example 1. In the logic circuit (Fig. 1), that
implements the function f = x,x, V X,x; (borrowed
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Table 1
f;cl 'f;fz f;@
«10> X Xy X f
frl/O fx,/l fxz/O fxz/l f;‘x/o f;cs/l
0 000 0 0 0 0 0 0 1
1 001 1 1 1 1 0 0 1
2 010 0 0 1 0 0 0 0
3 011 0 0 1 1 0 0 0
4 100 0 0 0 0 1 0 1
5 101 1 1 1 1 1 0 1
6 110 1 0 1 0 1 1 1
7 111 1 0 1 1 1 1 1
Sfrom |9, p. 399]), determine the test codes at all
points of possible of the stuck-at-fault (0/1) type. 0- ‘:9"’93 L- EQIVEE 2 -level
Solution. The given function f = xx, VX,x, = B :
= {(11-),(—01)}" has a perfect STF ¥' = {1,5,6,7}". i i
To determine possible points of faults, vertical . | !
dashed lines (0-, 1-, 2-level) are drawn in Fig. 1 for ; _E_' :
their demarcation. ! !
We apply procedures (1) and (2) to the given i i
function f. If we fix log. 0 at the input x,, which cor- X, ; !
responds to "grounding”, and observe the value of Fie 1 ' ' '
the function f when the values at the inputs x, and &
x;, we get a pseudoperfect STF Y, ,, = {1,5}', then
according to (1), we have: set Yx(l)/O’ and when fault to s-a-1 at the input x, is
1
minterms that "moved" from Y’ to Y’

V0T @e1),(101), (L10), (L)
Similarly, if we fix log. 1 at the input x,, which
corresponds to a high voltage level, then we will get
a pseudoperfect STF Y, , = {1,2,3,5,6,7}, then ac-
cording to (2), we have:

¥ :>{(901),(101),(110),(111)

}” = {(001),(101)}"

“171(001),(001),(010), (011)
(011),(101),(110),(111)}".

From this we can conclude that the sought-test

codes due to fault to s-a-0 at the input x, are binary
0

that "moved" from the set Y' to the

} = {(001),(010),

minterms [

x/1°

011
Applying procedures (1) and (2) to the remai-
ning variables, we obtain the following sets:

1 :>rmnxaonxuﬂxakn
=001, (111), (140), (LHD)

(101,11},

y _>¥mﬂxaﬂnxnoxaln
=171 (001),(161),(100),(101)
(110),(111)}

1 = {(991)7 (w/I)a (110)9 (J/I/I)

}\ = {(001),(011),

} = {(100),(101),

, 110),(111)}"
. @wnxunxalnxu4J = (10,
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Table 2
Stuck-at-fault ‘ X, ‘ X, ‘ X,
s-a-0 o)’ (110) (001’
111 (011)‘ 101
s-a-1 010) (001)0 000)'
011 (100) 100
. [on,aon,@r0),a11) |
1= {(000),(100),(1&0),(110)} = {(000),(001),

(100),(101),(110), (1 1 1)}

Table 1 contains the truth table of the given func-
tion f(x,x,,x;), as well as the value /. in the case
of fault s-a-0 and the value fX’ ,, in the case of fault
s-a-1 at the inputs x,, i =1,2,3; values f, different
from the values of the function fare highlighted in
bold.

So, at the 0-level for the function f, we will ob-
tain the desired test codes after performing ST op-
erations of differences (3)—(6), which reflect non-
empty sets:

Y! \)/xl,/O =1{1,5,6,7}' \ {1,5}' =
=11,5,6,7}'N{0,2,3,4,6,7}° = {6,7}";

Y\ Y ={1,5"\{1,5,6,7}' =
={1,5'n{0,2,3,4}° = 2;

Y! \YX‘I/1 ={1,5,6,7}'\{1,2,3,5,6,7}' =
=1{1,5,6,7}' N{0,4})° = @;

Y;,l \Y'=1{1,2,3,5,6,7}' \ {1,5,6,7}' =
=1{1,2,3,5,6,7}' N{0,2,3,4}° = {2,3}";

Y'Y, ={,5,6,7)'\{1,3,57} =
={1,5,6,7}' N{0,2,4,6}° = {6}";

Y\ Y ={1,3,57}' \{1,5,6,7}' =
=1{1,3,5,7}' n{0,2,3,4}° = {3}';

Y'Y, ={1,5,6,7}'\{4,5,6,7}' =
=1{1,5,6,7}' N{0,1,2,3}" = {1}";

Yxlz/l \YI = {4957677}1 \{1559657}] -
=1{4,5,6,7}' N{0,2,3,4}" = {4}";

Y'Y, =1{1,56,7} \{6,7} =
={1,5,6,7}' N{0,1,2,3,4,5\° = {1,5}";

Y\ Y ={6,7}' \{1,5,6,7}' =
=16,7}' N1{0,2,3,4}° = @;

Y'Y, ={,5,6,7}'\{0,1,4,5,6,7}' =
=1{1,5,6,7}' N{2,3}’ = 2;

Y, \Y' ={0,1,4,5,6,7}' \{1,5,6,7}' =
=1{0,1,4,5,6,7}' N{0,2,3,4}° = {0,4}".

Table 2 contains the vectors of test codes at the
0-level of the investigated circuit described by the
function f(x;,x,,x;) = xx, V X,x,. The superscript
(0 or 1) in these vectors symbolizes the value =0
or /' =1. Note, that some codes may be repeated,

such as the code (1 10)0 (see Tables 1 and 2). In this
case, it is necessary to identify the place and the
type of fault to the circuit only when f = 0 taking
into account the second code, namely: the fault
to s-a-0 at the input x, will occur if there is also at
code (11 1)0, and the fault to s-a-0 at the input x,
will occur if =0 isat code (110, and /=1 is at
code (11 1)0.

Now we will demonstarte the formation
of test codes on the I-level of the investiga-
ted circuit. To do this, we consider a function
Sz, %) = 0z, V zx = {(10-),(—1 1)}1 that has
aperfect STF Y' = {(011),(100),(101),(111)}".

As a result of applying procedures (1) and (2) on
the 1-level of the circuit, we have':

L {(011),(100),(101),(111)

}/0 (111),(100),(101),(111)} = 01D, d1h3

1 {(011),(100),(101),(111)

171 (011),(000), (001), (01 1)} = 1(000),(00D),

(011),(100),(101),(111)}'";

. _ [©@1).a00).aon. a1
A0 1(011),(110), (111),(111)

(110),(111)}';

v {(01 1),(100),(101),(111)
; (001),(100),(101),(101)

}U = {(100),(101),

} = £(001),(011),

(101),(11 D)}

1 Here and in the future we will omit the crossing out of identical
pairs of minterms.
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Table 3
-fx, -le f-"s
«10» X, Zy Xy f
f;cl/O f;c]/l fz,/o le/l fx3/0 fx3/1
0 000 0 0 1 0 0 0 0
1 001 0 0 1 0 1 0 0
2 010 0 0 0 0 0 0 1
3 011 1 1 1 0 1 0 1
4 100 1 0 1 1 0 1 1
5 101 1 0 1 1 1 1 1
6 110 0 0 0 1 0 0 1
7 111 1 1 1 1 1 0 1
011),(100),(101),(111)]* level 1-level 2-level _level
:/0 N (011),(100),(101), (111 :{(100)’(101)}1 0 hlele’ 1 felnef I*emef 3 ffnef
B (011),(101),(101),(111) ’ X, — Ly ! 8!
011),(100),(101),(111) |* i ! ! !
Y, = (OID.00)-QOD.AID 1 010) 011, X | | . . f
; (010),(100),(100),(110) . ; ; ; -
(100),(101),(110), (111}, § § § §
Let's construct a Table 3 containing the truth ta- X, ! | ! !
ble of the function f(x,,z,,x,) and the values of the . , . '
functionsfxl/0 and /., f. andle/l,fxg/o and Sfor Fig 2

obtained on the basis of their pseudoperfect STFs
Yxll,o and Yxl],l, Yzl]/o and Y, Y, and Yxt/l.

z/1> Tx/

Applying the operations (3)—(6), we obtain the
following non-empty sets of test codes on the 1
level of the circuit:

Y'Y, ,, ={3,457\ 3,7} =

=1{3,4,5,7'Nn{0,1,2,4,5,6)° = {4,5)°,
Y, \Y' ={3,7'\ {3,457} =
=1{3,7'n{0,1,2,6}" = @,
Y'Y, ={3,457}'\{0,1,3,4,57} =
={3,4,57' n{2,6}" =2,
Y, \Y'={0,1,3,4,5,7}' \{3,4,5,7}' =
=10,1,3,4,5,7}' n{0,1,2,6}° = {0,1}',
Y'Y, =1{3,4,5,7}' \{4,5,6,7}' =
={3,4,5,7}' N{0,1,2,3}° = {3},

ISSN 2706-8145, Control systems and computers, 2023, N° 1

Y \Y' =1{4,5,6,7}'\{3,4,5,7}' =
={4,5,6,7}' N{0,1,2,6}° = {6},

Y'Y, ={3,457\{1,3,57} =
={3,4,5,7}' N{0,2,4,6}° = {4}°,

Y \Y ={1,3,57)'\{3,4,5,7} =
={1,3,5,7}' N{0,1,2,6}" = {1},

Y'Y =13,4,57'\{4,5 =
— (3,457 N1{0,1,2,3,6,7}° = (3,7},

Yo \Y' ={4,5'\{3,4,57} =
=1{4,5''n{0,1,2,6}° =@,

Y'\Y, ={3,4,57}'\{2,3,4,5,6,7} =
={3,4,57''n{0,1}° =2,

Y. \Y'=1{2,3,4,56,7}' \ {3,4,5,7} =
=1{2,3,4,5,6,7}' N{0,1,2,6}° = {2,6}".
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Table 4
Stuck-at-fault ‘ X, ‘ X, ‘ x,
ot 100" ©11  (orny
101 (110) 11
ot 000} (001 010)
001 (100) 110

Table 5
s S
«10» X, X, Xy f

f;rl/O fxl/l frz/O fxzu
0 00 0 0 0 0 0
1 01 0 0 1 0 0
2 10 0 0 0 0 1
3 11 1 0 1 0 1

Table 4 contains the vectors of test codes for the
function f'(x,,z,,x,) on the 1-level of the circuit.

On the 2-level of the circuit (see Fig. 1) we have
a function f(z,,2,)=z,z, = {11} for which the
Table 5 is valid and taking into account the proce-
dures (1) and (2) in the case of stuck-at-fault (0/1):

1
(11) g |(01)

5]

= {(01),(1 1)}

R D1 vaonany

v'o= =9 Y, =
z,/0 (11) s Tzy/1 {(10)

Table 6 of test codes on the 2-level of the circuit
will be obtained after applying the operation to cer-
tain sets (3—06):

Y! \YZ'Z,0 ={3V\o =3}

YZIZ/O\Y1 =o\{3} =g,

Y \),zlz/l = {3}1 \{1’3}1 =4,
Yo AY = {13 3 = {1}
Y'Y, =3 o= 3
Y, \Y =0\ 3 =2,

x,/0

YAy, =323 =9,

YA\ =230\ (3} = {2}

On the basis of Tables 2, 4 and 6, containing the
vectors of test codes, it is possible to build a map of

possible faults of the stuck-at-fault (0/1) type at an
arbitrary point in the circuit as shown in Fig. 1.

Example 2. Determine the test code vectors for
detection the stuck-at-fault (0/1) in the logic cir-
cuit shown in Fig. 2. Logical elements of the circuit
are described by the following equations (borrowed
from [7]):

US: f=gg, Ud g, =x,g U3 g =xg;

U2:g==xux,; Ul:u=ux,x,

Solution. We obtain the function from the given
equations

Sx,x0,x,x,) =88, =xgVx,g=
= Vx,)x VX, Vu)=xX, VXx,Vxx,x\V
VX, X5, X = {(1— —0),(0——1),(111-),(—=111)}".
Therefore, the function fhas a perfect STF

Y' = {(0001),(0011),(0101),(0111),(1000),(1010),

(1100),(1110),(1111)}".
As a result of the application of procedures (1)
and (2), we will get pseudoperfect STFs:

1 (0001),(0011),(0101),(0111),(1000), (1010),(1100),(1110),(1111)]"
(1001),(1011),(1101),(1111),(1000),(1010),(1100),(1110),(1111)

= {(0001),(0011),(0101),(0111),(1001),(1011),(1101),(1111)}'

x /1

1 (0001),(0011),(0101),(0111),(1000),(1010),(1100),(1110),(1111) |”
(0001),(0011),(0101), (0111),(0000),(0010),(0100), (0110),(0111)

= {(0000),(0010),(0100),(0110),(0111),(1000),(1010),(1100),(1110),(1 111)}'
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Table 6 Table 7
Stuck-at-fault ‘ X, ‘ X, Stuck-at-
oo . . fault X Xy X Xy
-a- 11 11
(1) (1) 1000)’ 0001)’
_a- 1 1 1 1
s-a-1 (01) (10) a0 10101| (1001 (1111)0 (1111)0 0011} (1001
1100||1011 0101| |1011
1110] (1101 0111] (1101
0000) 0000)
0001)’[ 0010 . . (1000)’| 0010
s-a-1 (1o11)"  (1101)
0011|0100 1010 {0100
0101 (0110 1100/ (0110
Table 8
Stuck-at-fault | X, u | X,
s-a-0 100)’ (111) 001)’
110} (111) o11) (111)
s-a-l 000) (101)’ 000)
010/ (011) 010/ (110)’
Table 9
Stuck-at-fault | X, g | X,
o1’
5-a-0 (110)’ 110 (011)’
111
001)
s-a-1 (010) 100 (010)
101

Continuing to carry out the procedures (1) and
(2) by analogy, we will obtain the corresponding
sets:

YX‘Z/O ={(0001),(0011),(0101),(0111),(1000),

(1100),(1110)}',
Y!, = {(0001),(0011),(0101),(0111),(1000),

(1011),(1100),(1110),(1111)},
Y., = {(0001),(0011),(0101),(0111),(1000),

(1100),(1110)}',
Y;“ ={(0001),(0011),(0101),(0111),(1000),

(1100),(1101),(1110),(1111)},

YXZ/O = {(1000),(1001),(1010),(1011),(1100),
(1110),(1111)Y,

YXZ/I ={(0000),(0001),(0010),(0011),(0100),
(0110),(0111),(1110),(1111)}".

Applying the pseudoperfect STFs YXI1 0 and Yx1 e
Y, o and Y, Y, yand Y, ,, Y}, and Y, , tothe ope-
rations (3)—(6), we obtain the desired sets of test
codes on the 0-level of the circuit:

Y'\Y, , =11,3,5,7,8,10,12,14,15}" \
\{1,3,5,7,9,11,13,15}' = {8,10,12,14}°,

ISSN 2706-8145, Control systems and computers, 2023, N° 1 11
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Table 10
Stuck-at-fault | g, | g

s-a-0 (11) (1)

s-a-1 (o1) (10)

Y, \ Y =1{1,3,5,7,9,11,13,15}" \

\{1,3,5,7,8,10,12,14,15}' = {9,11,13}",

Y'Y, ={1,3,5,7,8,10,12,14,15}" \
\{0,2,4,6,7,8,10,12,14,15}' = {1,3,5}°,

Y, \Y'={0,2,4,6,7,8,10,12,14,15}' \
\{1,3,5,7,8,10,12,14,15}' = {0,2,4,6}',

Y'\Y!, =1{,3,57,8,10,12,14,15}' \
\{1,3,5,7,8,10,12,14}' = {15!°,

Y, \Y' =1{1,3,5,7,8,10,12,14}"\

\{1,3,5,7,8,10,12,14,15}' = &,

Y'Y, =1{1,3,57,810,12,14,15}' \
\{1,3,5,7,8,10,11,12,14,15}' = &,

Y, \Y'={1,3,5,7,8,10,11,12,14,15}"' \

\{1,3,5,7,8,10,12,14,15}' = {11}',

Y'Y, =1{1,3,57,8,10,12,14,15}' \
\{1,3,5,7,8,10,12,14}' = {15},

Y, \Y' =1{1,3,5,7,8,10,12,14}"\

\{1,3,5,7,8,10,12,14,15}' = &,
Y'Y, =1{1,3,57,8,10,12,14,15}' \
\{1,3,5,7,8,10,12,13,14,15}' =&
M\Y‘_{13578101213 1415}
\{1,3,5,7,8,10,12,14,15}' = {13}",
Y'Y, =1{1,3,57,8,10,12,14,15}' \
\{8,9,10,11,12,13,14,15}' = {1,3,5,7}°,
Y., \Y' =1{8,9,10,11,12,13,14,15}" \
\{1,3,5,7,8,10,12,14,15}' = {9,11,13},
Y'Y, =1{1,3,5,7,8,10,12,14,15}' \
\{0,1,2,3,4,5,6,7,14,15}' = {8,10,12}°,
Y, \Y'={0,1,2,3,4,5,6,7,14,15}" \
\{1,3,5,7,8,10,12,14,15}' = {0,2,4,6}".
Table 7 contains the vectors of test codes on the
0-level of the circuit at inputs x, x,, x, and x,.
Consider the given function f on the 1-level of
the circuit as a function of three variables:

SOouu,x) = (0 V) VI, Viu)=xx, Vxu Vv
vV xx, Vix, = {(1-0),(10—),(0—1),(—01)}".

Hence, we have a perfect STF Y' = {(001),(011),

(100),(101),(110)}".
After applying the procedures (1) and (2), we
will get the following sets:

r/o ={(001),(011),(101),(111)}',
M = {(000),(001),(010),(100),(101),(110)}",
u,o = {(001),(011),(100),(101),(110),(111)}",
Y,,, = {(001),(011),(100),(110)}',
Y, ,, =1(100),(101),(110),(11 D)},
Y., = {(000),(001),(010),(011),(100),(101)}".

After applying the (3—6), we obtain a set of test
codes on the 1-level of the circuit:

Y'Y, =1{1,3,4,5,6}' \ {1,3,5,7} =
={1,3,4,5,6}' N{0,2,4,6}' = {4,6)°,

Y\ Y =1{1,3,57}'\{1,3,4,5,6}' =
={1,3,5,7}' n{0,2,7}' ={7}',
Y'Y, ={1,3,4,56}'\{0,1,2,4,5,6}' =
={1,3,4,5,6)' N {3,7}' = {3}°,

Y, \Y' ={0,1,2,4,5,6}' \{1,3,4,5,6}' =
=1{0,1,2,4,5,6}' N{0,2,7}' ={0,2}',
Y'Y, =141,3,4,5,6}' \{1,3,4,5,6,7}' =
={1,3,4,5,6)' n{0,2}' =,

Y \Y' =1{1,3,4,56,7}' \{1,3,4,5,6}' =
=1{3,4,5,6,7' N {0,2,7}' = {7},

Y'Y, =11,3,4,5,6}' \{1,3,4,6}' =
={1,3,4,5,6}' N{0,2,5,7}' = {5)°,

YLAY =1{1,3,4,6}'\{1,3,4,5,6}' =
={1,3,4,6}'N{0,2,7}' =@

Y'Y, ={1,3,4,5,6}' \{4,5,6,7}' =
=1{1,3,4,5,6}' N{0,1,2,3}' = {1,3}",

Y., \Y' =1{4,56,7}'\{1,3,4,5,6}' =
={4,5,6,7}' N{0,2,7}' = {7},

Y'Y, ={13,4,5,6}'\{0,1,2,3,4,5}' =
={1,3,4,5,6)' N {6,7}' =1{6}°,

Y \Y'={0,1,2,3,4,5' \{1,3,4,5,6}' =
=1{0,1,2,3,4,5)' n{0,2,7}' = {0,2}".
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Table 11
Stuck-at-fault X y z w
1101Y 1101Y 0010)’ 0001)’
s-a-0 1110 1110 0110 0101
1111 1111 1010 1001
0101)’ 1001)’ 0000)' 0000)
s-a-1 0110 1010 0100 0100
0111 1011 1000 1000
Table 12 Table 13
Stuck-at- Stuck-at-fault | g | g,
fault " ¢ " s-a-0 (10)° 01y
101)° s-a-1 (00)! (00)!
s-a-0 110 (110) (101)’
111
0 -level 1-level 2 -level
001) 1 . 4 i i gli
s-a-1 010 (100) (100) ! T {u)—
o S 7
y o s
Table 8 contains the test code vectors on the i i E
1-level of the circuit for the function f(x,,u,x,). ! ! £ !
Test codes on the 2-level of the circuit are ob- w i i U3> !
tained for the function f(x,g,x,)=xgVgx,=  Fg 3
= {(11-),(=11)}" that has a perfect STF Y'=
={(011),(110),(111)}. Therefore, based on proce- Y'Y, ,,=1{3,6,7}'\{3,7} = {6},

dures (1) and (2), we have:

Y}, = {011,111},
Y;‘/l ={(010),(011),(110),(111)}' |
Y! =2,

g/0 —

Y!, ={(001),(011),(100),(101),(110),(111)}',

Yi/o ={(110),(11)},
Y, ={(010),(011),(110),(111)}".

x,/1

Applying the (3) — 6), we obtain the following
sets of test codes on the 2-level of the circuit:
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Y\ =37\3.67 =2,
Y'Y, =(3,67\{2,3,67) =2,

x /1

Yxl,/l \Y'=1{2,3,6,7}' \{3,6,7}' = {2},

Y'Y, =13,6,7}\@ =367}

Yoo \V'=2\3,67} =2,

Y'Y, =1{3,6,7}'\{1,3,4,5,6,7} =2,
YLAY =11,3,4,5,6,7)' \ (3,67} = {L,4,5)",

Y'Y, =367\ (6,7} = {3},
Y, \Y =167} \{3,6,7} =2,

3, N1
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Y'Y =13,6,7)\{2,3,6,7) =2,
Y Y =12,3,67\3,6,7) = {2},

Found vectors of test codes on the 2-level of the
circuit are presented in Table 9 for the function

S (x,8,x,)-

On the 3-level of the circuit, we have the func-
tion f(g,,8,) = &g, = & V& = {(0-),(~0)}' and
its perfect STF Y' = {(00),(01),(10)}'. After apply-
ing of the procedures (1) and (2), we have:

(00),(01),(10)] ,
[(1 011 O)] = {(00),(01),(10),(1 1)}’

(00),(01),(10)]* 1

‘g‘/l = {(00), (01)’ (00)} = {(OO)’ (10)} ’
_, [(©0),01),(10) ;

1 (00),(01),(10)]" 1

Y, = { (00).(00).(1 0)} = {(00),(01)}".

We determine the sets of test codes on the basis
of the (3)—(6) and construct the Table 10 accor-
dingly:

Y'Y, ,, =1{0,1,2}'\{0,1,2,3}' =&,
Y, \Y'={0,1,2,3)'\{0,1,2}' = {3}',
Y'Y =10,1,21'\{0,2}' ={1}°,

il
Y, \ Y =1{0,2)'\{0,1,2}' = &;
Y'Y, o =1{0,1,2}'\{0,1,2,3}' =&
Y, \Y' =10,1,2,3'\{0,1,2}' = (3}' |
Y'Y, =1{0,1,21'\{0,1}' = {2}°,
\Y'=1{0,1}'\{0,1,2}' = o.

g/l

There is possible to determine the location and
the type of possible stuck-at-fault (0/1) in the given
logic circuit shown in Fig. 2 by using the test code
vectors shown in Tables 7 —10.

Example 3. Determine the vectors of test codes
for detection stuck-at-fault (0/1) in the logic cir-
cuit shown in Fig. 3, described by a function

Fxy,z,w) = (xv)(z V w) (borrowed from [4]).

Solution. Let's turn the given function f into the
set-theoretical form: f(x,y,z,w) :jy(z Vw) =
=xVy)zVw)=xzViwVyzViw={0—-1-),
(0——1),(=01-),(=0 —D)}.

Hence the perfect STF Y'={(0001),(0010),
(0011),(0101),(0110),(0111),(1001),(1010),(1011)}'.

As a result of the application of the procedures
(1) and (2), we will obtain the pseudoperfect STFs
on the 0-level of the circuit:

Y!, = {(0001),(0010),(0011),(0101),(0110),
(0111) (1001),(1010),(1011),(1101),(1110),(1111)}',
Y!, ={(0001),(0010),(0011),(1001),(1010),
‘(101 1)}
y/o ={(0001),(0010),(0011),(0101),(0110),

(0111),(1001),(1010),(1011),(1101),(1110), (111 1)}

Y}, = {(0001),(0010),(0011),(0101),(0110),
(01 1 1)} ;
Y!, = {(0001),(0011),(0101),(0111),(1001),

(101 1)}
Y!, = {(0000),(0001),(0010),(0011),(0100),

(0110) (0111),(1000),(1001),(1010),(1011)};

Y! . ={(0010),(0011),(0110),(0111),(1010),
(1011)}

Y! = 1{(0000),(0001),(0010),(0011),(0100),
(0101),(0110),(0111),(1000),(1001),(1010),(1011)}'.

Applying the pseudoperfect STFs YXI/0 and Yxl/l,
cand ', Y! and Y'Y, and Y, to the opera-

y/1?
t1ons (3)— (6), we obtain sets of test codes on the

0-level of the circuit:
Y'"\Y!, =14,2,3,5,6,7,9,10,11}' \
\{1,2,3,5,6,7,9,10,11,13,14,15}' = &,
Y \Y'=1{1,2,3,56,7,9,10,11,13,14,15}' \
\{1,2,3,5,6,7,9,10,11}' = {13,14,15}",
Y'\Y!, =1,2,3,5,6,7,9,10,11}' \
\{1,2,3,9,10,11}' = {5,6,7},
YIAY' =1{1,2,3,9,10,11}" \
\{1,2,3,5,6,7,9,10,11}' =@
Y'Y, =1{,2,3,5,6,7,9,10,11}' \
\{1,2,3,5,6,7,9,10,11,13,14,15}' = &,
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Y, \Y' =1{1,2,3,5,6,7,9,10,11,13,14,15}" \
\{1,2,3,5,6,7,9,10,11}' = {13,14,15}' ,

Y \Y;/1 =11,2,3,5,6,7,9,10,11}' \
\{1,2,3,5,6,7}' ={9,10,11}°,

Y, \Y' ={1,2,3,5,6,7}'\
\{1,2,3,5,6,7,9,10,11}' = ;

Y'"\Y!, =11,2,3,5,6,7,9,10,11}' \
\{1,3,5,7,9,11}' ={2,6,10}°,

Y\ Y =1{1,3,5,7,9,11}"\
\{1,2,3,5,6,7,9,10,11}' = &,

Y'\Y! =1{1,2,3,5,6,7,9,10,11}' \
\{0,1,2,3,4,5,6,7,8,9,10,11}' =@

Y, \Y'={0,1,2,3,4,5,6,7,8,9,10,11}' \
\{1,2,3,5,6,7,9,10,11}' = {0,4,8}";

Y'\Y!, =1{,2,3,56,7,9,10,11}' \
\{2,3,6,7,10,11}' = {1,5,9}°

M,O\Yl =12,3,6,7,10,11}" \
\{1,2,3,5,6,7,9,10,11}' = &,
Y'Y, =11,2,3,5,6,7,9,10,11}' \
\{0,1,2,3,4,5,6,7,8,9,10,11}' =@,

Y \Y'=1{0,1,2,3,4,5,6,7,8,9,10,11}" \
\{1,2,3,5,6,7,9,10,11}' = {0,4,8}" .

Table 11 contains the vectors of test codes on the
0-level of the circuit.

On the 1-level of the circuit we have the function
fu,z,w)=u(zVw). We perform the procedures
(1) and (2) over the minterms of its perfect STF
Y'={(101),(110),(111)}":

Yul/() 7

Y!, = {(001),(010),(011,(101),(110),(111)},

/0 ={(101), (111)} )
Y., = {(100),(101),(110),(111)},
Y, = {(110), (11D},

Y, = {(100),(101),(110),(111)}".
To determine sets of test codes on the 1-level of

the circuit, we apply the operations (3)—(6):
Y'Y, =1{56,7) \{o} =1{5,6,7}" ,

},141/0 \Yl =
Y'Y, =1{56,7}'\{1,2,3,56,7}' =2,
Y, \Y' =1{1,2,3,5,6,7}' \{5,6,7} = {1,2,3}';
Y'Y, =1{5,6,7) \ (5,7} = {6},
Y A\Y' =1{57'\{56,7) =92,
Yl \Yzl/l - {5’637}1 \{4’57697}1 =0
Y\ =1{4,5,6,7)' \{5,6,7}' = {4}";
Y'\Y!, =1{56,7}' \{6,7} ={5}",

Y \Y' =16,71'\{5,6,7} =2 ,
Y'Y, =1{56,7}'\{4,5,6,7} =2,
Y \Y' =1{4,5,6,7)' \{5,6,7}' = {4}".

Table 12 contains stuck-at-fault (0/1) test codes
on the 1-level of the circuit.
The investigated circuit on the 2-level is described

by the function f(g,,g,) =g,V & = {(1I-),(=D}'
that corresponds to the perfect STF Y' = {(01),
(10),(11)}'. Applying the (1) and (2), we obtain:
g,/o ={(01), 1)}
Y, 1 = {(00),(01),(10),(1 D)},
Yoo = ={(10),D},

Y, , = {(00),(01),(10),(11)}".
We apply the operations (3)—(6) to certain sets:

YYD =1{1,2,31\ (1,3} = {2},
Y, \Y =3\ {1,2,3) =&
YYD, =1{1,2,3'1{0,1,2,3}' =2,
Y, \Y' =1{0,1,2,3}'\ {1,2,3}' = {0},
Y'Y, o =1{1,2,31'\{2,3)' = {1}’
YLo\Y =231\ (1,23} = 2,

Y'Y, =11,2,311{0,1,2,3) =2,
Y\ =10,1,2,3)' 1 {1,2,3) = {0}

Thus, Table 13 for test code vectors of function
f(g,,g,) on the 2-level of circuit will be presented
as follows:

Therefore, with usage of the test code vectors
shown in Tables 11—13, it is possible to determine
the location and the type of possible stuck-at-
fault (0/1) on all three levels of the circuit shown
in Fig. 3.

ISSN 2706-8145, Control systems and computers, 2023, N° 1 15



B.Ye. Rytsar

Conclusion

A new method for detection stuck-at-faults (0/1) in
digital combinational circuits is proposed, which,
compared to known methods and algorithms, is
easier to implement due to the use of a numerical
set-theoretical approach. To search for vectors of

test codes, which can be used to determine the lo-
cation and the type of stuck-at-faults (0/1) at all
levels of the circuit under study, it is enough to per-
form only a few simple ST operations and proce-
dures. The advantages of the proposed method are
illustrated by several examples borrowed from the
publications of well-known authors.
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MMPOCTUM METOJ BUABJIEHHA HECITPABHOCTEM TUITY STUCK-AT FAULTY IU®POBUX
KOMBIHALIIMHUX CXEMAX

Beryn. BaxiimBuM po3aisioM JIOTIKOBOTO MTPOEKTYBaHHS HUMPOBUX MPUCTPOIB € TeXHIUYHA JAiarHOCTHKA, Y paMKax SIKOi
PO3pOOJISIOTECS METOAU TIEPEBIPKM TEXHIYHOIO CTaHy MPUCTPOIB JJis 3a0e3rnedyeHHs] HagiliHOCTI ix podoTu. byab sike
MOPYILLIEHHSI HOPMaJIbHOTO (DYHKIIiI0BaHHS LM(PPOBOT0 MPUCTPOIO HA3MBAIOTh HECIPABHICTIO iforo podotu. BusiButu
HECMPaBHICTh Y JIOTIKOBiil cxeMi LMGbPOBOTO MPUCTPOIO MOXKHA TMOCIITOBHICTIO KOHTPOJIBHUX TECTiB Ha 11 BXOAax Ta
CIIOCTEPEXEHHSI OTPUMAHUX PE3YJIbTATIB Ha ii BUXO/i UM BUXOJaX. 3aBAaHHS AiaTHOCTUKHU OyIb SIKOTO MPUCTPOIO TOJISITAE
B TMOIIYKY MiHiMaJbHOI KiJIbKOCTI TeCTOBUX KOMiB. TUMMOBMMU MOIEISIMU TTOLIKOIKEHD MPU MPOEKTYBaHHI IIU(PPOBUX
MPUCTPOIB € MOOAMHYI a00 OaraTopa3oBi MOIIKOMXKEHHS. Y CTaTTi PO3IISIHYTO MOOAWHYI TOIIKOIKEHHST TUTTY stuck-at-
fault (0/1), sxi nepeBaxkHO MalOTh Miclie B IM(DPOBUX KOMOIHALIIMHUX MPUCTPOsIX. [171s1 BUSBICHHS TAKUX HECTTPAaBHOCTEM
BiIOMi pi3Hi METOMIM i AITOPUTMU MOILIIYKY TECTOBUX KOJIiB, CEPe IKUX IepeBakHa OiIbILIICTh [PYHTYETbCS HA AHATTITUMHOMY
IMiIXO/li Ta XapaKTEePU3YEThCS CKIIAHICTIO i TPOMI3MIKICTIO MPAaKTUYHOI peastizallii, 1110 3pOCTa€ 3i 30UIbLIEHHSIM KiJIbKOCTI
3MiHHUX.

MeTo¥0 cTATTI € 3aTTPONIOHYBATH HOBUII METOJI BUSIBJICHHS (IiarHOCTYBaHHSI) HeclipaBHOCTel Tiny stuck-at-fault (0\1)
y KOMOiHaLiHUX IIU(PPOBUX CXeMaX, B OCHOBI SIKOTO JICXKWUTh YMCIOBUN TEOPETUMKO-MHOXWHHUN MiAXil, KUl Oyme
BiIpI3HATHCS Bifl BiIOMUX ITPOCTOTOIO MPAaKTUYHOI peasizallii.

MeTtoau. 3anpornoHOBaHO HOBUII METOA BUSIBJICHHSI HecripaBHocTeil Tumy stuck-at-fault (0/1) y komOGiHamiitHux
HUGppPOBUX CXeMax.

Pesynsrarn. OmucaHo HOBUIT MeTON BUSIBICHHS (IiaTHOCTYBaHHsSI) HecIpaBHOCTeU Tumy stuck-at-fault (0/1) y
MOPOBUX KOMOIHALIIMHMX CXeMaxX Ha OCHOBI YMCJIOBOTO TEOPETUKO-MHOXHWHHOTO Tiaxomy. [TopiBHSIHO 3 BimoMumu
METOJaMM i aJropuTMaMM MPOIOHOBAHWIA MiAXiA BiIpi3HIETHCS MPOCTILLIOK peali3alli€lo MOIIYKY BEKTOPIiB TECTOBUX
KO[IiB Y JOBUIbHUX TOUKaX AOCJiIKYyBaHOI JIOTiKOBOi cxeMu. JIJisi BUSHAUEHHS Micls i TUITy HEeCNIpaBHOCTI Stuck-at-fault
(0/1) nocTaTHBO peastizyBaTH KiJbKa MPOCTUX TEOPETUKO-MHOXUHHUX onepalliil i mpouenyp. Lle 3acBinuytoTs HaBeneHi B
pOOOTI MPUKIIAAU 3aCTOCYBAHHSI TPOTTOHOBAHOTO METO/LY, SIKi 3aTI03MYEHO 3 Iy0JTiKalliil BiTOMUX aBTOPIB.

BucnoBku. 3amponoHOBaHUI Ta OMUCAHUN Y CTaTTi METON BUSBIEHHS HECTIPABHOCTEH Ma€ 3MOTY BUSIBIISITH
HecIpaBHOCTI Tuty stuck-at-fault (0/1) y komb6inatiitnux mmudposux cxemax. Lleit MeTon, mOpiBHSIHO 3 BiTOMUMU METOIAaMU
Ta aJrOpuTMaMMU, BiPi3HSIETHCS MPOCTILLIOI peasli3alliclo 3aBasiKi 3aCTOCYBAHHIO YMCIOBOTO T€OPETUKO-MHOXKMUHHOTO
miaxozy. J1Jist mouryKy BeKTOpiB TECTOBUX KOJIiB, 3 JOMIOMOTOIO SIKUX MOXXHA BUSHAYUTH MiCLIE i TUTT HECITPABHOCTE! TUITY
stuck-at-fault (0/1) Ha Bcix piBHSIX JTOCIIIKYBAaHOI CXeMU, JIOCTATHBO BUKOHATHU JIUIIIE KiJTbKOX Ipoctux TM-ormepaitiif i
npouenyp. [lepeBaru nponoHOBaHOTO METOAY LTIOCTPYIOTh MPUKJIAAN, 3aII03UYEHI 3 MyOJTiKalliii BiTOMUX aBTOPIB.

Karouosi caosa: yughposi kombinayiini cxemu, 8Us61eHHs HECNPABHOCMEIl, BEKIMOPU MECMOBUX K00I8, YUCA08UI MeopemuKo-
MHONCUHHUL ni0Xi0, onepauii ma npoyedypu.
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