unformation Technology in Control

DESIGN OF SELF-CHECKING DISCRETE DEVICES
BASED ON BOOLEAN SIGNALS CORRECTION AND COMPOSITION OF
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Abstract. It is proposed to use the composition of constant-weight codes of the “1-out-of-4” and
“3-out-of-4” types in the design of self-checking discrete devices based on Boolean signals cor-
rection. For this composition of constant-weight codes, a simple and compact self-checking
checker can be implemented, requiring only four test combinations for a complete check. The
structure of a self-checking discrete device is described. The conversion of all four signals from
an object under diagnosis is considered when designing a concurrent error-detection circuit for
the object. The simplest algorithm for building a self-checking concurrent error-detection circuit
based on the Boolean signals correction and the composition of 1-out-of-4 and 3-out-of-4 codes is
developed. The results of experiments with combinational benchmarks are provided. They
demonstrate the advantage of the proposed approach over the well-known duplication method and
the one involving the 1-out-of-4 code together with Boolean signals correction, in terms of struc-
tural redundancy of the final self-checking discrete device. The method developed in this paper is
promising for self-checking discrete device design with different element bases in various fields
of application.

Keywords: self-checking discrete device, concurrent error-detection circuit, Boolean signals correction,
composition of constant-weight codes, 1-out-of-4 and 3-out-of-4 codes, structural redundancy, controllable

structure.

INTRODUCTION

When designing self-checking discrete devices,
common methods are based on introducing redundan-
cy not into the original object itself (the object under
diagnosis) but into a special concurrent error-detection
(CED) circuit [1-3]. Such a circuit is built taking into
account the characteristics of the object under diagno-
sis and the selected diagnostic attribute for detecting
faults and errors in computations. In essence, a work-
ing diagnosis system is implemented for a given ob-
ject: based on the results of computing its functions,
this system indirectly identifies the presence/absence
of faults [4]. CED circuits are implemented as self-

checking, which eliminates the problem of “watch
dog” when the developer intends to ensure operability
control for the CED circuit itself. Totally self-
checking CED circuits are self-testing and protected
from faults [5]. According to the first property, for all
faults of a CED circuit from a given class, there exists
at least one set of argument values applied to its inputs
to identify a control error signal. The second property
states that when any fault occurs in a CED circuit from
a given class, either correct values are computed at its
outputs, or an error signal is identified.

There are two main approaches to building CED
circuits, each generating a variety of methods. The
first (classical) approach has been known since the
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middle of the last century [6]. Within this approach,
data signals are formed at the parallel outputs of an
object under diagnosis; when applying each set of ar-
gument values to the inputs, these signals are supple-
mented by check signals in the CED circuit to estab-
lish a certain correspondence between the data and
check signals if the object is operable. This is often
done using the diagnostic attribute of the belonging of
codewords, formed by data and check signals, to a
given uniform block code [7-9]. Object’s faults during
its operation cause errors in computations, which vio-
late the correspondence between the values of the data
and check signals and, in turn, are identified by the
CED circuit. The second approach has been known
since the 1990s-2000s [10-13]. In contrast to supple-
menting data signals with check signals, this approach
converts all or part of the signals so that the required
codeword with specified diagnostic properties is iden-
tified for each set of argument values.

Both approaches have advantages and drawbacks.
For example, the approach based on signal supplemen-
tation directly considers the error detection properties
of uniform block codes and makes it possible to use
special circuitry methods surely detect certain types of
errors in CED circuits [14, 15]. However, for a given
element basis and method for building CED circuit
components, its structure is unique, and the developer
cannot regulate the performance characteristics of the
final self-checking discrete device (e.g., structural re-
dundancy, controllability, power consumption, etc.).
For each set of argument values, the second approach
(based on Boolean signals correction, BSC) allows
selecting a codeword from a certain set to convert the
binary vector from the outputs of an object under di-
agnosis; this feature provides wide possibilities for
building various CED circuits even for a given ele-
ment base and implementation methods [16]. In addi-
tion, optimization problems can be solved for a partic-
ular performance indicator of CED circuits. However,
due to BSC for the vector at the object’s outputs, well-
known circuit engineering technigues cannot be ap-
plied to cover certain types of errors in CED circuits.
Alternative approaches are required, such as the selec-
tion of subsets of outputs with special control proper-
ties (e.g., those on which errors with a given multiplic-
ity d (single, double, triple, etc.) cannot occur) [17]. In
all these cases, there are two options for building CED
circuits: the first is the complete coverage of errors at
the object’s outputs, caused by its internal structure
faults; and the second is the manifestation of faults at
least on one set of argument values [18, 19].

The simplest way to implement CED circuits using
the second approach is based on the use of inseparable
block codes. They include constant-weight codes [20],
Plotkin (Hadamard) codes [21], Borden codes [22],

and various other compositions of constant-weight
codes [23]. A distinctive feature of methods with such
codes is that when organizing CED circuits, it is easy
to use circuit engineering techniques to eliminate cer-
tain types of errors in codewords, whereas for separa-
ble codes, it is also necessary to consider potential
simultaneous distortions of both data and check sym-
bols [24].

Research by the authors has shown that, in addition
to traditional constant-weight codes, there is a special
composition of these codes formed by combining
codewords belonging to the “l1-out-of-4” and “3-out-
of-4” types [23] (further referred to as 1-out-of-4 and
3-out-of-4 codes, respectively). A checker with a sim-
ple and compact structure can be built for it, requiring
only four test combinations for a complete check. This
is the minimum cardinality of the set of codewords
forming a test for self-checking checkers [5].

This study is devoted to describing CED circuit de-
sign methods based on BSC with compositions of 1-
out-of-4 and 3-out-of-4 codes. It consists of two parts:
in the first, we present the CED circuit structure based
on BSC with conversion of signals from all outputs of
an object under diagnosis and the simplest algorithm
for building a self-checking CED circuit; the second
part will provide methods for reducing structural re-
dundancy by utilizing the properties of the composi-
tion of 1-out-of-4 and 3-out-of-4 codes and decreasing
the number of conversion elements in the CED circuit.

1. CED CIRCUIT BASED ON THE COMPOSITION
OF 1-OUT-OF-4 AND 3-OUT-OF-4 CODES

The structure of a CED circuit based on the com-
position of 1-out-of-4 and 3-out-of-4 codes is shown
in Fig. 1. It is built for a set of four outputs of an ob-
ject under diagnosis. The output set of cardinality 4 is
chosen due to the length of the code vector of the
composition of 1-out-of-4 and 3-out-of-4 codes.

An object under diagnosis is the combinational
part of a discrete device, or simply a combinational
discrete device F(X) that computes the values of Bool-
ean functions f1(X), fo(X), f3(X), and f4(X) under a given
set <X> = <X; X¢1... X2 X;> Of argument values sup-
plied to the inputs. (Hereinafter, this set is supposed
to be complete) Thus, a Boolean vector
<fy(X) fz(X) f(X) f1(X)> is formed for each set of ar-
gument values. A special CED circuit is organized to
check the correctness of computations. It consists of
three functional blocks: the block G(X) for computing
the values of correction functions, the signal correc-
tion block (SCB) itself, and a totally self-checking
checker (TSC) for the composition of 1-out-of-4 and
3-out-of-4 codes.
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Fig. 1. The structural diagram of a CED circuit.
The block G(X) is intended to compute the values == — 1

of the functions g:(X), g2(X), gs(X), and g4(X) for cor-
recting signals from the object F(X) when identical
sets of argument values are supplied to the inputs of
both blocks. Each signal correction function imple-
ments the following conversion in the CED circuit:

hi(x):fi(x)®gi(x)’i:]"_4" (1)

where hi(X) is the corrected value at the SCB output
obtained under a particular set of argument values
supplied to the inputs.

Two-input XORs are used to correct signals. They
allow any value 0 (1) to be converted to any of the
values 0 (1).! Thus, for each set of argument values,
the code vector <fy(X) f3(X) fo(X) fi(X)> can be con-
verted into the code vector <h,(X) hs(X) hy(X) hy(X)>
with specified diagnostic properties. The structure
shown in Fig. 1 performs conversion to a codeword
belonging to the composition of 1-out-of-4 and
3-out-of-4 codes. The TSC block is installed
to verify the belonging of the codeword
<h,4(X) h3(X) hy(X) hy(X)> to the given composition. It
is equipped with two outputs, z°(X) and z'(X), which
operate in two-rail logic: the combinations <01> and
<10> indicate the absence of errors in computations
whereas the combinations <00> and <11> the pres-
ence of an error (and, indirectly, the occurrence of a
fault in the object under diagnosis).

Figure 2 demonstrates the structure of the simplest
checker for the composition of 1-out-of-4 and 3-out-
of-4 codes.

! The equivalence function implemented by an XNOR gate has a
similar property. It could also be used in the CED circuit design
based on BSC. Other elementary Boolean functions can be applied
to BSC only with several restrictions.

Fig. 2. The structural diagram of a checker for the composition of
1-out-of-4 and 3-out-of-4 codes.

The checking test T for the checker in Fig. 2 con-
tains combinations from the following set:

T, = {1000, 0010,1101, 0111}

()
w{0001,1011, 0100, 1110}.

When designing CED circuits, it suffices to form at
least one subset of the set (2). In this case, a complete
check of TSC can be performed during the operation
of the self-checking device.

Thus, the structure in Fig. 1 is self-checking.

2. THE SIMPLEST ALGORITHM FOR BUILDING A CED
CIRCUIT BASED ON THE COMPOSITION OF 1-OUT-OF-4
AND 3-OUT-OF-4 CODES

The conversion (1) is performed on each set of ar-
gument values. The vector <fy(X) f3(X) fo(X) fi(X)>
can be converted into the code vector
<hys(X) hs(X) hy(X) hy(X)> in eight different variants
since the set of codewords for the composition of the
l-out-of-4 and 3-out-of-4 codes has cardinality

C, +C2 =8. Hence, for t arguments, the conversion

(1) can be performed in 87 variants. Due to the need
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to form the set Ty for the checker, we have 8 —3
variants. Even in the case t=3, this gives
16 777 213 variants to design self-checking CED cir-
cuits. Among them, the best variant can be selected,
e.g., by the minimum structural redundancy criterion
of a self-checking discrete device.

Meanwhile, let us propose a simple algorithm for
building a CED circuit based on BSC and the compo-
sition of 1-out-of-4 and 3-out-of-4 codes, which forms
the set Tge for the checker, but requires post-
verification of the test combinations formed for XOR
gates. Assume that all functions of an object under
diagnosis are completely defined, and all 2' sets of ar-
gument values are supplied to the inputs. Note also
that at the initial stage, the structures of the BSC and
TSC blocks are known, and the logic of F(X) is speci-
fied; however, the values of the functions implement-
ed by the block G(X) are not set. The main goal of de-
sign is to obtain the values of these functions for each
set of argument values and to form checking tests for
the BSC and TSC blocks.

Algorithm 1. CED circuit design for four outputs

of the object under diagnosis:
t

1. Determine 8 = Z =2"* which is the number of

each of the words used in the composition of constant-
weight codes <h,(X) h3(X) hy(X) hy(X)>. As a result,
one builds a CED circuit in which the codewords of
the composition of 1-out-of-4 and 3-out-of-4 codes
will be formed uniformly at the TSC inputs.

2. Consider the sets of argument values in lexico-
graphic order, from the set with decimal equivalent 0
to the set with decimal equivalent 2' — 1. On the sets of
argument  values with  decimal  equivalents
0...2"%-1), redefine the bits of the vectors
<hy(X) ha(X) hy(X) hy(X)> to the codeword <0001>; on
the sets with numbers 2°...(2-2"2 — 1), to the code-
word <0010>; on the sets with numbers
2:27%...(3:2"% — 1), to the codeword <0100>; on the
sets with numbers 3-22...(4-2° — 1), to the codeword
<1000>; on the sets with numbers 4-2"2...(5:2° — 1),
to the codeword <1110>; on the sets with numbers
5:23...(6-2"% — 1), to the codeword <1101>; on the
sets with numbers 6-2"°...(7-2"° — 1), to the codeword
<1011>; finally, on the sets with numbers
7-23...(8-2"° — 1), the codeword <0111>. This step of
the algorithm forms each of the codewords for the
composition of 1-out-of-4 and 3-out-of-4 codes at the
TSC inputs exactly 6 times.

3. Determine the values of the functions gi(X)
based on the known values of the functions h;(X) for
each set of argument values:

g:(X)=fi(X)@h(X) 3)
e h(X)=1f(X)®g(X), i=1 4.

4. Verify the formation of the checking test for
each XOR gate in the CED circuit: under the canonical
realization of XOR, the checking test includes all four
working combinations {00, 01, 10, 11} [25], and each
of them shall be formed on at least one set of argument
values. If tests are formed for all SCB gates, proceed
to Step 5 of the algorithm; otherwise, redefine the bit
values in the vector <hy(X) hs(X) hy(X) hy(X)> on a
selected number of the sets of argument values in ac-
cordance with the method described in [26].

5. Optimize the functions g4(X), gs(X), g.(X), and
9:(X) [27].

6. Design a self-checking discrete device in the se-
lected element basis.

We pay the reader’s attention to Step 2 of the algo-
rithm, which involves all eight codewords belonging
to the given composition. However, in view of the ex-
pression (2), this step can be changed: the vectors
<hy(X) h3(X) hy(X) hy(X)> can be redefined to only
four codewords of the given composition, which will
ensure the complete check of the checker.

Example 1. Let us build a CED circuit for a device
whose operating logic is described by the first nine columns
of Table 1.

Following Step 1 of Algorithm 1, we determine the

number 8=2"%=2, characterizing the number of each of

the words used in the composition of 1-out-of-4 and 3-out-
of-4 codes. Then, according to Step 2 of Algorithm 1,
we sequentially consider the sets of argument values and
fix the following codewords of the composition of
l-out-of-4 and 3-out-of-4 codes in the vector
<hs(X) hz(X) hy(X) hy(X)>: on sets 0 and 1, the word
<0001>; on sets 2 and 3, the word <0010>; on sets 4 and 5,
the word <0100>; on sets 6 and 7, the word <1000>; on sets
8 and 9, the word <1110>; on sets 10 and 11, the word
<1101>; on sets 12 and 13, the word <1011>; finally, on
sets 14 and 15, the word <0111> (see the columns corre-
sponding to the bits of the vector
<hy(X) h3(X) hy(X) hy(X)> in Table 1). Using Step 3 of Al-
gorithm 1 and formula (3), we obtain the values of the func-
tions implemented at the outputs of the block G(X) for each
set of argument values (see the columns corresponding to
the bits of the vector <g4(X) gz(X) g.(X) g1(X)> in Table 1).
Following Step 4 of Algorithm 1, we determine whether
checking tests are formed for each of the gates XOR,4, XORg,
XOR,, and XOR;. All combinations formed at their inputs
are given in the corresponding columns of Table 1. Analysis
of the combinations arriving at the inputs of each correction
element shows that a checking test is formed for each of
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Table 1

The operation of a device with four outputs and the CED circuit for it
TSSO | s | TSI | s | T

N of the device F(X) of the block G(X)
O B = = = = o | o o| o X < < <
0 OO0 | O of|l1|10]0 0 0 0 1 1110111110001
1 OO0 | O 140]0]1]|0 0 0 0 1 0|0 ] 1 |12100]|00] 11|01
2 0|0 1 o101 ]0 0 0 1 0 0|0 1)]0¢|10)|00)| 11| 00
3 0|0 1 140]0]0]|0O0 0 0 1 0 1100 )] 0(f01]|o00]|O00]| 00
4 0 1|0 ofjo|10]0 0 1 0 0 0| 0| O0O)|O0O]O00|10|0]| O
5 0 110 140]0]1]|0 0 1 0 0 0|21 1)|01{00)|01] 11|00
6 0 1 1 ojoj|1(0/]0 1 0 0 0 0|1 10100/ 11]|01]| 00
7 0 1 1 1400|071 1 0 0 0 0|0 | 1 |121(00]|00] 01]11
8 1100 of|l1]0(1]0 1 1 1 0 1|1 |1 ]0(f11|o01] 11|00
9 1100 1412]0]01|0 1 1 1 0 1110 0¢(f11|01]o00]/| 00
00110 1 ofjoj|1|1]0 1 1 0 1 1|1 |1 ]0¢(f01]11]11]00
11110 1 1400|071 1 1 0 1 1|10 )] 0(f01|01]o00]10
122 | 1 110 of|1]0|1]1 1 0 1 1 0|0 )] O] 0|10 00]| 10| 10
13 ] 1 110 1412]0]11|0 1 0 1 1 0|0 )] O0)| 1112000/ 10|01
14 | 1 1 1 o111 1]1 0 1 1 1 1100 )]0 11|10] 101 10
15 | 1 1 1 140 1]0]|1 0 1 1 1 0|0 ] 1]0¢{00)|10]|01] 10

Next, Steps 5 and 6 of Algorithm 1 should be carried
out, but they appear to be trivial: the functions g4(X), 9s(X),
02(X), and g,(X) are optimized, and a self-checking discrete
device is implemented in the selected element basis. ¢

A CED circuit for a device with n > 4 outputs is
built as follows.

Algorithm 2. CED circuit design for an object un-
der diagnosis with n > 4 outputs:

1. Order the device outputs and divide them into

q= [ﬂ subsets. (The symbol [...| denotes the ceiling

of a corresponding value.) If n(mod4) = 0, each
of the g subsets will contain unique outputs; other-
wise, the last subset will contain n(mod4) unique out-
puts and 4 — n(mod4) ones already used in g — 1 sub-
sets.

2. Design the CED circuit according to Algo-
rithm 1 for each of the g subsets of outputs. To reduce
redundancy, the individual blocks G(X) of each CED
circuit shall be built together.

3. Connect the outputs of g CED circuits to the in-
puts of the self-checking comparator gTRC1, which
compresses g two-rail signals into one and is based on
g — 1 elementary two-rail checkers (TRC) [28-30].

Example 2. Provide the structure of a self-checking dis-
crete device for organizing a CED circuit for the initial de-
vice with n = 10 outputs.

According to Step 1 of Algorithm 2, we order
the outputs and divide them into the following number

of subsets: q=[%}=3. The first two subsets

are disjoint: 1 — {fi(X), fi(X), fi3(X), fi(X)}, and
I — {f5 (X), fs(X), f(X), fg(X)}. Since 10(mod4) = 2, the last
subset includes two outputs from the second subset and two
previously unused outputs: 11 — {f;(X), fg(X), fo(X), f1o(X)}.

Figure 3 shows the structure of a self-checking discrete
device in Example 2. To implement it, three CED circuits
are allocated with separate SCB blocks and checkers. The
check outputs of individual CED circuits are connected to
the inputs of a self-checking comparator implemented on
two TRC blocks. Since the outputs f;(X) and fg(X) are used
twice, the corresponding functions in the CED circuit are
marked by “*” and “**,” respectively. ¢

The main advantage is that Algorithms 1 and 2
provide the simplest possible design of CED circuits
for initial objects under diagnosis, and the procedures
implemented in these algorithms can be easily auto-
mated for further use in computer-aided design sys-
tems for self-checking discrete devices.
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Fig. 3. The structural diagram of the self-checking discrete device in Example 2.

3. EXPERIMENTAL RESULTS

An important task of this study is to confirm exper-
imentally the efficiency of the structure proposed
(Fig. 1), as well as Algorithms 1 and 2, in the design
of self-checking discrete devices for test combination-
al circuits (benchmarks) from MCNC Benchmarks
[31, 32]. During the experiments, structural redundan-
cy indicators were estimated for self-checking discrete
devices designed for each benchmark. For compari-
son, two methods were also used with the same total
number of outputs for the blocks G(X) as for the object
under diagnosis. The first method was classical dupli-
cation: all blocks G(X) were actually replaced by a
single copy of the object or by a device computing
equivalent Boolean functions [6]. (Nowadays, this
method is widely used to build self-checking imple-
mentations of discrete devices [33].) The second
method was the one based on BSC and the use of the
1-out-of-4 code with correction of all signals from the
object [34].

CED circuits were designed for the selected
benchmarks by three methods. Combinational bench-
marks in the *.pla format were taken. In this format, a
circuit is specified by an interval description of Boole-
an functions (as a compressed truth table representing

a ternary matrix with elementary conjunctions) [35].
The processing techniques for benchmarks, as well as
the algorithms developed, were automated and real-
ized in DM Coding? to obtain descriptions in the *.pla
format for the functional blocks of CED circuits. Next,
the well-known SIS interpreter [36,37] and the
stdcell2_2.genlib library of functional elements were
used to design self-checking devices and determine
some of their parameters. During the design, the
full_simplify optimization procedure was applied for
the blocks G(X). (The other blocks of CED circuits
were typical.) This procedure serves to optimize a sys-
tem of Boolean functions using binary decision dia-
grams (BDDs) [38]. Then, the map -s procedure was
carried out to perform the structural synthesis of de-
vices in the given library of functional elements and
obtain their main parameters. For comparison, an addi-
tional parameter—the area occupied by the device on
a chip—was considered to characterize the implemen-

2 DM Coding is a software module developed by the authors of
this paper jointly with Cand Sci. (Eng.) V.V. Dmitriev. This mod-
ule is expandable and intended for setting up experiments with
novel fault diagnosis methods. Written in C#, it implements certain
functions for analyzing benchmarks with the algorithms being
developed, including the functional description of CED circuit
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tation complexity of a device (in conditional units of
the element library). For each CED circuit component,
the implementation complexity indicators were deter-
mined, including the final values of the implementa-
tion complexity indicator of a self-checking device (by
analogy with the method described in [39]). For dupli-
cation, this indicator is denoted by Lp; for the method
based on BSC and the 1-out-of-4 code, by Ly; for the
novel method (proposed above), by Lis+z4. The fol-
lowing relative indicators were calculated for compar-
ing the three methods with each other:

u= —L“E”/ £.100%, 4)

D

T]=M-100%.

/4

®)

The indicators (4) and (5) characterize the self-
checking device designed by the novel method in
comparison with those designed by duplication and
BSC with the 1-out-of-4 code. If p>100%
(n > 100%), then the novel method is more efficient
than duplication (BSC with the 1-out-of-4 code, re-
spectively). Also, for a convenient efficiency analysis
of the novel method, the following indicators (the rela-
tive gain in its complexity) were calculated:

Au=(1—%j-1oo %,

D

An :(1—M}-100 %.

4

A value Ap > 0% (An > 0%) indicates a gain in the
complexity of the novel method compared to duplica-
tion (BSC with the 1-out-of-4 code, respectively).

Table 2 summarizes the results of experiments for
several benchmarks. For each benchmark, the values
of the implementation complexity indicators Lg), Lp,
Lys, and Ly4+s4 are provided. For the methods based
on BSC, the values of the implementation complexity
indicator Lg of the block G(X) are also given. For
circuits with n > 5 outputs, the block G(X) was ob-
tained by combining separate blocks for computing the
values of signal correction functions for each of the
check and design subcircuits into a single circuit. The-
se indicators can be compared for different methods
based on BSC in order to assess the impact of the
complexity indicator of the block for computing cor-
rection functions on the final value of the complexity
indicator of the self-checking discrete device. Sepa-
rately, the bar charts in Fig. 4 show the values of Ap
and An.
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Fig. 4. The values of Ap and Ay for different benchmarks.
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According to Table 2 and Fig. 4, we draw the fol-
lowing conclusions. For 9 of the 28 benchmarks, du-
plication is more efficient. However, for most bench-
marks (19, approximately 68%), the novel method
yields self-checking discrete devices with smaller im-
plementation complexity. Moreover, the gain for some
benchmarks is Ap > 20%. Compared to the method
described in [34], the novel one is more effective for
16 benchmarks (approximately 57%). The improve-
ment in the indicator An does not exceed 10% for
most benchmarks. This is explained by the similarity
between the novel method and the one from [34] in
terms of the number of signals corrected. The effect is
achieved mainly due to the gain in the indicator Lg,
when applying one or another method. For three
benchmarks (see Fig. 4), a significant loss is obtained
in the implementation complexity indicator: over 20%
for both Ap and An. This result is due to the complexi-
ty of the Boolean functions implemented by the blocks
F(X) and G(X) [40]. In some cases, the complexity of
Boolean functions implemented by the block G(X) is
significantly higher than that of the ones implemented
by the block F(X). (The reader can compare the data in
the columns Lgx) and Lgx) row by row.) Nevertheless,
for most benchmarks, the novel method demonstrates
a positive effect, which suggests its practical applica-
bility.

mine the features and characteristics of the novel
method.

The advantage of using BSC and the composition
of 1-out-of-4 and 3-out-of-4 codes is a large number of
variants to design CED circuits: one can solve related
optimization problems and build self-checking discrete
devices, e.g., with the lowest hardware cost. A draw-
back of the novel method is the need to consider the
number of combinations of distortions at the outputs
of an object under diagnosis when selecting quadru-
ples among them. There are two approaches for build-
ing a CED circuit: the classical one with full coverage
of any errors at the object’s outputs, and the one with
coverage of faults occurring at least on one set of ar-
gument values. Also, it is possible to use the first ap-
proach for implementing a CED circuit by covering
any errors at the object’s outputs with an increased
number of the checked subsets of outputs (as com-
pared to the minimum required for the novel method),
but with an advantage over other methods in terms of
implementation complexity. The possibility of such an
implementation has been demonstrated by some ex-
perimental results, particularly by the above analysis
of the gains in complexity indicators.
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