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1 Introduction

Fault-based testing techniques have been proposed aiming at detection of hypothesized faults in a
program. More precisely, if an hypothesized fault has been injected in the program, the test cases
generated by the fault-based testing techniques will be able to reveal the corresponding failures of
the faulty program. As a result, test sets generated aiming at the hypothesized fault will be able
to detect the faulty program. Many techniques of fault-based testing have been developed and
widely used [2, 4, 11, 12, 17]. Symbolic testing has been proposed as a fault-based testing strategy
in [11], and it has been further applied in [2]. Moreover, mutation testing, a typical fault-based

testing technique, has been used for many decades [4, 12, 17].

Recently, the detection conditions of hypothesized fault classes have been widely studied [1, 6,
9, 15]. The fault detection conditions of hypothesized faults are mainly used in two areas. First,
they are used to develop test case selection strategies aiming at the detection of particular types
of faults. Chen and Lau [1] proposed three test case selection strategies based on fault detection
conditions of seven types of faults. Second, fault detection conditions are used to develop fault
class hierarchies [6, 9, 15]. Fault class hierarchy establishes relationships between different types
of faults. If any test cases that can be used to detect fault class A can be used to detect fault class B,
fault class A is put in the hierarchy lower than that of fault class B. Kuhn [6] and Lau and Yu [9] used

fault class hierarchies to explain the empirical results for existing fault-based testing methodologies.

Most previous studies on fault detection conditions assume that only one of these hypothesized
faults occur in the software under test. However, investigations show that multiple faults occur
more frequently in programs [10, 16]. Research on multiple faults is mainly focus on fault coupling
of double fault. Double faults is a special instance of multiple faults. Fault coupling refers to the
situation that two faults can be detected individually, but fail to be detected when they combined

together.

Fault coupling have been studied previously [5, 12]. We will only briefly described these previous
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work here. Detailed discussions can be found in Section 5. Offutt performed an empirical study
on fault coupling with 3 small programs via mutation analysis [12]. Given a program, a 1-order (2-
order) mutant is a program that differs from the original program by 1 syntactic change (2 syntactic
changes). In [12], Offutt generated all possible 1-order mutants for the studied programs, discarded
all the 1-order mutants that were equivalent to the original program, and generated all 2-order
mutant based on those remaining 1-order mutants. Then, he generated test sets that can kill the
remaining 1-order mutants and used these test sets to kill 2-order mutants. He found that most test
sets that can kill 1-order mutants can also be used to kill a high percentatge of 2-order mutants.
However, there is no formal analysis related to high detection rate against the types of mutation

operators being used to generate those mutants.

On the other hand, How Tai Wah study the fault coupling via theoretical study [5]. He modeled
program as composition of functions while program with single fault (double faults, respectively) is
denoted as a composition in which exactly one function is (two functions are, respectively) faulty.
Test sets that detect individual faults of a double fault are called proper test sets. Among the proper
test sets, those that cannot detect the double fault are called coupled test sets. He then calculates
the coupling ratio, defined as the ratio of the number of coupled test sets to that of proper test
sets. The mathematical analysis shows that the coupling ratio is very small, therefore How Tai Wah
concluded that fault coupling rarely occurs. Since faulty program is modeled by incorrect use of one

(respectively, two) of the functions, no fault types have been actually involved in this study.

Recently, Lau and Yu extended their study on using fault class hierarchy to study double faults
related to terms [8]. They found that test case that can detect some particular classes of faults in
the lower part of the hierarchy can detect double faults which involve these classes of faults and
faults in the upper part of the hierarchy. For example, if a test case that can detect fault class A
which is lower than fault class B in the fault class hierarchy, then the same test case can detect the

double fault involving fault classes A and B, denoted as A x B.

In this report, our main target is to obtain the fault detection conditions of double faults related
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to terms. In order to illustrate how these fault detection conditions can be used, we analyse the
fault detection capabilities of some existing test case selection strategies, aimed at detecting single
occurrence of particular types of fault, in detecting double faults studied in this report. Our analysis
shows that test case selection strategies studied in this report can guarantee to detect the double
faults related to terms. Hence, by using these test case selection strategies in detecting single

faults, there is an additional benefit of detecting the double faults studied in this report.

The rest of report is organized as follows. Section 2 introduces the notation and fault classes studied
in this report. Section 3 presents double fault classes and their corresponding faulty implementa-
tions. Section 4 proves the fault detection conditions of each faulty implementation and Section 5
analyses the effects of fault coupling between single and double faults. Section 6 analyses the
fault detecting capabilities of some existing test case selection strategies in detecting double faults.

Section 7 concludes the report and discusses further work.

2 Preliminary

2.1 Notation

In this report, we use ‘-, '+’ and ‘7’ to represent Boolean operators, AND, OR and NOT, respectively.
Usually, ‘- is omitted whenever it is clear from the context. We use 1 and 0 to represent the truth

values ‘TRUE’ and ‘FALSE’, respectively. The set of all truth values, that is {0,1}, is denoted as B.

Let S be a Boolean expression in disjunctive normal form
S=p1+-+DPm

where m is the number of terms, p; = x| ---x;_is the i-th term of S, x'; is the j-th literal in p;, and k;
is the number of literals in p;. A Boolean expression is in irredundant disjunctive normal form (or,

simply IDNF) if (1) none of its terms can be omitted from the expression; and (2) none of its literals
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can be omitted from any term in the expression without affecting the function of the expression.

Let S be a Boolean expression having n variables, the input domain is the n-dimensional Boolean
space B". True points of S are those points in B" that make S evaluate to 1. The set of all true points
of S is denoted by TP(S). A true point of the term p; in S is a point that makes p; evaluate to 1. The
set of all true points of p; in S is denoted by TP;(S). Hence, TP(S) = U, TP;(S). A unique true point
of p; in § is a true point of S that makes (1) p; evaluate to 1; and (2) all other terms evaluate to 0.
The set of all unique true points of p; in S is denoted by UTP;(S). The set of all unique true points
of S is denoted by UTP(S) and UTP(S) = J; UTP;(S).

False points of S are those points in B” that make S evaluate to 0 and the set of all false points of S
is denoted by FP(S). A near false point of the j-th literal, x’J of the i-th term, p;, in S is a false point
that makes (1) x’] evaluate to 0, and (2) all other literals in p; evaluate to 1. The set of all near false
points for the j-th literal xj. of the i-th term, p;, in S is denoted by NFP; 7(S). The set of all near false
points for the i-th term, p;, in S is denoted by NFP;(S). Therefore, NFP;(S)= J; NFP; ;(S). The set
of all near false points of S is denoted by NFP(S) and NFP(S) = |J; NFP;(S).

2.2 Fault Types

In this report, we only consider five types of faults related to terms in Boolean expressions. Let S
be a Boolean expression. Suppose that a single fault F' changes a subexpression E into a subex-
pression E’, the resulting faulty expression (or, implementation) is denoted as Ipg—g)- A faulty
implementation is referred to as single-fault expression if (1) it differs from the original expression
by one syntactic change; and (2) it is not equivalent to the original expression. The following five

fault types related to terms in a Boolean expression are studied in this report:

1. Expression Negation Fault (ENF): The entire Boolean expression or its sub-expression is

implemented as its negation. The faulty implementation is Iy (s_5) = Sor IENF(P51+"'+Ph1
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—piFFpay) = PUE o Pi—1 iyt Py Pryy1 oo powhere 1< iy <y <m
For example, the Boolean expression ab + cd + e f may be implemented as ab+cd +ef or

ab+cd+ef. The corresponding detection condition, denoted by DCEgnr, is “any point in

h] m
(UTPis)\| U TPi(S) | orany pointin FP(S)".

i=i| i=1

i) sy

. Term Negation Fault (TNF): A particular term in the Boolean expression is implemented as its
negation. The faulty implementation is ITNF(,,I.I_,W) =p1+-+Di++ pm where 1 <
i1 <mand m > 1. For example, the Boolean expression ab + cd + ef may be implemented
as ab+ cd + ef. The corresponding detection condition, denoted by DCryr, is “any point in
UTP;,(S) or any point in FP(S)”. As documented in [9], when S contains just one term (that

is m = 1), the negation fault is considered as an ENF.

. Term Omission Fault (TOF): A particular term in the Boolean expression is omitted in its
implementation. The faulty implementation is ITOF(Pil —)=DP1++Pi—1 T Pi+1++ Dms
where 1 < iy < m and m > 1. For example, the Boolean expression ab + cd + ef may be
implemented as ab + cd. The corresponding detection condition, denoted by DCropr, is “any

point in UTP;, (S)".

. Disjunctive Operator Reference Fault (DORF): A Boolean operator ‘4’ is implemented as

(3R

. The faulty implementation is IDORF(pil+pi1+1ﬂpi1pi1+1) =p1+-+piDi+1 + -+ DPms
where 1 <i; < m. For example, the Boolean expression ab + cd + ef may be implemented
as ab+ cdef. The corresponding detection condition, denoted by DCporr, is “any point in

UTP;,(S) or any pointin UTP;, 11(S)”.

(3R]

. Conjunctive QOperator Reference Fault (CORF): A Boolean operator ‘-’ is implemented as

‘+’. The faulty implementation is ICORF(pil_>pi1x17j1+pi1‘j]+l.,kil) =p1+-+Di—1+Pig1j, +

Piiji+1k, t P41+ -+ pm, where 1 < iy <m, m>1, 1 < ji <kiy, pi 1, =x} ---X’jll,

_ i = P 1 i D s i
Pirjitlky =Xy X, and pi; = piy.1,j; * Piy,ji+1,k, - For example, the Boolean expression

ab+cd +ef may be implemented as ab+c+d +ef. The corresponding detection condition,

denoted by DCporr, is “any point in FP(S) such that p;, 1j, + Piy, ji+1k, = 1"
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3 Double Fault Models

Similar to previous studies of double fault [5, 12], a double fault is defined as the occurrence of
two single faults in this report. When a double fault occurs in a Boolean expression, the resulting
expression may be equivalent to the original expression or a faulty expression with a single fault.
Lau and Liu [7] defined a double-fault expression is one which differs from the original expression
by two syntactic changes and is equivalent to neither the original expression nor any expression

that results from any single fault.

When a double fault occurs, it is possible that the order of occurrence of the two single faults may
result in different faulty expressions. Such a double fault is referred to as double fault with ordering.
However, there is also a chance that the two faults may result in two faulty expressions that are
equivalent to each other no matter which fault occurs first. This type of double fault is referred to as

double fault without ordering.

As reported by Lau and Liu [7], based on the five single fault classes studied in this report, there
are 15 double fault classes in double faults without ordering resulting in 27 possible distinct faulty
expressions. For the case of double faults with ordering, there are 25 double fault classes result-
ing in 53 possible faulty expressions. Lau and Liu also found that 49 out of these 53 double-fault
expressions have their equivalent double-fault expressions in double faults without ordering. Only 4
double-fault expressions based on double faults with ordering do not have their equivalent counter-
parts in double faults without ordering. Together with 27 double-fault expressions of double faults
without ordering, there are 31 distinct double-fault expressions to be studied in this report. In this
section, we introduce all 31 double-fault expressions. The detection conditions of all these double-

fault expressions will be studied in Section 4.

For any two single fault classes A and B, we use the notation A X B to denote the double fault
class formed from A and B, that is, the class of faults due to the occurrences of two faults: one

fault of class A and another fault of class B. Given a Boolean expression S, suppose two faults
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Table 1: Double fault, double-fault expression and detection condition (S = p1 + ...+ pm)

(a) Double-fault expressions (1 — 27)? due to double fault without ordering

Fault class ‘ Double-fault expression
ENF »x ENF Casel (i1 <hi <ip<h):pi+-+py+-—+py+ - +pp+ -+t +pn (1)
Case 2 (i < io < hp < hy and {ir,....Hn} G {i1,....m}): P+ -+
ENF »x TNF Casel1(ii<hi<i):pi+-+pi+-+pn+-+DPh+ +Dnm ()
Case2(iy <ip<hrandiy <h)):p1+-+pij+-+pyp+-+ppn+-+Dn (4)
ENF x TOF Case 1 (i1 <hi <b): p1+-+pi+-F+pn+ - +Pip-1+Piyt1++Pm (5)
Case2 (i <ip<hiandiy <h):pi+---+pi+---+pp-1+ppr1+--+pn+-+pm(6)
ENF x DORF | Case 1 (ij <hj <i2): p1+-+piy * - F Py + -+ PiyPi+1++* + P (7)
Case 2 (iy <hy <m): pi+---+pi, + -+ PnPh+1+ -+ Pm (8)
Case3 (iy <m): p1+---+DPiPi+1+ -+ Pm 9)
Case4d (iy <ir<hi):pr+-+piy+ -+ PpPiry1 ++Pp,++Dn (10)
ENF x CORF | Case 1 (if <hi <i):pi+-+pi+ - Fpn + - +Pitjp T Pirjoriy, T +pm (1)
Case2 (i <irx <hyandiy <Mh): p1+---+p; +'"+[7i2,1,j2+17i2,j2+17k,-2 +oFpp o+
Pm (12)
TNF x TNF (i1 <id):p1+-+piy++Dp++Pm (13)
TNF x TOF (i1 <i):pi+-+Di+ 4 Pi-1+Pit1+ -+ DPm (14)
TNF x DORF Casel (i1 <ip<m):pi+---+Dpi,+- -+ PiPirr1+- -+ Pm (15)
Case 2 (iy <m):p1+--+ Py Piy+1+ -+ Pm (16)
TNF x CORF Case 1 (iy <id): pi+--+Dij+ -+ Pip1jp + Pirjotihy, + -+ Pm (17)
Case 2 (both faults occur at pi,): p1 +---+ Pir.1,jo + Pisjo+1ky T+ Pm (18)
TOF x TOF (h<i):pi+-+pi-1+pij+1+-+Pph—1+Pp+1+ -+ Pm (19)
TOF x DORF (i1 <ip <m):p1+---+pij-1+pir1+-+PipPiy1+ -+ Pm (20)
TOF » CORF (i <i):pr+-+py-1+Pit1 4 +Pipjp + Pirjptiky, + -+ Pm (21)
DORF x DORF | Case 1 (iy <ip <m): pi+---+piypiy+1+ -+ Pi,Piy+1+ "+ DPm (22)
Case2(iy <m—1): p1+---+pi,Pij+1Piy+2++Pm (23)
DORF » CORF | Case 1 (i <ia—1): p1+---+piyPis+1 + -+ Pi 1o + Pirjot1hiy T+ Pm (24)
Case 2 (it <m): p1+--+Pij1jy + Piji+1.k Pis+1+ -+ P (25)
CORF x CORF | Case 1 (i1 <i2): p1+ -+ iy 1ji +Piyjit Lk T T Pijp + Pirjotiky, + -+ Pm (26)
Case 2 (both faults occur at p;,): p1 +--- 4 Piy 1.jy + Pivji+1p T Pivjotiky +- -+ pm (27)
(b) Four double-fault expressions (53, 70, 73, and 76)“ due to double fault with ordering
’ Fault class ‘ Double-fault expression
TOF x DORF (1<iy<m):pi—+-+pi-1Pij+1+ -+ DPm (53)
CORF x ENF (it <hg): pr+---+pi1j +Pijitiky + o+ 4 P (70)
CORF x TNF Prt o+ Pi 1yt Ptk ot P (73)
CORF x TOF p1+-+pi1j t+ DPm (76)

@For ease of cross-reference, the numbering of the faulty expressions follows that of [7].
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A and B are committed on the expression changing E| and E; in the expression to E{ and Eé
respectively, the resulting faulty expression (or, implementation) is denoted as IA(ElﬁE;)NB(Ez_)Eé).
Table 1 lists all these double fault classes and their corresponding double-fault expressions. We
use the same expression numbers of those double-fault expressions reported in [7] for consistency
purposes. Let us consider the third row of Table 1, which is concerned with ENF x TOF. Let S be
a Boolean expression in IDNF. There are two subcases. First, the term p;, is not contained in the
subexpression p;, + - - - + pp,. Without loss of generality, we may assume that #; < i>. The double-
fault expression is equivalentto py +---+p; +---+pp, + -+ piy—1 + Pir+1+ - + pm. Second,

the term p;, is contained in the subexpression p;, +---+ py,, thatis, iy <i» < hyandi; < h;. The

faulty expression is then equivalentto py +---+p; +-- -+ pi,—1 + piys1 -+ +pp, + -+ Pm-

4 Detection Conditions of Various Double Fault Classes

The detection conditions of hypothesized faults have been studied recently [1, 6, 9, 15]. Let S be a
specification and I be the expression which differs from S by several syntactic changes. Whenever
S and [ evaluate to different values, they can be distinguished from each other. The detection
condition of I with respect to S is a condition that makes S and [ evaluate to different values. As
a result, the Boolean exclusive-or operator XOR, denoted as &, can be used to find the detection

conditions. In short, the detection condition can be derived from S G 1.

In this section, we prove the detection conditions of all 31 double-fault expressions listed in Table 1.
The detection conditions of the 27 faulty expresssions of double fault without ordering are proved
in Section 4.1 whereas the detection conditions of the remaining 4 faulty expressions are proved
in Section 4.2. Instead of simply presenting the Boolean expression S @ I as detection conditions,
we present them as conditions satisfied by test cases in B”. Since such categorization is based on
certain properties of test sets, it helps in identifying and developing test case selection strategy to

detect such double faults in Table 1.
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4.1 Detection Conditions on Double Term Faults Without Ordering
4.1.1 ENF with Other Faults

In this section, we study the detection conditions of double faults in which one of the single fault is

an ENF.

Theorem 4.1 (ENF x ENF - Case 1)

LetS=p;+---+ pn be a Boolean specification in irredundant disjunctive normal form. Suppose that
two subexpressions (p;, + -+ pp,) and (pi, +- -+ pn,) in S are negated where 1 <iy < hy <i <
hy < m, the resulting expression denoted as I, ENF (pjy +++phy —Piy TPy ) RENF (piy -+ piy —Piy ¥ iy
is equivalent to that given by Expression (1) in Table 1. Then, we have
S # IEI\,F(pilJr,,.ﬂ,h1 —Piy T F Py ) X ENF (piy+-+piy—Piy ¥ FPiy) if and only if there is a test case T that

satisfies any of the following conditions:

m

hy hy
1.7e (( Urris) n (| TP,-(S))) (U TPi9)),or
=i i=ip i=1
i#i],..,h 400,00

2. 7€ FP(S).

Proof : First, we observe that S@IENF(Pil+'"+Ph1ﬂm)NENF(Pi2+'“+Ph2HM)

= ((pi, -+ Pay + iy + -+ Piy) @ (piy - F iy + iy T F Piy))
‘D1 Piy—1"Phy+1" " Pia—1 " Dhy+1° " Pm

= ((piy + -+ Py + iz + -+ ) - (Piy + -+ Py + Pi + -+ Piy)
+(pis + - F P F P+ Pw) - (i F Py P T F i)

‘P1** " Dij—1"Phi+1""*Pir—1"Phy+1""* Pm
= ((piy+-+pn +pPirt++pn) (i - FPn Pin + + Piy)
+(pis -+ Py P T Py) - (Piy + ¥ P+ Pir -+ Pwy))

D1 Piy—1"Phy+1 " Diy—1 " Dhy+1""" Pm
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= ((pll ++ph1 +P12+‘|‘th)(l7u ++Ph1)(Pzz++Ph2)
(P T iy P T p) - (P T P+ P ¥ P)

STl

1" Piy—1"Phy+1° " Pip—1"Phy+1"* " Pm

((piy -+ pn)(Piy + -+ pwy) + (Piy - F Py - i, -+ Phy))

1" Piy—1"Phy+1"" " Pir—1"Phy+1"* " Pm

STl

(Piy+ =+ Pi) (P -+ Pi) - Pr- Pis—1 - Pht1 = Pt * Pho1 -~ P

+(pi1 ++ph1 'pi2+"'+ph2)'ﬁl"'pi1—l 'ﬁh1+1"'ﬁi2—l 'ﬁh2+1"'P_m

(Piy -+ pn)(Piy+ -+ Piy)  P1e* Diy—1* Phyt1 " Pio—1* Phyt1°* P+ S

Now, S(@) # LENF (py, +4-piy =iy F-F Py ) XENF (piy 4+ piy— iy T i) (7)

it and only it S(7) D Ienr(py, 1+ py, i T P ) ENF iy ++-py iy Ty (D) = 1

ifand only it (pi,+--+pn, ) (Piy+- -+ Pny) - Pr - Piy—1 - Piy41° Piy—1- Phy1 -+ P+
evaluatesto 1 on 7

if and only if 7 satisfies any of the following conditions

hy hy m

tie(Urrs)n(Umr)\ (U 1Ps).or

=i i=ip o i=1
l#ll,....‘hl,l%...,/’u

Hence, the result follows. |

Theorem 4.2 (ENF x ENF - Case 2)

LetS = p1+---+ pm be a Boolean specification in irredundant disjunctive normal form. Suppose
that two subexpressions (p;, +- -+ pn,) and (pi, +-- -+ pp,) in S are negated where 1 <ij <ip <
hy < h < m and {i,....,h} ; {i1,...,h1}, the resulting expression denoted as
IENF(Pil +eetpy _’m)MENF(pi2+"'+pl12_’m) is equiva/em‘ to that given by EpreSSiOfl (2)

in Table 1. Then, S # IENF(Pi1+"'+Ph1_’ Diy T iy ) XENF(piy ++++ iy — iy T Piy) if and only if there is

h1 m
atestcasere (| TP(S)\( |J TPi(9)).
ity o iy
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Proof : First, we observe that SEBIENF(p,-] oty —Piy TPy ) RENF(piy 4Py —Piy T Piy)

= ((Pil+"'+Pi2+"‘+ph2‘|‘"'+l9h1)@<pi1+"'+m+‘“+ph1))

‘P1*Piy—1°Phy+1°*" Pm

+(Pi - F ) (piy -+ Py T Py py)) P Bi Pryt P

+(Pi o F ) (piy -+ Py T Py e py)) P Bit Pryt s P
= ((piy ++ +Piy—1 + Pyt +++-+pry) +0) - 1o Piy—1- Phy41°* Pm
(By making use of (A+B)(A+B) =Aand (A+B)(A+B) =0)

E(pi1+"'+Pi271+Ph2+1+"‘+Ph1) D1+ Piy—1" Phyt1" Pm

Now, S(E)  IENF(pyy ++ pa, — iy FF i )X ENF(piy ++ piy— iy T ) ()
it and only if - S(7) © Lanr(pi, -+ pa, i, 7 o ) % ENF(piy +-+ piy iy 7 y) (1) = 1

ifand only if (pi, + -+ Piy—1 + Phyt1+ -+ +Pn,) D1 Piy—1 - Phy+1- - Pm €valuates to

lon?t
h] m
ifandonlyit 7e( (J TP(S))\( U TPi(S)).
=i i=1
i#l?z,.l.l.,hz l';él'll,...,hl
Hence, the result follows. O

As a reminder, Theorem 4.2 excludes the case when S contains just 1 term or 2 terms. When S
contains just 1 term (that is S = p1), negating it twice is equivalent to S. When S contains just 2
terms (that is S = p1 + p»), both ENFs require that i1 < h; and i < hy. The net result is to negate

S twice, which is then equivalent to S.

Theorem 4.3 (ENF x TNF - Case 1)

LetS = p1+---+ pm be a Boolean specification in irredundant disjunctive normal form. Suppose
that the subexpression (p;, +-- -+ py, ) and the i>-th term, p;,, in S are negated where 1 <i; < h; <
ip < m, the resulting expression denoted as Iy Piy Py — iy T Py ) INF (piy— iy ) is equivalent

to that given by Expression (3) in Table 1. Then, S # IENF(pi1+...+ph |~ Piy T puy )X TNF (piy— piy) if
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and only if there is a test caset that satisfies any of the following conditions:

h1 m
1. 7€ (( U 7Pi(8)) N (TP,-Z(S))> V(U TPAS)), or
=i i=1
i#ilv"'ahhiz

2. T € FP(S).

Proof : First, we observe that S@IENF(PI']+"‘+Ph1—>M)NTNF(Pi2—’ﬁi2)
= ((piy+- 4 pn + i) ®(Pis T F Py +Pin)) - Pr* Pir—1* P41+ Pio—1* Di41"** Pm
= ((piy +-+pn + i) - (piy + - F Py + Pin) + (Pis T F i, + Piy) - (Piy - F by + i)

“P1°**Piy—1"Phy+1° " Diy—1 " Dip+1""" Pm

= ((piy +-+pn +pi) - (piy T+ py) - i+ (Piy T F Pwy) - B - (Piy -+ Piy + Piy))
“P1°** Piy—1"Phy+1° " Diy—1 " Dip+1"""Pm

= ((pi,+--+pn +pir) - (pi +++pn) - Pi + (Pis ¥+ i) - Pir - (Pt T + P, + Piy))
“P1°* " Piy—1"Phy+1° " Diy—1 " Dip+1""" Pm

= ((Pil +-+pn) P+ (pi, + -+ pny) 'p_iz) “DP1° Diy—1 " Phi+1"" " Pir—1" Pir+1""* Pm

= (piy ++ -+ Pw)Piy* P+ Piy—1Pmy+1+* Piy—1Piy—1"** Pm

+(piy + -+ Pwy) D1 Diy—1 Phye1 e Py Pm

(Piy+ -+ P )Piy - Pr -+ Piy—1 - Piy+1 -+ Piy—1 - Pipt1 -+ P+ S

Now, S(E) # LeNE(pi, ++ b, —Fi T pi) R TNF (piy — iy) ()

if and only if  S(7) @IENF(,,il+...+,,,”qm)wwmﬁ%)@ =1

ifand only it (pi, +- -+ Ph, )Pir - D1+ Pir—1* P41~ Pin—1 - Pi+1- - Pm+ S evaluates to
lon?

if and only if 7 satisfies any of the following conditions:

m

hy
1 7e (UrPs)n(Tru))\( U 7Pi(S), or
=i i=1
i#iy,...,h1 0

2. 7€ FP(S).
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Hence, the result follows. O

Theorem 4.4 (ENF x TNF - Case 2)

LetS=p1+---+ p, be a Boolean specification in irredundant disjunctive normal form. Suppose that
the subexpression (Pil +---+ phl) and the iy-th term, p;,, in S are negated where 1 < i <ip <
hy < m and iy # hy, the resulting expression denoted as IENF(I,[1 tesb iy —Piy T iy )X INF (piy— i)

is equivalent to Expression (4) in Table 1. Then, S # IENF( Piy+++Diy — iy FF Py ) X INF (piy—piy) ifand
hy m

only if there is a test casef € (| TPi(S))\ ( | TPi(S)).

i=1

i=iy

=
itiy S

Proof : First, we observe that S& IENF(Pi1+"'+Phl—’M)NTNF(Pi2—>ﬁi2)

= ((Pn+"'+Pi2+"'+Ph1)@(pi1+"'+15i2+"'+19h1))'151"'131'1—1'15m+1"'15m
= ((pi, -+ P+ +pw) - (piy +F Py o+ )+ (piy F - F piy T F )

(Pi T Py b T D)) P P Pyt P
= ((p11++P12++Ph1)(p11 ++1512++Ph1)+(]911++p12++ph1>

(piy +F D+ FPn)) PieDiy—1 Phy+1* Pm
= (pi, + +Pi,—1 + Dy 41 + -4 Pn) Pt Diy—1 " Phy+1-" " Pm
(By making use of (A+B)(A+B)=Aand (A+B)(A+B) =0)

Now, S(?) % IENF(p,'] +++pp; —Piy T+ pn, )X TNF (piy— piy ) (?)
if and 0n|y if S(?) ®IENF(pi1+"'+[)h1‘>M)NTNF(Pi2Hﬁi2)(;} =1

ifand only if  (p;, +---+ pi,—1 + Disy 1 +---+pn) P Piy—1° Pny+1- - Pm evaluates to

lont
hy m
ifandonly it 7€ (|JTP(S)\( |J TPi(S)).
~ =
57&2 i75i11,-~7h1
Hence, the result follows. [l

Theorem 4.5 (ENF x TOF - Case 1)

Let S=p1 + --- 4+ pm be a Boolean specification in irredundant disjunctive normal form. Suppose
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that the subexpression (p;, +-- -+ pn,) in S is negated and the i>-th term, p;,, in S is omitted where
1 <i; < hy <i, <m, the resulting expression denoted as IENF( Piy Py =iy £ Py )X TOF (piy— )
is equivalent to Expression (5) in Table 1. Then, S # Igyp piy++pn, —Piy £+ Pay )} TOF (piy— ) if and

only if there is a test caset that satisfies any of the following conditions:

h "

rie (Urr)N( U TP(S)) or
i=i) l';éilf.:..,lhuiz

2. T€ FP(S).

Proof : First, we observe that S@IENF(Pil-F“'-FPhl HW)NTOF(%Z_) )
= ((pil +t Py +pi2) ©® (pil +"'+ph1)) “P1 7 Piy—1Phy+1" " Pir—1 " Piy+1°" " Pm
= ((piy +++++ puy +pin) - (piy - F puy) + (piy + - F Py +piy) - (piy T+ pny))

‘151"'151'171'ﬁh1+1"']5i271 ']51‘2+1"']5m
= ((piy + -+ pn, + i) (piy + -+ pn,) + Piy + - F Py + Pi) - (Piy + -+ Pny))

‘PL*Piy—1"Phy+1°* Pip—1 " Diy+1"** Pm

= ((piy +++ o)+ (Pis + - FPn, T Pir)) D1+ Piy—1 " P41+ Pin—1 * Pio+1°* P

= (pi,+--+pn) D1 Piy—1 Phy+1° Pia—1 " Pip+1""* Pm

+

(Piy + -+ P+ Dir) - Pt Piy—1° Phy+1° " Pir—1 " Dir+1°* Pm

= (pi,+--+pn) D1 Piy—1 - Phy+1° Pin—1 Piyi1 Pm+S

Now, S() # TENF(pi, -+, — iy P, )X TOF (piy— (@)
if and only if  S(7) BIENF (piy ++piy —Biy T iy )X TOF (piy— () =1
ifand only it (pi, + -+ Pny) - Pre*Piy—1 " Phy+1°* Piy—1 - Piy+1-+* Pm + S evaluates to 1

—

ont

if and only if 7 satisfies any of the following conditions:

h m

1.7e (JTPiS)\( U TPi(S)), or
i=i| i=1
i#i1,...,hy,0

2. T € FP(S).
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Hence, the result follows. O

Theorem 4.6 (ENF x TOF - Case 2)

LetS = p1+---+ pm be a Boolean specification in irredundant disjunctive normal form. Suppose
that the subexpression (p;, +-- -+ pp,) in S is negated and the i>-th term, p;,, in S is omitted where
1 <ip <ip < h <m and iy # h,, the resulting expression denoted as
IENF(Pil+"'+Phl_>m)NTOF(Pi2—>) is equivalent to that given by Expression (6) in Table 1.
Then, S # IEJ\,F(pl.1 ek iy — Py FF iy )X TOF (piy — ) if and only if there is a test case f that satisfies

any of the following conditions:

/’l] m
1.7e(JtPiS)\( U TPi(S)), or
iiy i
2. T € FP(S).

Proof : First, we observe that

S D LENF(piy -+ pay — iy ¥ Py ) X TOF (piy— )

= ((piy+-+piy+-+pn)®Pi + - F Dot T Pis1 T+ Piy))

DL Piy—1 Phys1 Pm
= ((piy++ -+ pi+-+puy) - (Piy T F Pi—t T Pig1 +F puy) + (Piy +Fpiy + F pay)

(Piy ¥ F Pt F Pt T Piy)) - PPyt Pry1 -+ P

= ((piy+++-+piy -+ pu) - (piy + -+ Pyt + Pyt -+ puy) + (Piy +F iy + F pay)

(Piy - F Pt T Pips1 - Py)) - PL Piy—1 - Phy41°* Pm

= ((piy+---+ P 1+ Piyr1+-40n)+ iy T F P+ FPn)) P Pis—1 - Phy+1- - Pm

(pi1 +"‘+Pi2—l +Pi2+l ++Ph1) '151 "'ﬁi[—l ‘ﬁh1+1 p_m

_|_

(piy, £ Fpi £ FPm) Pr- Diy—1 " Phy+1° Pm
= (piy+ -+ Pip—1 + Piy+1++DPn) D1 Piy—1 P41 Pm+S
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Now, S(@) # Lenr(pi, +-+ py,—pn T o) wTOF (piy — ) (T)
if and only if  S(7) DIENF (pi, +--+pn, — iy 7 F P ) TOF (piy— (=1
it and only it (pi, +--+piy—1 + Piyt1 -+ py) -P1-+ Piy—1- Py 1+ P+ S evaluates
tolon?
if and only if 7 satisfies any of the following conditions:
hy m
1L.7e (UTPiS)\( |J TPi(S)), or
L i

2. T € FP(S).

Hence, the result follows. O

Theorem 4.7 (ENF x DORF - Case 1)

Let S=p1 + --- + p,, be a Boolean specification in irredundant disjunctive normal form. Suppose
that the subexpression (p;, +---+ pp,) in S is negated and the subexpression (pi, + pi,+1) in
S is implemented as pj,pi,+1 where 1 <i; < h < iy < m, the resulting expression denoted as
IENF( Piy iy —Piy 7 iy ) RDORF(piy +piy 1 Piy iy +1) is equivalent to that given in Expression (7) in
Table 1. Then, S # LENF (i, 4 pi, — iy F-F Py ) X DORF(piy+ Piy 41— Piy Pin +1) if and only if there is a test

caseft that satisfies any of the following conditions:

hy m
1. 7e (UTP(s)\ (( U TPi(S)) U (TP,(S) ﬂTP,-2+1(S))>, or

i=1
l#ll 7"‘7h1 7i23i2+1

2. T € FP(S).

Proof : First, we observe that

S® IENF(Pil ++ 4Py = Piy TPy ) XDORF (piy +Piy 11— Pip Pin+1)
= ((pil + -+ puy + Pir T Pi+1) ® (Piy + -+ i, +Pi2piz+l)>

P10 Piy—1Phy+1° Piy—1" Dip42"** Pm
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= ((pil + o phy Tt P ‘|‘Pi2+1) : (pil + ot Phy +Pi2pi2+l) + (pil + -+ DPhy t+ Diy +Pi2+l)

(P T T P+ PiaPire) P1e Pt Pyt Piat Pini2 P

= ((pi, + -+ pn, +Pir + Pirt1) - (Pis ¥ -+ Py - P Pin1) + (Piy T+ iy + Pir  Pin1)

(P T T P+ PaPire) 1 Pt Pyt Piat Pini2 P

= ((piy -+ pn +Pir + Pir+1) - ((piy + -+ Pny) - PaPin 1) + (Piy + - F Py + Pin T Pin+1)

(Pt F - F Py + PirPin+1)) P Piy—1* Phy+1 - Pis—1* Pi+2*** Pm

= ((pi, + -+ P )PiaPis1 + (Pis + - F Pn, + Pis + Pirt1))
‘P1 " Diy—1"Phy+1""*Pir—1"Pir+2"** Pm

(By making use of (A+B+C)(A+BC)=A+B+C)

(Piy+ =+ Pu )PPt P~ Pi—1 - Phy1- - Pia—1 - Pig2 " P

+(piy + Py Piy + Piy1)  Pre Piy—1 Pyt Piy—1 P2+ Pm

(Piy + -+ Pn ) PiaPig1 - P1*** Piy—1 " Phy+1°** Pig—1 " Pip42 " Pm+S

Now, S(7) # TENF (pi, ++4pny — iy F-F Py ) XDORF (piy +Pin 1 Pi Piy 1) (7)

it and only it S(7) D Ignr(py, 1+ py, i T P ) DORF (piy +-piy 11—piy iy 1) () = 1

it and only it (pj, + -+ P, ) PiPir 1 Pt Piy—1 Pyt 1+ Pio—1 - Piyt2 -~ Pm + S evalu-
atestolon?

if and only if 7 satisfies any of the following conditions:

h m

e (UrP)\(( U TPS)U(IPL()NTP(S))).
i=iy i=1
#1500 ,00,00+1

or

2. T € FP(S).
Hence, the result follows. O

Theorem 4.8 (ENF x DORF - Case 2)
Let S=p + --- + p,, be a Boolean specification in irredundant disjunctive normal form. Suppose

that the subexpression (p;, +---+ pn,) in S is negated and the subexpression (pi, + pi,+1) in S
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is implemented as pi,pi,+1 where 1 <iy < (h; = i) < m, the resulting expression denoted as
IENF( Piy ++Phy =Py T Py ) XDORF (piy +Pi 1= Piy Piy +1) is equivalent to that given by Expression (8) in

Table 1. Then, S Z Ignr (p; 4+ py, i, FF pi )X DORF(piy + piy 11— iy iy 1)
h m
caseie (| JTPi(S)\( U TPi(9)).

i=i] i=1
i#iy,...,h+1

if and only if there is a test

Proof : Since i = hl’ we observe that S®IENF(Pi1+”'+Ph1Hm)NDORF(PinFPizHHPizPizH)

= ((Pil + 4 ppy + Pr+1) © (piy +"'+Ph1Ph1+1)) “P1 " Piy—1Phy+2" " Pm

= ((piy +-+pn +pm+1) - (piy ¥ F Py Piy+1) + (Piy + - F Py + Pry+1)
(Piy F - F P Pri+1)) - Pr+ Di—1 - P2 Pm
= ((pil + et Py +Ph1+1) : (pil + Py +Ph1+1) +(piy + -+ Pny +Pny+1)

(Piy ¥ F PmPhi+1)) - P+ Piy—1° Phy+2+** P
= ((pi + -+ Py +Puy1) - (Piy -+ piy +Prgr1) + (Piy + - F Phy - Pry41)
(Pi, ¥ F PP +1)) - Pr-Pi—1 - P2 Pm
= (piy++Pny) PrePiy—1" Phy+2° Pm
(By making use of (A+ B)(A+B) = A and (AB)(AB) = 0)

Now, S(E) 7 IENF(pi -+ puy 71, T Py ) % DORE(piy  piyi1 —piypiy 1) (1)
if and only if  S(7) @IENF(Pil+“‘+Phlﬂm)NDORF(PQJFPQHHP:‘ZPZ‘ZH)(?) =1

if and only it (pi, +-+-+ pn,) - P1+** Piy—1 " Pny+2 - Pm €valuates to 1 on 7

/’l] m
ifandonlyit 7€ (|JTP(S)\( |J TPi(S)).
= l';ﬁil,i.f,lh]-i-l
Hence, the result follows. [l

Theorem 4.9 (ENF x DORF - Case 3)

Let S=p1+ --- 4+ pm be a Boolean specification in irredundant disjunctive normal form. Suppose
that the subexpression (p;, +---+ pp,) in S is negated and the subexpression (pj, + pi,+1) in S is
implemented as pi, pi,+1 where 1 < (iy = i) < (hy = i» + 1) < m, the resulting expression denoted

asl ENF (piy ++phy —Piy 7F Py ) XDORF (piy+ iy +1—Piy Pin+1) 1S equivalent to that given by Expression (9)
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in Table 1. Then, S # IENF(P:'I oot pa, ) if and only if there is a

—Piy T +Pn )X DORF (pi +Piy+1—=Piy Pin +1

test case Tt that satisfies any of the following conditions:

1. 7€ (TP; (S)NTP; 41 (S U TP;(S
17511,11+1

2. T € FP(S).

Proof : Since i{ =i and h; = ip + 1, we have h; = i; + 1. Then, we observe that

S @ IENF([),I ++ph1 *}pi1+"'+phl )MDORF(pi2+pi2+l *’pizpiz-ﬁ-l)

= ((pi, + Piy+1) ® (P Piy1)) - P+ Piy—1 Pir42** Pm

((
((

piy + Pir+1) - (PirPir+1) + (Pi + piy1) - (PiPis1)) - Pre+ Biy—1 - Biv2+ bm

piy + pi+1) - (Piypiv1) + (Piy + Pis1) - (PiPiv+1)) - Pr-+* Pi—1 - Pir+2* - Pm

(PiyPivt1 + (Piy + piy+1)) - Pr-+ - Piy—1 - Pig42- - Pm
(By making use of (A + B)(AB) = AB and (A +B)(AB) = A+ B)
= PisPiy+1- D1 Piy—1 - Pigv2 - P+ (Piy £ Piy1) - D1+ Diy—1 - Piy+2- - P

= PiyPij+1° P11 Pij—1 'ﬁi1+2“'ﬁm+§

Now, S(@) 7 LENF (pi -+ piy — iy T By )X DORF(piy + piy 1~ piypiy 1) (F)
itand only it S(E) & IENF(pi, +--t py, i+ iy ) XDORF(piy 4 piy 1= pigpiy ) (1) = 1
if and only if  p;, pi,+1°P1 -+ Piy—1* Piy+2*+ Pm+ S evaluates to 1 on 7

if and only if 7 satisfies any of the following conditions:

€ (TP, (S)NTP;,+1(S U TP;(
l7£l1,11+1
2. 7€ FP(S).
Hence, the result follows. |

Theorem 4.10 (ENF x DORF - Case 4)

Let S=p1 + --- 4+ pm be a Boolean specification in irredundant disjunctive normal form. Suppose
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that the subexpression (p;, +---+ pn,) in S is negated and the subexpression (pi, + pi,+1) in S is
implemented as pj, pi,+1 where 1 <ij <ip <hy <m, i} # i and hy # i» + 1, the resulting expres-

sion denoted as IENF( is equivalent to that given by

iyt 4Py = Piy - +Ph ) XDORF (piy +Piy +1—Pip Pin+1)

Expression (10) in Table 1. Then, S # Yl y if and

piy P = piy -+ ) XDORF (piy +Piy 41— Piy Piy+1

only if there is a test case T that satisfies any of the following conditions:

hy m
1. 7€ (( U mrs)u (TP,-Z(S)ﬂTPizH(S))) V(U TR() or
ity a1 iy
2. T € FP(S).

Proof : First, we observe that S@IENF(Pil'i‘""i‘Phl — iy Py ) XDORF(piy+ iy 1~ Piy Piy 1)

= ((Pil + - 4 piy F Piyr1 + i) D (piy T F PiyPir+1 +"'+Ph1))
‘D1 Piy—1"Phy+1" " Pm

= ((Pil +-+pi, + P+ o) (Piy o+ PiPir1 o+ Pay)
+(piy + - F Pir ¥ Pio1 T+ Py) - (Piy - F PirPi+1 + -+ Py )

‘131"'P_i171'13h1+1"']5m
= ((Pil +- Py + P+t ) (P PP+ Py
+(Piy F - F P T Pitt T F Py ) - (Piy F o F PiPitt T Pay)

‘D1 Piy—1 " Phy+1""*Pm
= ((pil +"'+pi2pi2+1 +"'+ph1)+(pi1 +"'+pi2+pi2+l +"'+ph1))

P1e Piy—1"Phy+1° Pm
(By making use of (A+B+C)(AB+C)=AB+Cand (A+B+C)(AB+C)=A+B+C()

= (piy + -+ PiPip1 + -+ Phy) DL Piy—1 P41 Pm

+(piy T+ Piy T iyt T+ Pwy ) Pre Piy—1- P41+ P
= (pi, +- -+ PiPiy1+ -+ Pny)  Pree iyt Pt P+ S
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Now, S(@) # LENF (pi, ++4pny =iy F-F Py ) XDORF (piy +Piy 1 Piy Piy 1) (7)
if and only if  S(7) BIENF (s, 4+ pi, — iy FF P ) X DORF (piy +piy 41—y pizﬂ)(?) =1
if and only if  (pi, -+ + PiPist1 + -+ Py)  P1** Diy—1 - Phy+1- - Pm+ S evaluates to 1 on
7
if and only if 7 satisfies any of the following conditions:
hy m
1. 7¢ (( U TPi(S)) U (TPy(S) ﬂTPizH(S))) V(U TP(S)), 0r
bt it

2. T€ FP(S).
Hence, the result follows. 0

Theorem 4.11 (ENF x CORF - Case 1)

LetS=p1+---+ pm be a Boolean specification in irredundant disjunctive normal form. Suppose that
the subexpression (p;, + -+ px,) in S is negated and the i>-th term, p;,, in S is implemented as
Pir1jo + Pin,jo+1,k;, Where 1 < iy <hy <iz <m, pi, = Pir 1,jo* Pig, jo+1.4k, @nd 1 < jo < ki,, the re-

sulting expression denoted as Iy Piy iy = Piy £ Dy )X CORF (piy =iy 1,1y Pi 14, is equivalent

to Expression (11) in Table 1. Then, S # IENF(Pi1+"'+Ph1Hm)NCORF(Piz"Piz,l,jz+[’52,j2+1,ki2) if
and only if there is a test case Tt that satisfies any of the following conditions:
h] m
1.7¢ ('U TP;(S)) \ ( U TPi(S)) such that piy 1,j, + Piy. jy+1.k;, = 0, OF
o iy
2. T € FP(S).
Proof : First, we observe that S@IENF(p,-] +"'+Ph1—’m)NCORF(Pi2—’Piz,l,j2+Pi2,j2+lA,kiz)
= ((piy +--+pny + i) © (piy + - F iy + Pir 1y +pi2,j2+1,k,~2))
"‘P1"Piy—1"Phy+1" " Pia—1 " Dip+1" " Pm
= ((piy ++puy +Pir) - (Piy ¥ F Phy + Pio, 1o + Pi,jo+14y) + (Piy T+ Py + Piy)
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(piy + -+ Py +Pin 1) +pi2,j2+l,ki2)) D1 Diy—1"DPhy+1"" " Pip—1"Pip+1"** Pm

= ((piy + -+ pw + i) - (Piy + -+ Piy) - Pit jo T Pigjot 1 hey) + (Piy T+ Piy + Piy)
(piy + -+ puy + Pir1 s +pi2,j2+l,ki2)) “P1°+*Piy—1Phy+1° " Pir—1 " Piy+1" " Pm
= ((piy + -+ Pn) (Pir, 1 jo + Pis,jor1iey) + (Piy T+ F Py +Piy))

‘P1Piy—1 " Phy+1°" " Diy—1 " Diy+1"** Pm
(By making use of (A+B)A=Aand (A+BC)(A+B+C)=A+BC)

= ((pil +ee +ph])(Pi2.,l.,j2 +pi27j2+17ki2)15i2 +(piy +- + Py +Pi2)>

‘P1°Piy—1"Phy+1" " Pin—1 " Piy+1"** Pm

(By rewriting A + B as (A + B)(AB) because they are equivalent )

(piy + -+ Py ) (Pin 1,2 + Pis,jo+1kiy ) PL** Piy—1° Phy+1 -+~ Pin—1Pi i1+ * P

+(piy + Py +Piy) D1 Piy—1 Pyt Piy—1 Pig+1 7+ Pm

(Piy -+ Pn) Pia,jo + Pigsjot 1y ) P1 = Pir—1* Phy 1+ Pm+S

Now, S(@) # IENF(Pi, Py =iy Fo o Pay )X CORE (piy = Pin 1.y +Pin jo 41k ) ()

itand only it S()  Inr(pi, +--+ iy~ TP % CORF(piy iy 1y +piy sy 145) () = 1

if and only if (pl'l + -+ ph1)(pi2,1,j2 +pi27j2+1,ki2) “P1°Piy—1 " Phy+1°""Pm + S evalu-
atesto 1 on?

if and only if 7 satisfies any of the following conditions:

hl m
1.7 (JrPiS))\( | TPi(S)) such that p, 1., + Pi.jot1 ki,
=1

i:il =
i#iy ...,
=0, or

2. 7€ FP(S).
Hence, the result follows.

Theorem 4.12 (ENF x CORF - Case 2)

Let S=p| + ---+ pn be a Boolean specification in irredundant disjunctive normal form. Suppose

that the subexpression (p;, +---+ pp,) in S is negated and the i>-th term, p;,, in S is implemented
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as Piy,1.j> + Pin. jp+1.k, Where 1 < iy <ip <hy<m, iy # hi, piy = Pir 1o Pinjo+1.k, @Nd 1< o <

ki,, the resulting expression denoted as I, ENF( ) is
2

equivalent to that given by Expression (12) in Table 1. Then, we have

Pi; ++Ph1 Hm) NCORF(plz *}piz,l,j2+pi2,j2+1,k

S # IENF(Pi1+'~-+Ph1HM)NCORF(pizHpiz,n,jﬁpiz,jzﬂ,kh) if and only if there is a test case t that

satisfies any of the following conditions:

hy

1.7 (|JTPi(S)\ ( Lmj TP;(S)), or

i=1
0],

2. 7 € FP(S) such that pi, 1,j, + Piy, jo+1k, = 0 ONL.

Proof : First, we observe that SEBIENF(P:’]+"'+Ph1*M)NCORF(Piz_’Piz,LjZ+Pi2‘j2+l,k[2)
= ((piy+--+piy+-+pu) ©(Pis T F Pig 1 jo T Piyjot 1y, + -+ Piy))
DL Piy—1" Phy+1° Pm
= ((piy+--+piy+-+pw) - (Pi - F Pip 1 jo T Piajot 1 ks, T+ Piy)
+(piy ¥ FPi o Pwy) - (P T Pio 1y T Pig ot Lk, ¥ Phy))
“P1°**Piy—1"DPhy+1°" " Pm
= ((pi,+-+pi+-+pn) - (piy ++Pir1.js + Pir, jp+1kiy T+ Piy)
+(pi F - F Pt F0w) - (Piy F - F Pigtjo F Pt ik, T T Piy)
PLe Piy—1" Phy+1° Pm
= ((piy+--+piy+-+pu) + Pis T FPi 1y T Pizjot 1y, ¥+ Piy))
DL Piy—1 " Phy+1° Pm

(By making use of (A+BC)(A+B+C)=A+BC

and (A+BC)A+B+C)=A+B+C)
= (piy++pi++pn) P Pi—1 Pry+1 Pm
+Piy+ -t Pi 1 T Pig ot 1k, o Py DU Pig—1 P17 Pm
= (piy++pi++pn) P Di—1 Pry+1 Pm
+Piy.1,j  Piz,jo+1kiy " P17 Pip—1" Pig+1" " Pm
= (piy+-+pi+-+pn) P Pi—1" Pry+1 P
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FPi 1 ja * Pin,jot1 ey " P Pia—1* (i 1o + Pigjot 1kiy ) Pin1** Prm

(By rewriting AB as AB(A + B) because they are equivalent)

(pi1 +"‘+Pi2+"'+ph1)']51"'151'1—1 'ﬁh1+1"'pm

+Pir,1jo * Pin,jo+ 1L kiy * P1* Pia—1 (Pin, 1o Pig,jot Lkiy ) Pin+1° " Pm

(Pi1+"‘+Pi2+"'+Phl)'151"'151'1—1'ﬁh1+1"'ﬁm"‘ﬁiz,l,jz'ﬁiz,j2+1,ki2'ﬁl"'piz"'Pm

(i +-+piy 4 pn) - Pree i1 Pt P Pin 1 g Pin ot 1y S

(piy ++piy o pry) P Po—1 Pyt P+ (Pin, 1o T Pigojot 1k, ) - S

NOW’ S<F) # IENF(pll ++Ph1 *}pil +"'+Ph1)NCORF(PQ"P:'Z,],j2+Pi2,j2+1,ki2)(?)

it and only it S(E) S Ienr (p, +---+ py, ~pi 7T 5y )9 CORF(piy—pig iy 01y 1) () = 1

ifandonly it (piy+---+piy+--+pn ) Pre-Piy—1-Phy+1° P+ (Pi 1o+ Pinjo+ 1y )
S evaluatesto 1 on?

if and only if 7 satisfies any of the following conditions:
hy m
1. 7e (UTPi(S)\( |J TPi(S)), 0r

i=i) =l
i#£i],...,h

2. 7€ FP(S) such that pi, 1,j, + Piy jp+1k, = 0 ONT.
Hence, the result follows. ]

4.1.2 TNF with Other Faults

In this section, we study the detection conditions of double faults in which one of the single fault is
a TNF. Since ENF x TNF has been discussed in previous section, we do not repeat the discussion

here.

Theorem 4.13 (TNF x TNF)

LetS=p;+---+ p, be a Boolean specification in irredundant disjunctive normal form. Suppose that
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two different terms, p;, and p;,, in S are negated where 1 < iy < i, < m, the resulting expression

denoted as Iryp( is equivalent to that given by Expression (13) in Table 1.

pil _)ﬁil)NTNF(piz_)ﬁiz)
Then, S # IINF (pi, —pi, ) TNF (piy—py,) If @nd only if there is a test case 7 that satisfies any of the

following conditions:

1. 7€ (TP;, (S)NTP,(S) U TPi(S
17'511712
2. T € FP(S).

Proof : First, we observe that SEBITNF(P:'I—>[551)NTNF(P52—>171'2)

= ((piy +Pi) ® (Pi, + Pin)) * P1*** Pir—1* Piy+1°** Piy—1 " Pig+1"* Pm

pu +P12 (Pz] +p12) + (pi] +pi2)(15i1 +p12)) ']31 o 'p_il—l 'p_i1+1 o 'p_iz—l 'p_i2+1 o p_m

((pi, + i) (Piy Pin) + (i F Pin)(Piy + Di)) - P+ Piv—1 - Piy+1° - Pio—1 * Pin+1"** Pm

Pi,Pi, + (Piy +Pzz)) “P1°* " Piy—1"Piy+1""* Diy—1 " Piy+1""* Pm

(By making use of (A +B)(AB) = AB and (A +B)(AB) = A + B)
= PiyPir* P1*+ Piy—1° Diy+1°* Piy—1 " Pi+1 " Pm+ (Piy +Pin) * P1*+* Piy—1* Diy+1 -+ Pin—1
‘Pir+1°""Pm

= pi\Piy D1 Piy—1" Piy+1°* Pi—1 " Piy+1°+ Pm+S

Now, S(f) # ITNF(Pil Hﬁil)NTNF(Pizﬁﬁiz)(?)
it and only it S(2) & Irnr(py, — i, ) INF(piy —piy) () = 1
if and only if  pi, pi, - 1+ Piy—1 " Piy+1°** Piy—1 * Pip+1 -+ Pm + S evaluates to 1 on 7

if and only if 7 satisfies any of the following conditions:

1. 7€ (TP;, (S)NTP;,(S) U TP;(
17511712
2. T € FP(S).
Hence, the result follows. ]
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Theorem 4.14 (TNF x TOF)
Let S=p1 + --- 4+ pm be a Boolean specification in irredundant disjunctive normal form. Suppose
that the i1-th term, p;,, in S is negated and the i>-th term, p;,, in S is omitted where 1 <1i; <

ip < m, the resulting expression denoted as Iy is equivalent to that given by

Piy Hﬁil)NTOF(pizg’ )
Expression (14) in Table 1. Then, S # ITnE( piy—Pi, )X TOF (piy— ) if and only if there is a test case t

that satisfies any of the following conditions:

1. 7€ (TP, (S))\ ( 6 TP:(S)), or
i=1
i#i1,p

2. T € FP(S).

Proof : First, we observe that SEBITNF(P,'IH[Z'])NTOF(PQH )

= ((pi, +Pir) ® (Piy)) - Pt Piy—1 * Piy+1 " Pin—1" Pin+1°* P

((pir + pi) - (Pir) + (Piy ¥ Pin) - (Piy)) - Py~ Piy—1 - Pig 1+ Piy—1* Pipt1-+ Pm

((piy + i) - Piy + (Piy +Pin) - (i) - 1=+ Piy—1- Pirt1 -+ Pi—1 - Pip1 -~ Pm

(pis + (Pi, ¥ Pir)) - Pr+ Piy—1* Piy+1°* Pia—1 * Pi+1°** P
= Ppiy D1 Piy—1Piy+1** Pir—1* Pi+1 "+ Pm~+ (Piy + Pin) " D1+ iy 1" Piy+1 " * Pir—1* Pi+1*** Pm
= piy - P1 Piy—1 - Pii 1 Piy—1 - Piyr1 -+ Pm+S

Now, S(7) 7 ITNF(pi, — i, ) < TOF (piy— ) (0)

if and only if  S(7) ® ITNE(pi, —ps, ) % TOF (piy— () =1

if and only if  p;, - p1-+ Piy—1 - Pir+1°* Pip—1 * Pip+1+ - Pm+ S evaluates to 1 on 7

if and only if 7 satisfies any of the following conditions:

1. 7€ (TP;,(S)) \ ( Lnj TP;(S)), or

i=1
i#il,in
2. T € FP(S).
Hence, the result follows. 0
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Theorem 4.15 (TNF x DORF - Case 1)

Let S=p1 + --- + p,, be a Boolean specification in irredundant disjunctive normal form. Suppose
that the i1 -th term, p;,, in S is negated and the subexpression (pi, + pi,+1) in S is implemented as
DixPir+1  Wwhere 1 < i < ip < m, the resulting expression denoted as
ITNF(pil—>ﬁ;])>< DORF(piy +Piy+1—PipPiy+1) is equivalent to that given by Expression (15) in Table 1.

Then, S # Izyg( if and only if there is a test case t that satisfies

Di; —Pi; )X DORF (piy +Piy +1— Piy Pin+1)

any of the following conditions:

m

1. 1€ TP, (S)\ (( U 71Pi(5))U (TPiZ(S)ﬂTPl-ZH(S))), or
i=1
i#iy,ip,i+1

2. 7€ FP(S).

Proof : First, we observe that S @ITNF(p,-l — i, ) XDORF (piy +Piy 11— Piy Pin +1)

= ((piy + Piy + Piy+1) ® (Piy + PiyPir+1)) - 1+ Piy—1* Piy+1°** Pip—1 - Piy2* - Pm

((piy + Piy + Piz+1) - (Piy T PiyPi+1) + (Piy T Piy T Piy1) - (Biy + PinPin41))

1" Pij—1Piy+1° " Piy—1" Pir+2* " Pm

T

((piy + Piy + Piz+1) - (Piy - PiaPi+1) + (Piy + Piy T Piy+1) - (Biy + PinPin41))

1]

1" Piy—1Piy+1° " Piy—1" Pir+2* " Pm

((piy + Pir + Pi+1) - (Piy - PiaPi+1) + (Piy + Piy T Piy+1) - (Biy + PinPin41))

1" Diy—1"Pij+1° " Dir—1 " Pir4+2"** Pm

STl

(Piy (PiaPin+1) + Piy F Piy F Pin41) D1 Piy—1 - Piy+1 -+ Pig—1* Pin42°** P
(By making use of (A+B+C)(A+BC)=A+B+C)

= pi,(PaPar1) - Pi- Piy—1 - Py+1 -~ Pio—1 - Piy+2 - P

+(Piy + Piy T Piyt1) - P1-+ Diy—1 " Diy 1 Piy—1* Pir+2 "~ Pm

= pi,(Pi,Dit1) - D1+ Dij—1 Pij+1° " Piy—1* Piy+2"** Pm +S
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Now, S(E) # IINF(pi, — pi, )« DORF (piy + piy 1 —piy iy o) ()

if and only if  S(7) EBITNF(]J[I—W,'])MDORF([J,-Z—O—p,'ZH—>p,’2pi2+1)(7) =1

if and only it p;, (P Pi+1) - D1+ Piy—1 Piy+1° " Pin—1* Pin+2"+ Pm+ S evaluates to 1 on 7
if and only if 7 satisfies any of the following conditions:

m

17etP(\(( U TPUS)) U (TPL(S) N TPy (S) ) or
i—1
i#iy,ip,i+1

2. 7€ FP(S).
Hence, the result follows. |

Theorem 4.16 (TNF x DORF - Case 2)
LetS=p1+---+ pm be a Boolean specification in irredundant disjunctive normal form. Suppose that
theii-th term, p;,, is negated and the subexpression (pi, + pi,+1) is implemented as pj, pi,+1 where

1 < (iy = i2) < m, the resulting expression denoted as ITNF(pi1—> Biy ) X DORF (piy+Piy 41— Pix Piy +1) is

equivalent to that given by Expression (16) in Table 1. Then, S # ITNF( Piy—Piy ) X DORF(piy+Piy 1= Piy Pin+1)
if and only if there is a test casef € TP;, (S U TP;(

l#ll,ll—l-l
Proof : Since i; = i», we observe that SEBITNF(Pil — iy )X DORF (piy+Piy 11— iy Piy +1)

( pll+p11+1 (pllpll+1))'pl"'ﬁilflﬁi1+2"~]5m

( )®
((pi, + pir+1) - (i piy+1) + (i T i 1) - (Piy Piy41)) - 1+ Piy—1Piy+2+* Pm
((piy +Pir+1) - (i, + Piy+1) + (Piy T Pi+1) - (PiyPir+1)) - L Piy—1Pig+2* Pm
= ((piy +Piy+1) - (i, +
barpi 1)+ (Pi, T Piy+1) - (PirPiy+1)) - P1 -+ Piy—1Piy+2* Pm
= (pi; +0)-p1-* Piy—1Piy+2"** Pm

(By making use of (A+B)(A+B)=Aand (A+B)(AB) =0)

Piy Pl Dij—1DPij+2" " Pm
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Now, S(@) # ITNF(P:’I — Piy )X DORF (piy+Piy +1—Piy Piy+1) (")
it and only if - S(7) @ITNF(PQ—%])NDORF(P52+P1‘2+1—>p5217i2+1)<E> =1
if and only if  p;, - p1 - Pi,—1Pi,+2° - - Pm €valuates to 1 on 7
m
ifandonly it 7€ 7P, (S)\( |J TPi(S)).
#ifi}-#l

Hence, the result follows. O

Theorem 4.17 (TNF x CORF - Case 1)

LetS=p1+---+ p, be a Boolean specification in irredundant disjunctive normal form. Suppose that
the iy-th term, p;, in § is negated and the i>-th term, p;,, in S is implemented as pi, 1.j, + Piy, j+1,k;,
where 1 < iy <iz <m, pi, = Piy1,j, * Pir, jo+1,k;, @Nd 1 < jo < ki, the resulting expression denoted
as Ityr( Piy—Pi, )X CORF(piy—piy 1.1y +Pin. s k) is equivalent to that given by Expression (17) in Table 1.
Then, S # Irng( Piy =iy )X CORF (piy =iy 11y Pig.jy 143 if and only if there is a test caset that satisfies

any of the following conditions:

1. 7€ UTP;, (S) such that pi, 1., +pi2,‘j2+1,k,’2 = 0, or

2. T FP(S).

Proof : First, we observe that S ® Iryr )

iy —Piy )X CORF (piy —piy 1,jy FPi,jp+1.k,

= ((piy +Pi) © (Biy + Pis1,jo + Pis,jo+14ey)) * P1 - Piy—1 " Piy1 - Pi—1 * Bipt1*+* P

((pil +Pi2) ' (ﬁil +pi2,1,j2 +Pi2,j2+1,ki2) + (pil +Pi2) ' (p_i1 +pi2,1,j2 +Pi2,j2+l,k,~2))

L Diy—1 Piy+1° " Piy—1 * Pig+1° " Pm

i

((pil +Pi2) ' (la_il'piz,l,jz +pi2,j2+1,k,'2) + (pi1 +Pi2) ' (pil +pi2,1,jz +pi2,j2+l,k,'2))

L Diy—1 Piy+1° " Piy—1 * Pig+1°** Pm

i

((pi1 +Pi2) *Piy " Piy, 1) ‘|‘Pi2,j2+l,k,»2 + (pi1 +Pi2) : (pil +Pi2.,1.,j2 +Pi2,j2+1,k52))

L Diy—1* Piy+1° " Piy—1 * Pig+1° " Pm

i

((pi) - (Pir.1.12 + Pir, jo+1ki, ) T (Piy FPi)) Pr-Piy—1 Piys 1+ Piy—1 - Pig4 17+ P
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(By making use of (A+BC)(A+B+C) =A+BC)

= Piy* (Pia,1,jo + Pin,jo+1kiy)  P1** Diy—1 Piy+1°** Din—1 Dip+1°** Pm

+(Piy + Piy) - P1- Piy—1* Piy+1° " Diy—1 " Piy+1"** Pm

= PisPin1 o Pig.jo+ ki " D1 Piy—1 - Pig 1+~ Piy—1 - (Pin 1,y + Pig jo+ 1 kiy ) * Pig+1 - P+
(By rewriting AB as AB(A + B) because they are equivalent)

= PisPin .o Pin,jo+ 1 kiy * P1o Piy—1 - Pi1 -+ Piy—1 - (Pig 1 jy* Pigjot 1 kiy ) * Pigt1 -+ Pm +S
= PiPir1,joPiy,jo+1,kiy " P1" " Piy—1 " Piy+1 - Piy = Pm + S

= PisPir1,joPig,jo+1,kiy “ P17 Piy—1 " Piy 41" Pm+S

= Piy(Pio, 1o T Pigsjot1kiy) " P1e Piy—1° Pig1 - Pm+S

(@)

Now, S(F) # ITNF(Pil —Piy )X CORF (piy—Piy 1,j, iy, jp+1kiy

if and Only if SG) 69ITNF(pi1 —>ﬁil)NCORF(p52—>pi2_1,j2+p,'2ﬁj2+1,ki2)(;) =1

it and only it pi, (Pir, 1., + Pig,jot1k,) * P1* " Piy—1 - Piy+1++ pm + S evaluates to 1 on 7

if and only if 7 satisfies any of the following conditions:
1. 7€ UTP;,(S) such that pi, 1 j, + Piy jp+14, = 0, OF

2. T € FP(S).

Hence, the result follows. O

Theorem 4.18 (TNF x CORF - Case 2)

LetS=p1+---+ pm be a Boolean specification in irredundant disjunctive normal form. Suppose that
the iy-th term, p;, in § is negated and the i>-th term, p;,, in S is implemented as pi, 1. j, + Piy, jo+1,k;,
where 1 < (iy =i2) <m, piy = Pir.1,j, " Pi», otk and1 < j, < k;,, the resulting expression denoted
as Irnr( Piy =iy )% CORF (piy=piy 11y +Pin, 41 ) is equivalent to that given by Expression (18) in Table 1.

Then, S # Iyg( if and only if there is a test caset that satisfies

Piy Hﬁil )NCORF(plZ —Piy,1,jp +pi27j2+l,ki2)

any of the following conditions:
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1. 1€ UTP,(S), or

2. fe FP(S) such that pi, 1,j, + Piy, ot 1k, = 0 onft.

Proof : Since i; = i, we observe that S@ITNF(Piﬁﬁi,)NCORF(P:’Z—>Pi2,1,j2+1?i2,j2+1,k,-2)

= ((Piz D (Pir1,js +pi2,j2+1,k,-2)) “P1°*Piy—1" Piy+1""* Pm

(Pir,1ja T Pigojottdy) + (Bin) - (Pig 1 jo F Pigjot1k3,)) * P1e* Pi—1 " Pig+1°+* Pm

)
((p2)
((Pir)
(

Di, +ﬁi2.,1,j2ﬁi2,j2+1,k,»2) “P1° " Diy—1°Pir+1"" " Pm

(Pio, 1o + Pig ot 1ky) + (Bia) - (Pis 1, * Pijot1kiy)) = P1 e Pia—1* Pig1 -+~ Pm
(By making use of (AB)(A-B) =A-B)

= Py P Pip—1 " Pip+1°** Pm+ Pin 1, joPin jo+1kiy * P1 " Piy—1" Pip+1°** Pm

= Pir P17 Piy—1 " D1 P+ Pin, 1, joPin, jo+1 iy * P17+ Pio—1 * (Pin,1,jo + Py jo+ 1,4y ) Pin+1°"* Pm

(By rewriting AB as AB(A + B) because they are equivalent)

"Sl

= Pir P17+ Diy—1 " D1 P+ Pin 1, joPin, jo+1 ki, * P1** Pi—1 * (Pin,1jo * Pz, jot Lkiy ) * Pio+1 " Pm
= Piy " P17 Pip—1 " Pip+1" " Pm+ Pin,1,jo Pis, jo+ 1 kiy " P17 Pin """ Pim

=PDi ‘151 v 'p_izfl 'p_i2+1 v p_m +15i2,1,j215i2,j2+1,k,~2 .S

= Pi D1 Piy—1 - Pit1 - Pn+ (Pins1 o T Pigojot1ksy) - S

Now, S(r) # ITNF(Pizﬂﬁiz)NCORF(P:‘QHPQ,I7j2+17i2,jz+1,k~ )

2

() =1

if and only if ~ S() @ITNF(Pi2—>ﬁi2)NCORF(Pi2—>Pi2,1,j2+Pi2,_i2+Lk,2

ifand only it pi, - 1+ Piy—1 - Pirt1 P+ (Pin,1,jo T Pin.jo+1.k5,) - S €valuates to 1 on 7

if and only if 7 satisfies any of the following conditions:
1. 7€ UTP,(S), or

2. 1 € FP(S) such that pi, 1,j, + Piy, jo+1k, = 0 ONT.

Hence, the result follows. O
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4.1.3 TOF with Other Faults

In this section, we study the detection conditions of double faults in which one of the single fault is
a TOF. Since ENF x TOF and TNF x TOF have been discussed in previous sections, we do not

repeat the discussions here.

Theorem 4.19 (TOF x TOF)
LetS=p1+---+ p, be a Boolean specification in irredundant disjunctive normal form. Suppose that
two different terms, p;, and p;,, in S are omitted where 1 < iy < ip < m, the resulting expression

denoted as Iror( pi,— )XTOF( is equivalent to that given by Expression (19) in Table 1. Then,

Pir— )
m

S % IroF(p;, — )wTOF(pi,— ) if and only if there is a test case € (TP;, (S)UTP,L(S))\ ( U TPi(S)).
=1

=
i#i1,p

Proof : First, we observe that S@ITOF(I,H_) )X TOF(piy— )
=5& (pl Tt oo+ Pi—1 7+ Pij+1 7+ Pia—1 T Pip+1 +... +pm)
= (piy + Pir) " P1* - Piy—1" Diy+1" " Pir—1 " Pip+1°** Pm

(By making use of (A+B)®B =A"-B)

Now, S() # Iror(pi, — yw10F (piy— ) (F)
if and only if  S(7) S I70F(pi, — )% TOF (pi, — () =1
if and only it (pi, + pi,) - P1 -+ Piy—1 - Piy+1°+* Pir—1 - Pir+1- - Pm valuates to 1 on 7
if and only if 7€ (TP;,(S)UTP;,(S)) \ ( Lmj TPi(S)).
i

Hence, the result follows. [l

Theorem 4.20 (TOF x DORF)
Let S=p1 + --- 4+ pm be a Boolean specification in irredundant disjunctive normal form. Suppose
that the i1 -th term, p;,, in S is omitted and the subexpression (pi, + pi,+1) in S is implemented as

Di,Pir+1  Where 1 < i1 < i < m, the resulting expression denoted as

Report Title : Detecting Double Faults Related to Terms in Boolean Expression Page 32 of 121
SWINBURNE Prepared by : Man Fai Lau and Ying Liu
UNIVERSITY OF | 17/10/2008

TECHNOLOGY




ITOF(p;I — YXDORF(piy+Piy 1= PiyPiy +1) is equivalent to that given in Expression (20) in Table 1. Then,

S I0F (i, — )% DORF (piy +piy 11— piy iy 1) [ @A 0Ny if there is a test caset € ((TP,-1 (S)UTP;,(S)) \

(OTP,(S)))U((TPil(S)UTPi2+1(S))\( Lnj TP{(S)) ).

=

= 1=
iiy,in i#iy,i+1

Proof : First, we observe that S@ITOF(Ml — ) DORF (piy+Piy 1 1—PiyPiy 1)

= ((piy + Pi» + Pi+1) D (PirPin+1)) * P1*** Diy—1* Piy+1°** Pin—1* Pin42 " ** Pm

((pi, + Pir + Piy+1) - (P Pin1) + (Piy + Pi + Pi+1) - (Pir Pin+1))

i)

1 Piy—1"Piy+1° " Pir—1Pir+2 " * Pm

((Piy + Pir + Pirt1) - (Piy + Pis1)) - P+ Piy—1 - Piy+1° - Piy—1° Pip+2*** Pm
(By making use of (A+B+C)(BC) = 0)

(Pir (Pi, + Piy+1) + Diy+1(Piy + Pin)) - P1 -+ Piy—1 - Pir+1** Pia—1* Pin42*** Pm

(Piy+Piy) - D1+ Piy—1 Pi+ 1+ Piy—1 Pi+ 1+ Pm

_|_

(Piy + Piy+1) - P1- - Piy—1 - Piy+1** Piy * Piyt2"** P

Now, S(@) # ITOF(pi1—> )NDORF(Pi2+Pi2+1—’Pi2Pi2+1)(?)
it and only it S(7) EBITOF(P:'IH )NDORF(Pi2+Pi2+1Hpizpizﬂ)(?) =1
if and only it (pi, + piy) - P1- " Piy—1* Piy+1° " Piy—1* Diy+1"** Pm

+(pi; + Piy+1) - D1 Piy—1 Piy+1°* Piy * Piy+2 - Pm €valuates to 1 on 7

m
ifandonly it 7 € ((TPil Sy urPL))\ (U TP,-(S))) U ((TP,~1 (S) U TP, 41(S)) \
i?él;l}iz
m
(O i)
it

Hence, the result follows. O

Theorem 4.21 (TOF x CORF)
LetS=p1+---+ pm be a Boolean specification in irredundant disjunctive normal form. Suppose that
the iy-th term, p;,, in S is omitted and the i>-th term, p;,, in S is implemented as pi, 1,j, + Piy, jo+1,k;,

where 1 <iy <ip <m, 1 < jo <ki, and pi, = pi, 1,jPir, jr+1k;, - the resulting expression denoted as
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ITOF(p51—>)NCORF(pi2—>pi2 Lip+Pi iyt 1k ) is equivalent to that given by Expression (21) in Table 1.

Then, S # Iror if and only if there is a test case f that satisfies

Piy =) X CORF(piy =i 1.joPin. o +1k;,)

any of the following conditions:

1. 1€ UTP;,(S) such that pi, 1,j, + Piy jp+1k, = 0 ONT, or

2. 7 € FP(S) such that pi, 1,j, + Piy jo+1k, = 1 ONL.

Proof : First, we observe that S@ITOF(M]_,)NCORF( )

)

= ((piy +Pi) ® (Pin,1,jo + Pig,jot1k,)) " P1+* Pir—1 Piy1°* Pi—1 Piot1°* Pm

Diy = Pin.1,jp T Pin, jp+1k

((piy +Pir) - (Pig1 o + Pir,ja+1kiy) + (Pis + Pin) - (Pin,1,j + Pin, o+ 14y )

1" Piy—1°Piy+1° " Pir—1* Pir+1"** Pm

i

((Piy +Piy) - (Pir.1,js *Diy,jo+1k,) + (Piy * Pin) - (Pin 1, +Pi2,jz+1,k,»2))

1 Piy—1°Piy+1° " Piy—1* Pir+1"** Pm

i

(Pis Pi,V,jo * P, jo+ 1 iy T+ Pit Pia, 1, jo * Pi, o+ Lkiy + Pir Pin, 1o * Pin, jo+1 ki)
‘P1°** Piy—1" Piy+1°** Piy—1 " Piy+1" " Pm
(By making use of (A+B-C)(B-C)=A-B-Cand (A+B-C)(B+C)=A-B-C+A-B-C)
= PiyPiyjo* Pi.jo+1kiy " P17 Piy—1" Piy+1" " Pip—1Pir+1""* Pm
+(Pi,1jo * Pin, jo+1kiy T Pin,1jo " Pin,jo+ 1 kiy ) " P+ Diy *** Pia—1* Dip+1°* P

= PirPio,1jo* Pia.jotVkiy " P1ow Pir=1 - Pt Pio—1 - (Pio,1,jo + P, jot 1 kiy ) * Piat1 - Pm

HPis, 1o+ Pin ot 1y) - P1 Piy» Pi—1 > (Pio L jo ™ P jo L kiy ) Piot1 7" P
(By rewriting AB as AB(A + B) because they are equivalent;
and (AB +AB) as (A + B)AB because they are equivalent)

= PiPis,1,j * Piajo+ Ly " D1 Piy—1 Piy+1 "+ Diy—1 - (Pin,1,j * Pig jo+ Ly ) Pin+1°"* Pm
+(Pi2,1,j2 +pi2~,j2+lvki2) D1 P P

= PiyPix)jo* Pijot+1kiy " P17 Piy—1"Piy+1° " Piy* " Pm

+(Pir,1,) +Pi2.,j2+l,k;2) N

= PirPin, Lz Piajo Ly D1 Pir=1 - Pyt P+ (Pig,jo + Pig jo 14y ) S

= Pii (Pin,1,jo F Pin,jo+ 1kiy) * PL* Piy—1 Pis+1 P+ (Pin,1,jo + Pin, jo+1,ky) *S
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Now, S(T) # ITOF(pil—>)NCORF(p,-z—>p,~2,1,j2+l7i27j2+1,ki2)(?)

If and Only If S(;') 69ITO}:(I’!] H)MCORF(PQ_’PIZ1,]2+P1212+lk,2)(?) = l

ifand only if  p;, (Piy,1,) +p,~2,j2+1,ki2) DL i1 Piyr1 P+ (Pin,1,)s +Pi2,j2+1,k,-2) )

evaluatesto 1 on 7

if and only if 7 satisfies any of the following conditions:
1. 7€ UTP,‘1 (S) such that Pir.1,j» +pi2,j2+l,ki2 =0on ?, or

2. 1 € FP(S) such that pi, 1,j, + Piy jo+1k, = 1 ONT.
Hence, the result follows. O

4.1.4 DORF with Other Faults

In this section, we study the detection conditions of double faults in which one of the single fault is
a DORF. Since ENF x DORF, TNF x DORF and TOF x DORF have been discussed in previous

sections, we do not repeat the discussions here.

Theorem 4.22 (DORF x DORF - Case 1)

Let S=p1+ --- 4+ pm be a Boolean specification in irredundant disjunctive normal form. Suppose
that two different subexpressions (pi, + pi,+1) and (pi, + pi,+1) in S are implemented as p;, pi, +1
and p;,pi,+1 respectively, where 1 < iy < i+ 1 < iy < m, the resulting expression denoted as

Iporr( Piy+Piy +1=Piy Piy +1) XDORF (piy +Pin s 1— iy Piy 1) is equivalent to that given by Expression (22) in

Table 1. Then, S # IDORF(Pil+17i1+l"Pilpil-H)NDORF(Pi2+Pi2+I"Pi2Pi2+l) if and only if there is a test

casere (|  TPi(S))\ (( Lmj TPi(S)) U (TP;, (S) N TP;,41(S)) U (TP;,(S) N
i=i1,i1+1,i2,i0+1 i=1

i#i),i1+1,0,i+1
TPiy 41 (S))> :
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Proof : First, we observe that SEBIDORF(P;1 +Piy+17Piy Piy+1) XDORF (piy +piy 11— Pip Pin+1)

= ((Pn + Piy+1+ Piy + Pir+1) ® (Piy Piy+1 +pi2pi2+1)) “P1°Diy—1"Piy+2°* Dix—1 " Dir+2"** Pm

((piy + Pis+1 + Pi + Pir+1) - (Piy Pi+1 F P Pin+1) + (Piy T Pis+1 F Pin + Pirt1)

(PiyPir+1+ PisPir+1)) D1+ Piy—1 " Piy+2 "+ Piy—1 * Pi+2*** Pm

= (i, + Piy+1 7+ Piy + Pir+1)Pir Pir+1 " Pi Pin+1* 1+ Piy—1 " Piy+2"** Diy—1 * Din+2"** Pm
(By making use of (A+B+C+D)(AB+CD) = 0)

Now, S(f) # IDORF(Pi, +Piy+17=Piy Piy+1)XDORF (piy +Pin +1—Din Pin+1) (7)

if and only if ~ S() ®ID0RF(Pi1+Pi]+l"Pi1Pil+l)NDORF(pi2+Pi2+1Hpizl’iz—o—l)(?) =1

ifand only if  (pi, + Piy+1 + Piy + Piy+1)Pi, Diy+1 * PixDia+1 * P1°** Piy—1 * Diy+2"** Din—1°

Pir+2- - Pm evaluatesto 1 on 7
m

ifandonlyif 7 € ( U TP;(S)) \ (( U TPi(S)) U (TP;,(S) N
Sihtliitl i1 i1 Lo ]
11,1 512,12

TPi,11(S)) U (TP, (S) N TP,y 14 (S))) .

Hence, the result follows. 0

Theorem 4.23 (DORF x DORF - Case 2)

Let S=p1 + --- + p,, be a Boolean specification in irredundant disjunctive normal form. Suppose
that the two subexpressions (pi, + pi,+1) and (pi, + pi,+1) in S are implemented as p;, pi,+1 and
Di,Pir+1, respectively, where 1 < iy <m—2 and i, = i1 + 1, the resulting expression denoted as
IDORF(p,-l+p,-1 1= Piy Piy +1) X DORF (piy+piy 41— Piy Piy 1) is equivalent to that given by Expression (23) in

Table 1. Then, S # IDORF(p,-l iy 11—Piy Piy +1) XDORF (piy+ iy +1—Pig Piy +1) if and only if there is a test
m

casete ( |J  TPi(S))\ (( U TPi(S)) U (TP, (S)NTP;41(S) ﬂTPil+2(S))>.
=it L2 ii; i

Proof : Since i, = i; + 1, we observe that S@IDORF(Pil+Pi1+l—’Pi1Pi1+l)NDORF(Pi2+Pi2+1—>P52Pi2+1)

= ((piy + piy+1 + Pir+2) ® (Pi, Piy+1Piy+2)) - PL* Piy—1* Piy+3** Pm

= ((pi, + Piy+1 + Pir+2) - (Pis Pivv1Pis2) + (Piy + Pis+1 T Pis2) - (Pi, Piy+1Pi +2))

P Piy—1°Dig+3° " Pm
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= (pi, + Pi,+1+ Pi,+2) Pi, Pi+1Pis+2) P1- - Dij—1 - Piy+3°** Pm
(By making use of (A4 B+ C)(ABC) = 0)

NOW’ S(?) % IDORF(Pi] +]7i1+1—>[7i]Pi1+1)NDORF(piz+pi2+1—>pizpi2+1) (?)
if and only if  S(7) GBIDORF(PH+pil+l"l’i1pil+l)NDORF(pi2+Pi2+1*>pi2Pi2+l)(?) =1

ifand only it (pi, + piy+1 + Piy+2) (Pi Pi+1Pi +2) - P1 -+ Diy—1 - Piy+3 - - Pm €valuates to 1

—

ont
m

itandonlyit 7e( | TP,-(S))\(( U TP(S)) U (TP, (S)NTP;, 1 (S)N
i=ip,i 1,42

TPilH(S))) .

i=1
iy, i+ 1,i1+2
Hence, the result follows. O

Theorem 4.24 (DORF x CORF - Case 1)

LetS=p1+---+ pm be a Boolean specification in irredundant disjunctive normal form. Suppose that
the subexpression (p;, + pi,+1) is implemented as p;, pi,+1 and the i-th term, p;,, is implemented
as Piy,1,jo + Pin, jo+1,kiy» Where 1 <iyp <iy+1 <ip <m, pi, = pir 1,5 " Pin, jo+1,k, @A 1 < jo <kiy, the

resulting expression denoted as Ipogr( is equivalent

Piy+Piy 17— Piy Pij+1)XCORF (piy = piy 1.j +Piy jo +14;. )
! | 212 TPig.ja+1kiy

to Expression (24) in Table 1. Then, S # IDORF(M1 Piy +1Piy Piy +1) X CORF (piy—=Piy 1o+ Pig, 1) ifand

only if there is a test caset that satisfies any of the following conditions:

1. 7€ UTP;,(S)UUTP;,+1(S) such that pi, 1,j, +pi2,j2+1,k,-2 = 0onft, or

2. T € FP(S), such that such that pi, 1 j, + Piy, jy+14;, = 1 ONT.

Proof : First, we observe that S ® Iporr( )

2

= ((piy +Pir+1+Pir) ® (Pir Piy-+1+ Pin, 1o + Pis,jot 1 k3,)) * PU* Piy—1* Pir+2* Pia—1 " Pig 1 Pm

Piy +Piy 1= Piy Piy+1) X CORF (piy =iy 1,j5 +Pis jp +1.k

= ((Piy + Pir+1+ Pi) (Pir Piy 11 T Pia, Lja T+ Pigjo 1y ) + (Piy + Piy1 + Piy)
(PiyPi-1 + Dir 1 jo +pi27j2+17k,~2)) “P1Piy—1Piy+2° " Piy—1"Diy+1"** Pm

= ((pi1 +Pi1+1 +pi2)(pi1 +ﬁi1+1) 'piz,l,jz ’ﬁig,j2+l,k,»2 + (ph 'ﬁil-i-l 'ﬁiz)
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{(PirPiv 1+ Pinlja + Pijpt 1))  PL+* Piv 1 Piys2+ Piy—1 * Pig 1+~ Pm

2
= ((piy + Pia) Pir+1Pin 1 joPin.jo+ kiy + (Pivt1  Pia) Pi Pio, 1, o Pig.jo1 by + (P Pir+1 Pi)

2 2
“(Piy Pir+1F Pig,1,jo + Pinjo+ 1 k,)) - P1+ Piy—1 - Pi42* Piy—1 - Pin 41" Pm
2
= (Piy Pir+1Pin 1, jo Pin, jo+1,kiy T Pis+1Piy Pin, 1, jo Pi, jo+ L kiy ) * P17+ iy =1 Piy+2+** Pin—1
Pir+1°* P+ (Pis,1 jo + Pin,jo+ 14y ) P1* Piy Diy+1 -+ Diy *+* P
(By making use of (C+A-B)A-B=C-A-BandA-B(A-B+C)=A-B-C)

= (Pi\Piy+1 + Pir+1Piy ) Din,1,jo Pin, jo+ Ly " 1+ Piy—1° Pi42°** Pi—1* (Pin,1,j + Do jo+1,k1,)
P17 Pm+ (Pia,1,jo + Pin, jo+1.kiy) -S

(By rewriting AB as AB(A + B) because they are equivalent)

= (Pi\Piy+1 + Pir+1Pii ) Din,1,jo Pin, jo+ L kiy * P+ Piy =1 Pir+2*** Pio—1 * (Pin,1,jo P, jo+ Ly )

‘Pir+1°* Pm+ (Pin,1,jo + Pig, jo+10) - S

= (pi, Pir+1 + Pis+1Piy) (Pin,1,jo F+ Pin, o1 ki, ) = P Piy—1 - Piy+2° - Piy*** Pm
2

+(pi2717.j2 +pi27,j2+17ki2) g

= Pis (Pin,1,jo F Pin,jo+ Ly ) - P+ Piy—1 Pir+1 -+ Pm+ Piy+1(Pin,1,jo + Pin, jot+1kiy ) - P1-+* Py

Pir+2 " Pm+ (Pin,1,jo + Pig, jo+ 100 - S

(D)

Now, SG) 7 IDORF(pil +Pij+1=Pi Pij+1) NCORF(piZ"Piz,l,j2+Pi2,j2+1,kl2

if and only i S(7) 69IDORF(P:‘I +Piy+1—Diy Piy+1) NCORF(Pi2—>Pi2,1.j2+19i2<j2+1,ki2)(?) =1

it and only it - pi, (Pir,1,j, + Pis,jo+1kiy) * P1 "+ Pis—1* Piy1 P+ Pir+1 (Pin 1o
FPiyjot k) - P1 Piy * Pirt2 P+ (Pig,1,jo + Pig.jo+1k;,) - S evaluates to
lon?

if and only if 7 satisfies any of the following conditions:
1. 7€ UTP;, (S) UUTP;,+1(S) such that pi, 1 j, + Piy jp+14, = 0 ON T, Of

2. 7€ FP(S), such that such that pi, 1 j, + Piy,jp+1.4;, = L ON 7.

Hence, the result follows. O
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Theorem 4.25 (DORF x CORF - Case 2)

Let S=p1 + --- + p,, be a Boolean specification in irredundant disjunctive normal form. Suppose
that the subexpression (p;i, + pi,+1) in S is implemented as p;, pi,+1 and the iy -th term, p;,, in S is
implemented as pj, 1,j, + Piy ji+1,k;,» where 1 < iy <m, piy = piy,1ji - Piy,ji+14;, @nd 1 < ji <ki,

the resulting expression denoted as Ipogr( Piy+Piy 117 Piy Piy 1) X CORF (piy =iy 1.+ Piy o 14, ) is equiva-

lent to Expression (25) in Table 1. Then, S # IDORF(I,[.1 iy 1=y Piy +1) X CORF(piy =iy 1> +Pin jo +14:.)

]
if and only if there is a test caset that satisfies any of the following conditions:

1. 7€ UTP;;11(S), such that pi, 1,j, + piy jr+1k, = 0 ont, or

2. 1 € FP(S), such that p;, 1 j, = 1 onft.

Proof : Since i» = i, we observe that S © Iporr( )

Piy+Piy+172Piy Piy+1) MCORF (piy—Diy 1,j +Pis, jp+1.k;,

= ((piy +Piy+1) © (Pir,1jy + Piy jr+ 1 ks, Pirt1)) - P1 = Piy—1 - Pig+2 -+ P

((Piy + Piv+ 1) (Piy 1j1 F Piy ji 1y Pir+1) + (Piy F Piy 1) (Pir 1,j + Piyji+1ks, Pi+1))
1 1

‘P1°*Piy—1"Piy+2° " Pm

(Pir 11 Pirji+1 ki, Piv1 + Pin 1ji Pi it Lk Piv+1) DU Piy—1 - Pig 42 Pm

(By making use of (A-B+C)(A+B-C)=A-B-Cand (A-B+C)(A+B-C)=A-B-C)
= Piy1ji Piyji+1kiy Piy+1 P1e Piy—1° Diy+2" "+ Pm
+Diy,1,j1 Piy ji+1.kiy Pig+1° P1e = Piy 1 Pig+2°** Pm

= ﬁihl',jlpil7j]+l7ki1pil+1 ﬁ] : pll—l : (ﬁil,l,jl +p_i17j1+17ki1) p_l1+2'pm

i j Pin i1k Pt P D=1~ (Pin g Pirjis Lk ) - P2 P

(By rewriting AB as AB(A + B) because they are equivalent;

and AB as A - (AB) because they are equivalent)

= Dir 11 Piyji+ 1k Piv+1 P Piy» Piy+2 " Pm+ Piy1,jy " PL " Piy P
= Piy+1Piy,1,ji Piy,ji+1 ki, PU Pi Pivt2 P+ Pig 1,y - S

= Pi+1(Piy,1jy T Pirji+1ky ) - PL Piy - Piy+2- - Pm+ Pig 1, S
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NOW, S<?) # IDORF(pll +Pil+1_’l7i1pil+1)NCORF(pizﬁPiz,l,jz+Pi2ti2+l,ki2)<?)

it and only if ~ S(7) 69IDORF(P;1 +Pi1+1_’Pi1Pi1+1)NCORF(Piz_’Piz,l7j2+Pi2‘j2+l,k[2)(?) =1

if and only if Pi,+1(Pi1,1,j1 +pil7jl+17ki1) “DP1Piy - Diy+2°* Pm+Piy 1)) -S evaluates to 1

ont

if and only if 7 satisfies any of the following conditions:
1. 7€ UTP;,+((S) such that pj, 1 j, + Piy ji+1,6, =0 On7, or

2. 1 € FP(S), suchthat p;, 1 j, =1 onf{.

Hence, the result follows. O

4.1.5 CORF with Other Faults

In this section, we study the detection conditions of double faults in which one of the single fault is a
COREF. Since ENF x CORF, TNF x CORF, TOF x CORF and DORFx CORF have been discussed

in previous sections, we do not repeat the discussions here.

Theorem 4.26 (CORF x CORF - Case 1)

LetS = p1+---+ pm be a Boolean specification in irredundant disjunctive normal form. Suppose
that two different terms p;, and p;, in S are implemented as pj, 1,j, + Pi,,ji+1k, and pi,1,j, +
Pir, jo+1k;, respectively, where 1 < iy <iy <m, piy = pi.1,j, " Piy,ji+1 ki, » Pin = Piz1jo " Pin,jo+1kiy
I < j1 < k; and 1 < jo < ki, the resulting expression denoted as
ICORF([,I.I —Piy iy ik )% CORF (piy—piy.1.j, +Pi2,j2+1,k,-2) is equivalent to that given by Expression (26)

in Table 1. Then, S # Icorr( if and only if there is

Piy = Piy Ljy TPipji+1k, )} CORF (piy—Diy 1, TPiy.jp+1ki, )

a test caset € FP(S) such that pi, 1,j, + Pi, ji+1k, + Pio,1,jo + Pia,jot1ks, = 1 ONT.
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)

Proof : First, we observe that S ® Icogp,
2

Piy = Piy 1jy +Pi i 1k )X CORF(Piy =i 1,15 +Pin o +1.k
= ((piy +Pi) ® (Pir 1,1 + Piy ji+1&, +Piny1jo + Pig jo+1k3,))

‘D1 Piy—1" Piy+1° " Piy—1 " Piy+1°** Pm

= ((Piy + Pi) (Pir s + Piv jot 1 ks, T Pins g T Pigojot 1k, ) + (Piy + Pi)

{(Pir Ly + Pir jr 1, + Piolja + Pis jot1dy)) "B Biy—1 - Biy+1+* Piy—1* Pt 1 Pm

= ((pi, + Pir) Pir 1), “Diyji+1kiy * Pia,1jo " Pin, jo+ Ly + (Piy * Piy)

{(Pir, Ly + Pir jr 1y + Piolja + Pis jot1dy)) "B Biy—1 - Biy+1+* Piy—1* Pt 1 Pm

= (i1 1y T Pir,ji+ 1 ki Pio1jo & Pin, jo+1kiy ) Pi Pi *P1 Doy =1 Pir1°* Pip—1* Piy+1*** Pm
(By making use of (AB+CD)(A-B-C-D) = 0)

= (pi1717j1 +pi17j1+]7ki1 +Pir 1) +pi27j2+1,ki2) S

Now, S(?) 7 ICORF(pil —Piy L +pi17j1+1‘kil)MCORF(piz_’Pizﬁl,jz+pi2-,j2+1ski2)(?)
it and only if - S(7) ®IC0RF(P1‘1HP1‘1.1,]‘1 FPip i+, )NCORF(pi2"Piz,l,j2+pi2,j2+1.ki2)(?) =1
ifand only it (pi,,1,j, + Piy ji+1ky, + Pin1,jo + Pin,jo+1,k;,) - S evaluates to 1 on 7

it and only if 7 € FP(S) such that pj, 1., + Piy ji+1k, + Pio,1,jo + Pia,jot1s, = L ONT

Hence, the result follows. O

Theorem 4.27 (CORF x CORF - Case 2)

LetS = p1+---+ pm be a Boolean specification in irredundant disjunctive normal form. Suppose
that two different CORFs are committed at a particular term in S. That is, the i\ -th term, p;,, in S is
implemented as pi, 1, + Piyji+1,j> + Piy,jo+1.k;, Where pi, = piy 1.j, - Piyji+1,jo " Py, jo+1,k, @nd 1 <
J1 < J2 < ki, the resulting expression denoted as
ICORF(pil —Pig Ly iy gy 1, )X CORF (piy=piy 1y Pin, 1) is equivalent to Expression (27) in Table 1.
Then, S # ICORF(M1 —Pig Ly P gy 1k, )X CORF (Diy=piy 11y Pi, o 1)) if and only if there is a test case

fe FP(S) such that p;, 1,j, + Pi, j1+1,) + Piy o+ 1k, = 1 ont.

Proof : First, we observe that SEBICORF(PiIHPil,l,jl +Pipji+1k )X CORF(Piy =iy 1.jy +Pin jp-+14;,)
= ((pi,) @ (Piy,1.js + Pir.ji+1.12 + Py o+ 1k, )) - P1 Piy—1* Pi1°* Pm
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(P, (Pir 1y T Pivji 1 + Pirjor 1, ) T Pir (Pir,1,j1 + Pir i+ 1o + Pt o+ 1k, )

17 Piy—1"Pij+1"""DPm

i)

(Piv 11+ Pivsji o + Piv ot g JPiy “PL Piy=1 - Piy1 - P
(By making use of (ABC)(A+B+C) =0)

(PirLjy + Pirji+1.) +pi17j2+17ki1) )

(@)

Now, S(7) # ICORF(pil =iy 1y HPiygy 1k, )X CORF (i =iy 1.y 4Py +1k

it and only if S(?) GBICORF(pil_}pilvl-J] TPipji+1k; )NCORF(piz_’Pi2=1aJ'2+Pi2-,j2+1~r"i2)(?) =1
it and only it (pi, 1,j, + Piy ji+1,jo + Pir.jot1.4;, ) S evaluates to 1 on 7

if and only if 7 € FP(S) such that pj, 1,y + Piy ji+1,o + i jo+ 1.k, =1 ON L.

Hence, the result follows. O

4.2 Dectection Conditions of 4 Remaining Faulty Implementations

In this section, we study the detection conditions of 4 double-fault expressions in double faults with

ordering which do not have their equivalent counterparts in double faults without ordering.

Theorem 4.28 (TOF x DORF)

Let S=p1 + --- + p,, be a Boolean specification in irredundant disjunctive normal form. Suppose
that the i1 -th term, p;,, is omitted and then the subexpression (pi,—1 + pi,+1) is implemented as
Pii—1Pi,+1 where 1 < i1 < m, the  resulting  expression  denoted  as
ITOF(pil—>)N DORF (piy -1+ piy +1—Piy 1 Piy +1) is equivalent to that given by Expression (53) in Table 1.

Then, we have S # Iro if and only if there is a test case f €

pi; —)XDORF (pi| —1+Piy+1—DPi; —1Piy+1)

<(TPi1_1(S)UTP,-1(S))\( U TP,-(S)))U((TP,-I(S)UTP,-IH(S))\( g TP,-(S))).
=1 =1

1= 1=
i#i—1,i; i#iy,i1+1

Proof : First, we observe that

S® ITOF(Pi1 —)XDORF (pi; —1+Piy+1—Pi; —1Pi +1)
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= ((piy—1+ pi, + Piy+1) D (Piy—1Piy+1)) - P+ Piy—2 Piy42*** Pm
= ((piy—1 4 Pi + Pi+1) (Pi 1P +1) + (Pis—1 F Piy + Piy 1) (Piy—1Piy 1))
‘P1 " Piy—2 Piy+2 " Pm
= (Pi—1(pi, + piy+1) + Piy+1(piy + Pi—1) +0) -p1-- Diy—2- Piy+2++ Pm
(By making use of (A +B+C)(AC) =A(B+C) +B(A+C) and (A+B+C)(AC) = 0)
= (piy + piy+1) - Pr+-Piy—1- Piys2+ P+ (Piy—1+Pir) - P+ Piy—2- Piy+1°** Pm

= (Piy—1+piy) - P1*Piy—2 Piy+1°* P+ (Piy + Piy+1) D1+ Piy—1* Piy+2°+* Pm

Now, S() # ITOF(p,-l—>)MDORF(p,-l,1+pi1+1—>p,-1,1pi1+1)(f)
it and only if - S(£) & Iror(p;, — mDORF (i, -1+ pi, s1—piy -1piy 1) () = 1
ifandonly it  (pi—1 + piy) - P1+"Piy—2 * Piy+1°+ Pm + (Piy + Piy+1) © D1+ Pij—1 -

Pi,+2-+ Pm evaluatesto 1 on 7

m
ifand only if 7€ ((TPil_l(S)UTPiI(S)) (U TP,-(S))) g ((TP,-I(S)UTPiIH(S))\
i;éiiill,il
m
(U 7P:05)).
41

Hence, the result follows. O

Theorem 4.29 (CORF with ENF)

Let S=p1 +---+ pm be a Boolean specification in irredundant disjunctive normal form. Suppose the
i1-th term, p;,, in § is implemented as p;, 1 j, +pi1,j1+17k,-1 where 1 < iy < hy <m, pi; = pi;1,j,"
iy ji+14k;, @and1 < ji <k, and the subexpression pj, j +14, +---+ pn, Is then negated, the result-

is

Ing eXpreSSIon denOted as ICORF(pZIlelljl +Pi].j]+l,k[1 )MENF(pi].,j]+l,ki1 +"'+Phl—>l)i|,jl+1.k,>l ++ph])

equivalent to that given by Expression (70) in Table 1. Then, we have

S # ICORF(p,-l = Piy L P LG, )1><IENF(p,-,.,j,Jrliyki1 Py —Piy gy 1y T Py if and only if there is a test

casef that satisfies any of the following conditions

h1 m
1. 7¢ ( U TP;(S)) \ ( U TP;(S)) such that p;, 1 ;, = 0 ont, or
=it i
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2 fc FP(S) such thatpi17j1+17ki1 = 0 onft.

Proof : First, we observe that

5@ ICORF(pilqpihlﬁh +pi1711+1,ki1)NENF(pils11+1ski1+"'+p’11_’pilv/1+1-ki1+"'+ph1)

((ph +"'+ph1) @(pi1717j1 +pi17j1+1,kil +"'+ph1)) P1Piy—1Phy+1" " Pm

= ((pil T+ +ph1>(pi171~,jl +pi1:j1+1,ki1 +ee +Ph1) + (pil +ee +Ph1)(pi1,1,j1

+Diyji+ 1k, +Fpm)) Pree Piy—1Ph+1 - Pm

= ((piy + -+ ) (B 1y * Pivjrt Lk, T+ Pi) + Biy * Pit T Py (Piy 1,

+Pi i1k, Pi+1 o Py)) B Biy—1 Py Bm

= ((piy ++ -+ P ) Bir 1.y (Pi i1, Pig) + Bir L Piv i1k, Pive1 o+ Py

{(Pir.ji + Pir i1k, Piet T FPy)) Pre Piv—1 P41 P

= ((piy+1 4+ Pu)Pis 1,y (Piy jy+1 &, +Pive1 o+ py) + (B 1,y + Piy ji+1k,)

Pivet T Py (Pi 1y Piy ji ks, Pl T D)) U Pi—1 Py P
(By making use of (AB+C)A = AC)

= (Piv 1 (Pier o+ P )+ Piy i1, Do+t T T Piy) PL Piy—1Phy+1 7 P
(By making use of (A +B)C(A +BC) = BC)

= Pir,1,ji (Piv+1 + -+ Pr )DL Piy—1Phy+1°* P

+(Pirji+1d, - Pit1 T Pwy) PLee Piy—1Ph41 - P
= Pyt (Pt o )P1 e Piy—1 - (Piy,1jy + iy, i1k, ) Phy+1 P
+Piy jr+1kiy, PLeo Piv—1 - (Pig 1y + Py ji+1k, ) Pin+ 177 Pm

(By rewriting A as A(A + B) because they are equivalent;

and B as B(A + B) because they are equivalent)

= Pir, 1,1 (Piy+1+ -+ pn) P Piy—1 - (Piv 1y Pivjit Uk ) Phy+1° P

+Piy ji+1k, P1 - Pip—1- (Pir.1ji 'pil,j1+17ki1) “Pir+1°"Pm
= P 1y (Piv+ 1+ Py )P Py Pyt P+ Diyjy+1ki PLe " Piy P

= Diy 1, (pi|+1 +"'+Ph1)151 “*Diy " Phy+1°" " Pm +pi17j1+1,ki1§
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Now, S(@) # ICORF(PI'I = Piy Ly FPip gk VENE(Piy kg Py =Py g+ Lk, +“'+Phl)<?)

if and only if SG’) @ICORF(Pil = Piy 1y PPy kg VENE (i jy1 kg iy = Pig j 1k +'“+Ph1)(?)

=1
it and only if iy 1,y (Piy+1 4+ P )P+ Piy* Pyt P+ Piy jy+1.4;, S evaluates to 1

ont

if and only if 7 satisfies any of the following conditions

1 m
e( Y mPs)\N( U TPi(S)) suchthat p; 1, =0on7, or
=it i ey

2. € FP(S) such that p;, j,+14, = 0o0nt.

Hence, the result follows. O

Theorem 4.30 (CORF with TNF)

Let S=p1 + --- + p, be a Boolean specification in irredundant disjunctive normal form. Suppose
that the iy-th term, p;,, in S is implemented as pi,1.j, + Piy ji+1,4, where 1 <iy <m, pi, = pi, 1, -
Piyji+14k, and 1 < ji <kj, and the term pj, j 14, is then negated, the expression denoted as
Icorr( Py —Piy Ly iy 1 )NTNF(pilvjl+1=ki1 _ ﬁilvjl+1vki1) is equivalent to that given by Expression (73)

in Table 1. Then, S # Icorr( Py if and only if there is a

= Piy 1y FPiy gy kg VINE(Piy g, —Pigjy 1k )

test case? € FP(S) such that p;, j,+1x, = 0 ont.

Proof : First, we observe that

)
(( ) (pil-,l-,jl+pi17j1+17ki1))p1”'pil_lpil‘f‘l”'pm

S@ICORF(pIIlel lj|+pll ]1+1k )NTNF(pll ]1+1k *)pll j1+l kll

)(Pir1ji + Py ji+1 iy )+ (Pi)(Piy.1,j, + Piyji+1.k )) P17 Piy—1Diy+1" " Pm

((pi
((Pi)(ir . Py i+, ) T i (Pir 1,y +p117J1+1k,1)) P11 Piy—1Piy+1°* Pm
(Pir,ji+1,kiy )DL+ Piy—1Diy+1°* Pm

(By making use of AB(AB) =0 and (AB)(A+ B) = B)
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(Pir i+ 1y )P i1 (Piy 1 jy + Piy it 1y ) i1+ P
1 1
(By rewriting A as A(A + B) because they are equivalent)

(Bir i1k, )P1 - Piy—1 - (i gy iy ji+ 1k ) P11 P

(Pirj1+1k,) P1 =+ Diy** Pm

|

(Pir jr+1.k,)

(@)

Now, S() # ICORF (pi, —piy 1.5, +pi i1k PUINE(piy kg —Pigjy+1k,

if-and only if S(?) GBICORF(pil_’pilvl-Jl TPipji+1k, )NTNF(pil«,thkq T Pipjy 1k )(?) =1
if and only if (5, 114, )S evaluatesto 1 on 7

if and only if 7 € FP(S) such that p;, j, 1k, =0ont.

Hence, the result follows. O

Theorem 4.31 (CORF with TOF)

Let S=p1+ --- 4+ pm be a Boolean specification in irredundant disjunctive normal form. Suppose
that the iy -th term, p;,, in S is implemented as piy,1j, + Pi, ji+1,, where 1 <iy <m, pi = pi, 1, -
Piyji+14k, and 1 < ji1 <k, and then the term p;, j 11k, in S is omitted from the expression, the

resulting expression denoted as Icorr is equivalent to that

Piy = Piy 1Ljy HPip jy 41k )NTOF(piI,_i1+1,ki] —)

given by Expression (76) in Table 1. Then, S # Icorr( if and

Piy=Piy 1jy TPiyjy+ 1k )X TOF (Piy i1, =)

only if there is a test case t € FP(S) such that p;, 1 j, =1 onf.

Proof : First, we observe that

S® ICORF(Pi, —Piy Ly TPy Uk, )NTOF(Pil,jIH,k,-l —)

= ((pil)@(pil,l.,jl))]ﬁ '~~]5i1,1151~1+1 o Pm

((pi))(Piv1j1) + (i) (Piv1ji)) Pre = Piy—1Diy+1 - Pm
= (0+ (5i))(Piy,1,1)) P1+** Piy—1Piy+1 - Pm

= pi,Piy 1,y P11 Piy—1Piy 1" Pm

= pi, 1. D1 Py Pm

= pi1,jS
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Now, SG) 7 ICORF(Pil = Piy 1y FPiy gy 1k, )TOF (piy g1, ) G)
If and Only If S(;') @ICORF(pl‘l_)pihl-,j] +pi|,j|+17kil )NTOF(pil,j1+l.kil _))(a = 1
if and only if p;,1.;,S evaluatesto 1 on7

if and only if 7 € FP(S) such that p;, 1 ;, evaluate to 1.

Hence, the result follows. O

For ease of reading and understanding, we list all double fault classes, the corresponding double-
fault expression numbers and their corresponding fault detection conditions in Table 2. Let us
consider the third row of Table 2, which presents the detection conditions of two double-fault ex-

pressions of ENF x TOF. For double-fault expression (5) (please refer to Table 1 for the actual
hy
double-fault expression), the detection condition shows that any true point of S in (U TP;(S)) \
- =1
( U TP;(S)) or any false point of S can distinguish S and the expression. While for double-
i#ilﬁ}hl,iz
hy

fault expression (6) in Table 1, the detection condition shows that any true point of S in ( U TP;(S))\
i
m
( U TP;(S)) or any false point of S can distinguish S and the expression.
=1

=
i1,

5 Fault Coupling

Most fault-based testing strategies derive their test cases based on the assumption that at most
one of the hypothesized faults is committed by programmers [11]. A fundamental question in fault-
based testing is whether test cases that detect programs with single fault in isolation are also able

to detect programs with multiple faults in combination.

Fault coupling has been studied for years [5, 12], but so far it has no universally agreed definition.

In this report, faults are said to be coupled together if they can be detected in isolation but not
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Table 2: Double fault, double-fault expression and detection condition (S = p1+...+ pn)

(a) Double-fault expressions (1)—(12) due to double faults without ordering

Fault Class

‘ (Expression No.) : Detection Condition ‘

ENF x ENF

hy m

hy
(1 @hanypointin ((UTP)n(UTPO))\ (U TPAS) 0or
i=i] i=iy i=1
i#il,...,hl,iz,...,hz
(C2) any point in FP(S)
hl m
@ : (Chanypointin( |J TP(S)\( U TPi(S))

i=i] . '1:1
i#iy,...,hy i1yl

ENF x TNF

\'Cs

hy
(3) : (C1)any point in (( U 7Pi(s)) N (TPiz(S))> \(

i=i

TP;(S)), or

i;éilf....,l/’ll,iz
(C2) any point in FP(S)
hy m
4) © (Chanypointin (|JTP())\( U TPi(S))
=l

i=i

i#iy iy,

ENF »x TOF

hy m

(5) : (Clyanypointin (| JTP(S)\( | TPi(S)).or
o i#ilfi}hlﬁiz
(C2) any point in FP(S)
hy m
®) : (Ct)anypointin (|JTP:($)\( | TPi(S)),or
iz; iy
(C2) any point in FP(S)

ENF »x DORF

hy m

7) (C1)anypointin(UTP,(S))\(( U TPi(S))U(TP,»Z(S)QTP,-ZH(S))),or
=i ity i1
(C2) any point in FP(S)
(8) : (C1)anypointin(OTP,-(S))\( LmJ TP;(S))
=n ity
(9) : (C1)any pointin (TP;, (S)NTP;11(S))\ ( L”J TP;(S)), or
i=1

i—
i1 +1

(C2) any point in FP(S)

(10):  (C1) any point in (( U 7Pi(s)) U (TP, (S)mTP,-2+1(S))) V(U TPI(S)), or
ity a1 ity
(C2) any point in FP(S)

ENF »x CORF

hy m
(1) (Cl)any pointin (|J7Pi(S))\ (U TPi(S)) such that pi, 1 j, + Piy. jy+14;, = 0, OF
i=i| i=1
(C2) any point in FP(S)
h] m
(12):  (C1)any pointin (|J7P:($))\( | TPi(S)), or
i=1

i=i;

(C2) any point in FP(S) such that p;, 1 j, + Piyjo+ 14, =0
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Table 2 (cont'd): Double fault, double-fault expression and detection condition

(a) Double-fault expressions (13)—(27) due to double faults without ordering

Fault Class ‘ (Expression No.) : Detection Condition
TNF » TNF (13):  (C1) any pointin (TP;, (S)NTP;,(S)) \ ( U TP;(S)), or
s
(C2) any point in FP(S)
TNF x TOF (14):  (C1)any pointin (TP; (S U TPi(
1751 i

(C2) any point in FP(S)

TNF x DORF (15): (C1) any pointin TP;, (S) \ (( U 7ri(s)u (TP,-Z(S)mTPizH(S))), or
575!'1{;«,152-*-1
(C2) any pointin FP(S)

(16):  (C1) any pointin TP;, (S) \ ( U TP;(S))

l;ézl,llJrl

TNF x CORF (17) = (C1) any point in UTP;, (S) such that pi, 1.j, + Piy,jo+1.4;, = 0, OF

(C1)
(C2) any point in FP(S)
(C1)
(C2)

(18):  (C1) any pointin UTP;,(S), or
C2) any point in FP(S) such that p;, 1 j, +17;2 ki, =0
TOF x TOF (19):  (C1) any pointin (TP;, (S)UTP;,(S)) \ ( U TP;(S))
l;ézl 12
TOF x DORF | (20): (C1) any point in ((TP,-I(S) UTP,(S U TP;(S )U ((TP,-, (S)U TP, 41(S)) \
t;ézl o

UTP)

t;éll t2+1

TOF x CORF (21):  (C1) any point in UTP;, (S) such that p;, 1,j, + Piy.jo+14;, = 0, 0r
(C2) any pointin FP(S) such that piy 1., + Pi,jo+14s, =1

DORF x DORF | (22): (C1) any point in ( U TP;(S)) \ (( U TP;(S)) U (TP;,(S) N
i=iy,i1+1,ip,ip+1 i=1

i#i,01+ 1,0, +1
TPi, +1(S)) U TPy, (S) N TPy (S)))
m

(23): (C1)anypointin (| TPi(S))\(( U TP;(S))U(TP;, (S)NTP;+1(S)N

i=iy,ip+1,i1+2 i=1
iy i1 +1,i+2

TP,-1+2(S)))

DORF x CORF | (24): (C1) any pointin UTP;, (S) U UTP;,+1(S) such that pi 1.j, + Piy,jo+1,k;, = 0, OF

C2) any pointin FP(S) such that piy 1., + Pi jo 14, =1

C1) any pointin UTP;, 11 (S) such that pi, 1.j, + pi, jy+14, =0, Or

CORF x CORF | (26): 1) any point in FP(S) such that piy 1,y + Piy ji+1, + Pir,1jo + Pirjo+ 1k, =1

(

(C2)

(C1)

(C2) any point in FP(S) such that p;, 1 j, =1

(C1)

(C1) any point in FP(S) such that pi, 1 j, + Pi,.j1+1.j» +Pi otk =
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Table 2 (cont’d): Double fault, double-fault expression and detection condition

(b) Four double-fault expressions (53), (70), (73) and (76) due to double fault with ordering
’ Fault Class ‘ (Expression No.) : Detection Condition ‘

TOF x DORF | (53): (C1)any pointin ((TPil (S)UTP;, 1 () \ ( LWJ TPi(S)))U((TPil (S)UTP;, 41(S))\
i=1
it —1,i
(U 7709))
i=1

i—
i#il i +1

4l
CORF x ENF | (70): (Cl)anypointin ( | J TPi(S)\( | TP:i(S)) suchthat p; 1., =0, or
i=i1+1 o=l
(C2) any point in FP(S) such that Pirji+1ky, =0
CORF x TNF | (73): (C1) any pointin FP(S) such that Piiji+1k, =0
CORF x TOF | (76) : (C1) any point in FP(S) such that p;, 1, =1

when combined together. Most previous studies on fault coupling focused on the combination of

two single faults.

An empirical study on fault coupling via mutation analysis was done in [12]. A mutant is a program
which differs from the original program by small syntactic changes. A 7-order (respectively, 2-
order) mutant is a mutant that differs from the original program by 1 syntactic change (respectively,
2 syntactic changes). Three programs whose size ranges from 16 to 28 lines of code (LOC) were
studied. Test sets that can kill all 1-order mutants were generated and used to kill 2-order mutants.
As mentioned in [12], the experiment studies the mutation coupling effect, to be precise. It was
found that test sets so generated can kill approximately 99.9% of 2-order mutants. It was then

concluded that the effect of two faults being coupled together rarely occurs.

How Tai Wah [5] investigated fault coupling from a theoretical perspective. He also studied the
behaviour of double faults. A program is modelled as a composition of several mathematical func-
tions. For example, suppose that a program P is considered as a composition of three mathematical
functions f, g and & in the order of f being computed first, followed by g and finally A, then P is
equivalent to the composite function hogo f. A single fault in a program is modelled as an incorrect
use of one of the functions during the composition. For example, if a fault occurs in the program P,

it is possible that any one of the three functions f, g or h is implemented wrongly as f’, g’ or //,
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respectively, to result in a faulty program which may be equivalentto hogo f', hog' o for W' ogo f.

Moreover, a double fault in a program is modelled as the incorrect use of any two functions during
the composition. Test sets that detect individual faults of a double fault are called proper test sets.
Among the proper test sets, those that cannot detect the double fault are called coupled test sets.
How Tai Wah [5] then calculates the coupling ratio, defined as the ratio of the number of coupled
test sets to that of proper test sets. He shows analytically that the coupling ratio is approximately
1/|D| for test sets of size 1 and 1/|D|? for test sets of size 2, where |D| is the size of the input
domain D. It should be noted that when a test set of size 1 detects a double fault, the only test case
in the set must be able to detect each of the two individual faults in isolation. As |D| is usually very

large, the coupling ratio is very small, and he concludes that fault coupling rarely occurs.

In this study, we are more interested to know which double fault class can be detected by test cases
that can detect the individual single fault classes. Hence, instead of performing empirical study
via mutation analysis or calculating the coupling ratio via mathematical analysis, we analyse the
relationship between single and double faults based on their detection conditions. More precisely,
if DC4, DCp and DCy4p are the detection conditions of the single fault classes A and B and the
double fault class A x B, respectively, we would like to identify the relationship among DCy4, DCp
and DCy4xp. Our aim is to find out which double fault class A x B can be detected by test cases

that can detect either of the two single fault classes A and B.

For test cases that detect fault class A, there are three mutually exclusive possibilities:

(R1) All points that satisfy DCy4 will also satisfy DCy4 x g; that is, any point that can detect A will also

detect A X B.

(R2) Some but not all points that satisfy DC4 also satisfy DCa p; that is, some but not all points

that can detect A can also detect A X B.

(R3) None of the points that satisfy DC4 also satisfies DC4 p; that is, none of the points that can

detect A will also detect A x B.
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Similarly, for test cases that can detect B, there are three other mutually exclusive possibilities:

(R4) All points that satisfy DCp will also satisfy DCy4  p; that is, any point that can detect B will also
detect A x B.

(R5) Some but not all points that satisfy DCp also satisfy DCap; that is, some but not all points
that can detect B can also detect A x B.

(R6) None of the points that satisfy DCp also satisfies DC4 p; that is, none of the points that can

detect B will also detect A x B.

The analysis of the relationships between single faults and the 27 faulty implementations of double
fault without ordering based on detection conditions are presented in Section 5.1 whereas those of

the remaining 4 faulty implementations are introduced in Section 5.2.

5.1 Fault Coupling on 27 Faulty Implementations
5.1.1 ENF and ENF

In this section, we analyse the relationship between the double fault involving two ENFs. Since
there are two ENFs, we use ENF1 and ENF2 to identify the two different ENFs in double fault

ENF1xENF2 for ease of understanding

Let S be a Boolean expression in IDNF. As discussed in Section 2.2, if the subexpression p;, +-- -+

Pn, (i1 < hp) in S'is wrongly negated, the corresponding detection condition, denoted by DCgpr;, is
h m

“any pointin (| J 7P:«(S))\ (| TPi(S)) orany pointin FP(S)". We use TCgyr; to denote the
=1

i=iy o i=
i#iy,...,h

hy m
set of all points that satisfy DCgyr;, that is TCenr; = (( Urrs)\( U TP,-(S))) UFP(S).
i=i) =

i=1
i#i],..,h

Similarly, if the subexpression p;, + -+ -+ pp, (i2 < h2) in §'is wrongly negated, the corresponding
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hy m
detection condition, denoted by DCgyr2, is “any point in (| JTP;(S))\ ( |J TPi(S)) or any
iy

i=i =
1#127"' 7h2

pointin FP(S)". We use TCgyr> to denote the set of all points that satisfy DCgnp», thatis TCenp2 =
hy m

(( Ures)\( U TPl-(S))) UFP(S).
i=in i=1

i#ip,....hp

For ENF1xENF2, there are two subcases.

Case 1 The double-fault expression is equivalent to Expression (1) in Table 1 where i1 < 1 <

hy
i» < hy. The detection condition, denoted by DCenriwENF2—1, iS “any point in (( U TP;(S)) N
i=iy
hy m
(U TP,‘(S))) \ ( U TP,'(S)) or any point in FP(S)”. We use TCenrixENF2— tO de-
o i7’5i1~,~~~fh:1}i27~-7h2
hy
note the set of all points that satisfy DCeyrixenF2—1, that is TCENFIxENF2—1 = <(( L TPi(S)) N

=i

hy m
(U TP,-(S))) WU TPi(S))) UFP(S).
i=ip i=1
[ES I DI 30N )

(A) Relationship between DCgnr; and DCenrrxene2—1: The relationship R2 holds because of the

following reasons:

(a) Some points in TCenr; can satisfy DCenrixeNF2—1- FOr example, in TCeyr;, false points

of S (that is, points in FP(S)) satisfy DCunrixENF2—1-

(b) Some points in TCgnr; cannot satisfy DCenpiwene2—1- Since S is in IDNF, UTP;(S) #
0 for all i. For example, in TCgyr;, We can find a point 7 such that 7 € UTP; (S) =
m
(TP;,(S)\ | TPi(S)). Note that, 7 does not satisfy DCenrxenr2—1 because 7 & FP(S),
iZi
hy
7¢ |JTPi(S) and i < i < hy.

i=i,

Hence, only some, but not all, points satisfying DCgnr; can satisfy DCenpixENF2—1-
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(B) Relationship between DCgyr2> and DCenrrxene2—1: The relationship R5 holds because of the

following reasons:

(a) Some points in TCenp> can satisty DCenrixeNF2—1- FOr example, in TCeyp, false points

of S (that is, points in FP(S)) satisfy DCenrixENF2—1-

(b) Some points in TCgnp2 cannot satisfy DCenpiwene2—1- Since S is in IDNF, UTP;(S) #
0 for all i. For example, in TCgyr2, We can find a point 7 such that 7 € UTP;,(S) =
m
(TP, (S)\ | TPi(S)). Note that, 7 does not satisfy DCenrxenr2—1 because 7 & FP(S),
hy
7¢ |JTPi(S)and i; < hy < ip.
=i

Hence, only some, but not all, points satisfying DCgnr> can satisfy DCenpixENF2—1-

Case2 The double-fault expression is equivalent to Expression (2) in Table 1 where {iy,...,h} ;
hy
{i1,...,l}. The detection condition, denoted by DCenrixenr2—2, is “any pointin (| ] TPi(S))\
i;él'l:.l.1.7h2
m
(U TPi(S))". We use TCgrixEnr2—2 to denote the set of all points that satisfy DCenr1xenr2—2,
=1

iy
hy m
that is TCenFInENF2—2 = ( U TPi(S)) \ ( U TP,’(S)).

i=i] =1
i#iy,....ho i#iy,...,I

(A) Relationship between DCgyr; and DCenrrxene2—2: The relationship R2 holds because of the

following reasons:

(a) Some points in TCgnr; can satisfy DCenrixenr2—2- Since Sis in IDNF, UTP;(S) # 0 for all
i. Since {ia,...,ha} G {i1,..., I}, there exists i3 € {i,...,h1 } suchthat iz & {is, ..., ha}.
m

Now, in TCgnr;, we can find a point 7 such that 7 € UTP;,(S) = (TP:;(S) \ | TPi(S))
i=1

i#i3
m hy
and 7 satisfies DCenriwenr2—2 because 7 € (TP (S)\ | TPi(S)) € (( U 7Pi(9))\
i=1 i=i]
i#i3 i#iy,....,h
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( CZJ TP,‘(S))) = TCenFIxENF2—2 (DY usingA\(BUC) - (A\B) - (A UD) \B)
=1

iAoy
(b) Some points in TCgyr; cannot satisfy DCenrixenF2—2. For example, in TCgynrj, false

points of S (that is, points in FP(S) ) do not satisfy DCenrpixENF2—2-

Hence, only some, but not all, points satisfying DCgnr; can satisfy DCenrixENF2—2.

(B) Relationship between DCgnr> and DCenrrxENF2—2: The relationship R6 holds because:

TCenp2 NTCENFIMENF2—2

hy m hy m
_ (((.U.TP,-(S))\( U TP,-(S)))UFP(S))m(( U )\ U 7Ps))
e il ity iy
hy m hy m
= (U U ) (0 U o U )
o i iy i
h m
u(FP(S)m( J o) U TP,(S)))>
i e i
hy m hy
_ <(UTP,(S))\(( J rre)u( U TP,(S))))
o i) Jé-,:ul-,hz Jh z;ézl;.l.l..hz
hy m
(U PN U TPiLS)) U0
z;ézl;.l.l.,hz i#la:] Jhi
2 hy hy m
c ((Urr)\( U ms))n(( U P\ U TPAs))
o it iiro s i

(By using A\, (BUC) C (4\,C))
= 0 (Byusing (A\B)N(B\C)=0).

Hence, all points satisfying DCenr> do not satisfy DCenpixENF2—2-

5.1.2 ENF and TNF

In this section, we analyse the relationship between the double fault ENFx TNF and its correspond-

ing single faults.

Report Title : Detecting Double Faults Related to Terms in Boolean Expression Page 55 of 121
SWINBURNE Prepared by : Man Fai Lau and Ying Liu
UNIVERSITY OF | 17/10/2008

TECHNOLOGY




Let S be a Boolean expression in IDNF. As discussed in Section 2.2, if the subexpression p;, +-- -+

Pn, (i1 < hy) in S is wrongly negated, the corresponding detection condition, denoted by DCgnr, is

hy m
“any pointin (| J TPi(S))\( |J TPi(S)) or any pointin FP(S)”. We use TCenr to denote the
o it

h1 m

set of all points that satisfy DCgyr, that is TCgyr = (( Urris)\( U TP,~(S))> UFP(S).
= i
Similarly, if the i>-th term, p;,, in S is wrongly negated, the corresponding detection condition,
denoted by DCrnr, is “any point in UTP;,(S) or any point in FP(S)”. We use TCryr to denote the

set of all points that satisfy DCryr, that is TCryr =UTP;,(S) UFP(S).

For ENF xTNF, there are two subcases.

Case 1 The double-fault expression is equivalent to Expression (3) in Table 1 where i} < h < i5.

h
The detection condition, denoted by DCenrxTNF—1, IS “any point in (( U TPi(S)) N TP;, (S)) \
. i=i;
( U TP;i(S)) or any pointin FP(S)". We use TCgnrx nr—1 to denote the set of all points that
i?'éilf-:n,lhl,iz
/’l] m
satisfy DCenrxvF—1, thatis TCENFxTNF—1 = ((( U 7Pi(S))NTP;, (S)> (U TPi(S))> U
o i#i] f:}hl 2
FP(S).

(A) Relationship between DCgyr and DCgnpx7NF—1: The relationship R2 holds because of the

following reasons:

(a) Some points in TCeyr can satisfy DCenrpwrnr—1- FOr example, in TCgyr, false points of

S (that is, points in FP(S)) satisfy DCENpxTNF—1-

(b) Some points in TCgnr cannot satisfy DCenpwxrve—1- Since S is in IDNF, UTP;(S) # 0 for
all i. For example, in TCgyr, we can find a point 7 such that 7 € UTP;, (S) = (TP;,(S) \
m
U TP;(S)). Note that, 7 does not satisfy DCgnpx7vr—1 because T & FP(S), T & TP;,(S)
i=1
iil
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and i; < is.
Hence, only some, but not all, points satisfying DCgnr can satisfy DCenpxTNF—1-

(B) Relationship between DC7yr and DCenpxTNF—1: The relationship R5 holds because of the

following reasons:

(a) Some points in TCryr can satisfy DCgnrwrnE—1. FOr example, in TCyyr, false points of

S (that is, points in FP(S)) satisty DCgnpxTNF—1-

(b) Some points in TCryr cannot satisfy DCeypwnr—1- Since S is in IDNF, UTP;(S) # 0 for

all i. For example, in TCyyr, we can find a point 7 such that 7 € UTP;, (S) = (TP;,(S) \
h

1
U TP;(S)). Note that, 7 does not satisfy DCyrxrvr—; because 7 ¢ FP(S),7 ¢ | ) TP;(S)

17é12 i=i
and i} < hy < ip.

Hence, only some, but not all, points satisfying DCryr can satisfy DCenpwTNF—]-

Case 2 The double-fault expression is equivalent to Expression (4) in Table 1 where i1 < iy < hy
h

and i; < hi. The detection condition, denoted by DCenpx7nF—2, is “any point in ( U TP;(S)) \

=iy

i#i
U TP;(S))". We use TCenrw1NF—2 to denote the set of all points that satisfy DCgnpwxaF—2,
l#lh 7
hy
that is TCEnFxTNF—2 = ( U TP;(S) ) ( U TP;( )
i=i;
iy l#lu

(A) Relationship between DCgyr and DCgnpx7NF—2: The relationship R2 holds because of the

following reasons:

(@) Some points in TCgnr can DCgnpwrnr—2- Since S is in IDNF, UTP;(S) # 0 for all i.
Since i1 < i, < hy and i # hy, there exists i3 such that i} < i3 < hl and ip # i3. Now, in
TCrnr, we can find a point 7 such that 7 € UTP;,(S) S\ U TP;(S and 7 satisfies

1#13
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m h
DCenrFwTNF—2 because e (TP,’3 (S)\ U TP,'(S)) - ( U TP,'(S)) \ ( U TP,'(S)) =
il;i; 5;2 i#illil-,h
TCenFwTNF—2 (DY USINg A \ (BUC) - (A\B) - (AUD) \B)

(b) Some points in TCgyr cannot DCeyrwxrvr—2. For example, in TCgyr, false points of S

(that is, points in FP(S)) do not satisfy DCenpxTNF—2-
Hence, only some, but not all, points satisfying DCgnr can satisfy DCenpwx NF—2-

(B) Relationship between DCryr and DCenrwTnF—2: The relationship R6 holds because:

TCrnF NTCENFxTNF—2

- (UTP,-z(S)UFP(S)>ﬂ<(© TP;($)) \ ( 6 TP,-(S))>

=1
i#iy i,

_ (UTP,-Z(S)O((OTPi(S))\( CJ TP"(S)))>

=i

l?él2 i#ila"whl

u(FP(S)ﬂ((@TPi<S>)\( CJ Tpf(5>>)>

=iy i=

i#i i#iy,...,h
hy

c (UTP,-2(S) n(J TP,-(S))) uo (By using AN (B\ C) C ANB)
iy

= 0 (By definition of UTP;,(S)).

Hence, all points satisfying DCryr do not satisfy DCgnpxTNF—2-

5.1.3 ENF and TOF

In this section, we analyse the relationship between the double fault ENF x TOF and its correspond-

ing single faults.

Let S be a Boolean expression in IDNF. As discussed in Section 2.2, if the subexpression p;, +-- -+

Pn, (i1 < hy) in S is wrongly negated, the corresponding detection condition, denoted by DCgnr, is

hy m
“any point in TP;(S TP;(S)) or any point in FP(S)”. We use TCgnr to denote the
yp
- i—1
o i7éil17v--7h1
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hy m
set of all points that satisfy DCgyr, that is TCgyr = (( Urris)\( U TPi(S))) UFP(S).
= Ty
Similarly, if the i>-th term, p;,, in § is wrongly omitted, the corresponding detection condition, de-
noted by DCror, is “any point in UTP;,(S)". We use TCror to denote the set of all points that

satisty DCror, that is TCror = UTP;, (S).

For ENFx TOF, there are two subcases.

Case 1 The double-fault expression is equivalent to Expression (5) in Table 1 where i} < h < i5.
hy m
The detection condition, denoted by DCnrxror—1, is “any pointin (| J TP;(S))\(  |J  TPi(S))
=i i#ilf-:n,lhhlé
or any pointin FP(S)". We use TCgnrxToF—1 to denote the set of all points that satisfy DCenpxr0F—1,
hy m
thatis TCenFxTOF—1 = (( U TP,‘(S)) \ ( U TPi(S))> UFP(S).

i=i) =l
i1yl

(A) Relationship between DCgnyr and DCenrxTOF—1: The relationship R1 holds because:

TCgnF
hy m
_ (('UTPi(S))\( U TP,~(S))>UFP(S)
=h i;éil:.l.,h]
hy m
_ ((UTP,-(S))\(( U TPi(S>>UTPl-2(S>))UFP(S>
=h i;éili.:..,lhl,iz
hy m
© ((UtPs)N (U TP(9))UFPLS) By using 4\ (BUC) €
=i i;éi]filh],iz
A\B)

= TCENFxTOF—1-

Hence, any point satisfying DCgnr satisfies DCenFwTOF—1-

(B) Relationship between DCror and DCenrx1oF—1: The relationship R6 holds because:

Report Title : Detecting Double Faults Related to Terms in Boolean Expression Page 59 of 121
SWINBURNE Prepared by : Man Fai Lau and Ying Liu
UNIVERSITY OF | 17/10/2008

TECHNOLOGY




TCror NTCENFMTOF—1

- UTP,-Z(S)m<((©TP,-(S))\( O TP,-(S)))UFP(S))
i i#i] l:}hl )

_ (UTPZ-Z(S) N (( 6 )\ (U TP,-(S)))) U <UTPi2(S) mFP(S))
i=i i=1

l#ll a"'7h1 si2

hy
C (UTP,-z(S) n( TP,~(S))> U0  (Byusing A\ B C A)

i=i|

— 0  (By definition of UTP;,(S) and iy < hy < in).

Hence, all points satisfying DCror do not satisfy DCenrpxTOF—1-

Case 2 The double-fault expression is equivalent to Expression (6) in Table 1 where i} < iy < hy

hy
and i; < hi. The detection condition, denoted by DCrnrxroF—2, is “any point in (| J TP;(S)) \
i
m
( J TPi(S)) or any point in FP(S)”. We use TCgnrxroF—2 to denote the set of points that
i;éiii.l.,hl
hy m
satisfy DCenrxToF—2, thatis TCenFwTOF—2 = (( U TP,'(S)) \ ( U TPi(S))> UFP(S).
~ ~
i;ég i75il17-~7h1
(A) Relationship between DCgyr and DCenrxTOF—2: The relationship R2 holds because of the

following reasons:

(a) Some points in TCenr can satisfy DCenrpwToF—2. FOr example, in TCgyr, false points of

S (that is, points in FP(S)) satisfy DCenpxTOF—2-

(b) Some points in TCgnr cannot satisfy DCeypwror—2. Since S is in IDNF, UTP;(S) #
0 for all i. For example, in TCgyr, we can find a point 7 such that 7 € UTP;,(S) =

m
(TP, (S)\ | TPi(S)). Note that, 7 does not satisfy DCenrxror—2 because 7 ¢ FP(S)

i=1

i#iy
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hy
and7 ¢ (| TPi(S))

i#iy

Hence, only some, but not all, points satisfying DCgnr can satisfy DCenpxT0F—2.

(B) Relationship between DCror and DCenrxroF—2: The relationship R6 holds because:

TCror NTCENFx TOF 2

—  UTP,(S (( UTP )\ ( Lm) TP,~(S)))UFP(S)>

ll]

=1
17&12 i;él.h,..,hl

_ (UTP,-2 (S)N (( Cj TP:(S)) \ ( Lmjl TP,~(S))>> U (UTP,-z (s) mFP(S)))
i;«éi; i?éilli--vhl
C (UTP,-Z(S)H ('LIJ. TP,~(S))> uo (By using A\ B C A)
ii
= 0 (By definition of UTP;,(S)).

Hence, all points satisfying DCror do not satisfy DCgnEwTOF—2-

5.1.4 ENF and DORF

In this section, we analyse the relationship between the double fault ENFxDORF and its corre-

sponding single faults.

Let S be a Boolean expression in IDNF. As discussed in Section 2.2, if the subexpression p;, + - -+

Ph, (i1 < hp) in S is wrongly negated the corresponding detection condition, denoted by DCgnr, is

hy
“any point in ( U TP;(S) U TP;(S)) or any point in FP(S)”. We use TCgnr to denote the
= 1#117
1
set of all points that satisfy DCenr, that is TCeyr = <( U 7P:i(S) U TP;( > UFP(S).

i=i|

175117 h
Similarly, if the subexpression p;, + pi,+1 in S is wrongly implemented as p;, - pi,+1, the cor-

responding detection condition, denoted by DCporr, is “any point in UTP;,(S) or any point in
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UTP;,+1(S)". We use TCporr to denote the set of all points that satisfy DCpogr, thatis TCporr =

UTP,,(S)UUTP;,1(S).

For ENF x DOREF, there are four subcases.

Case 1 The double-fault expression is equivalent to Expression (7) in Table 1 where i} < h < i5.

hy
The detection condition, denoted by DCgnrwxporr—i1, IS “any point in (UTP,-(S))\

i=i|

(( U TP,(8)) U (TP, (S)NTPi,+1(S)) ) orany pointin FP(S)". We use TCpxrx porr—1
i#0] .01 ,02,i0+1

hy
to denote the set of all points that satisfy DCenrxporr—1, thatis TCENExDORF—1 = (( U TP;(S)) \
. i=i
(( U TP(S)) U (TP, (S)N TPy (S)))) UFP(S).
=1
iy i i+ 1

(A) Relationship between DCenr and DCenrxporr—1: The relationship R1 holds because

TCenF
hy m
= ((Urrs)\( U 7Pi9) ) UFP(S)
= it
hy m
— (( U TP:(S)) \ (( U TP;(S)) UTP;,(S)U TP,~2+1(S)>) UFP(S)
= it i
hy m
- (( U 7Pi($)) \ (( U TP;(S)) U (TP;,(S) ﬁTPi2+1(S)))> UFP(S)
i=iy i=1
0],y ,00,00+1

(By using A\ (BU(CUD)) CA\ (BU(CND)))

= TCENFxDORF—I-

Hence, any point satisfying DCgnr satisfies DCEnFwxDORF—1-

(B) Relationship between DCpogrr and DCenrxporr—1: The relationship R6 holds because:
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TCporr NTCENFxDORF—1

hy m
= (UTP,(S)UUTP;,+1(S)) N ((( U TPi(S)) \ (( U TP;(S))
=i i;éil,...fhzl{ig,iz+1
U(TPi, (S) N TP, 11 (S)))) UFP(S)>
hy m
= ((UTPiz (S)UUTP;,11(S)) N <( U 7Pi($)) \ (( U TP;(S))
i=iy i=1
ii1 ...+ 1

U(TPy,(S) N TP,y (S))> ) ) U ((UTP,~2 (S)UUTP;, 1 (S)) N FP(S)>

((UTPiz(S) UUTP;,41(S)) N ( Llj TP,-(S))) U0  (ByusingA\BCA)

i=i|

N

1
= (UTPL(S)N U TPi(S)) U (UTP;,11(S)N | TPi(S)

i=i; i=i]
= 0 (By definitions of UTP;,(S) and UTP;,+1(S), and i1 < hy < i).

Hence, all points satisfying DCpogr do not satisfy DCenrFwxDORF—1-

Case 2 The double-fault expression is equivalent to Expression (8) in Table 1 where i} < h| = i5.
h] m

The detection condition, denoted by DCgnrxporr—2, is “any pointin (| J TP;(S))\( |  TPi(S))".

i=iy i=1

i#i],...,h+1
We use TCenrFwpoRF—2 10 denote the set of points that satisfy DCenrxporr—2, thatis TCEnFxDORF—2 =
1 m
(Urr)\N( U 7Pi(9)).
i=ij i=1
i#i],..,h1+1

(A) Relationship between DCgyr and DCenFwporF—2: The relationship R2 holds because of the

following reasons:

(@) Some points in TCgnr can satisfy DCgnpxporr—2- Since S is in IDNF, UTP;(S) # 0 for
all i. For example, in TCgyr, we can find a point 7 such that 7 € UTP”(S) (TP (S)\
Lmj TP,-(S Note that, 7 satisfies DCrnrxporF—2 because 7 € TP,1 U TP;(
iZi iZi
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hy m
(( U TP;(S)) \ ( U TPi(S))> = TCenrxpoRF—2 (by using A\ (BUC) C (A\B) C

=i

(AUD)\ B).

135117 7h1+1

(b) Some points in TCgnr cannot satisfy DCenewporr—2. For example, in TCenr, false points

of S (that is, points in FP(S)) do not satisfy DCgnpxpoRF—2-

Hence, only some, but not all, points satisfying DCgnr can satisfy DCenpx DORF—2-

(B) Relationship between DCpogr and DCgnrxporr—2: The relationship R5 holds because of the

following reasons:

(@) Some points in TCpopgr can satisfy DCgnpwporr—2- Since S is in IDNF, UTP;(S) # 0 for
aII i. For example, in TCpogr, we can find a point 7 such that 7 € UTP;, (S) (TP, (S) \
U TP;(S)). Note that, 7 satisfies DCenrwporr—2 because 7 € (TP, (S) \ U TP;(S)) C
l#z l?élz

hy

(( U 7Pi($)\ ( U TPi(S))) = TCenFxpORF—2 (by Using A\ (BUC) C (A\B) C
=h z;éll,:,hﬁ—l

(AUD)\ B and ip = hy).

(b) Some points in TCpogr cannot satisfy DCENFNDORF 2. For example, in TCpogr, We can
find a point 7 € UTP;,+1(S) = (TPj,11(S U TP;(S)). Note that, 7 does not satisfy
l;ézz+1
hy
DCENFNDORF—Z because ?¢ ( U TP,'(S)) and i) = hl.

i=i|

Hence, only some, but not all, points satisfying DCporr can satisfy DCenpwxDORF—2-

Case 3 The double-fault expression is equivalent to Expression (9) in Table 1 where i; = i, and
hy =i+ 1. The detection condition, denoted by DCrnrwporr—3, iS “any point in (TP,~l (S)N
TP; +1(5)) \ ( U TP;(S)) or any point in FP(S)”. We use TCenpxporr—3 to denote the

17511,11—0—1
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set of all points that satisfy DCenpwxporr—3, that is TCENFxDORF—3 = <(TP,'1 (S) N TPi1+1(S)) \

(U TP,-(S)))UFP(S).
=1

=
i#iy,i1+1

(A) Relationship between DCgynr and DCengwporr—3: The relationship R2 holds because of the

following reasons:

(a) Some points in TCgyr can satisfy DCenewporr—3. For example, in TCenr, false points of
S (that is, points in FP(S)) satisfy DCgnFxDORF—3-

(b) Some points in TCgyr cannot satisfy DCenrxporr—3- Since S is in IDNF, UTP;(S) # 0
for all i. For example, in TCgyr, we can find a point 7 such that 7 € UTP;, (S) = (TP;, (S) \
m
U TP;i(S)). Note that, 7 does not satisfy DCgnrxporr—3 because 7 & TP, 1(S).
i=1
i£iy

Hence, only some, but not all, points satisfying DCgyr can satisfy DCEngx pORF—3-

(B) Relationship between DCpogr and DCenpFwporF—3: The relationship R6 holds because:
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TCporr NTCENFxDORF—-3

= (UTP,(S)UUTP;,1(S)) N (((TPil(S) ATP; 1(S U TP(S ) UFP(S))

1#11 11+1
_ ((UTPiZ (S)UUTP,41(S)) N ( (TP, (S) TP, 1 (S U TP;( ))

17511,11—0—1

U((UTP,($)UUTP11(8)) NFP(S))
= (vreasn (70RO (U TP,-(S))))
i—1
1%11,114-1
U(UTP,-2+1(S) N ((TP,~1 (S)NTP;,+1(S U TP;( )) uo
l#l],lﬁ»l
(UTP,-2 (S)N (TP;,(S)NTP;, 41 (S))) U (UTP,-2+1 (S)N (TP;,(S)NTP;, 41 (S)))
(By using A\ B C A)

N

= (UTP,(S)NTP;+1(S)) U (UTP;,11(S)NTP;, (S))
(When i = iy, UTP;,(S) C TP;,(S) and UTP;,+1(S) C TP;,+1(S))
= 0 (By definitions of UTP;,(S) and UTP;,1(S), and i} = ip).

Hence, all points satisfying DCpogr do not satisty DCenFwDORF—3-

Case 4 The double-fault expression is equivalent to Expression (10) in Table 1 where i1 < i < hj

and h; # i; + 1. The detection condition, denoted by DCgnrxporr—4, iS “any point in

h
<( U TPi(S)) U (TPL(S) N TPy 1 (S ) U TP;(S)) or any point in FP(S)". We use
=i
i#ip,ir+1 l#ll
TCenFxDORF—4 t0 denote the set of all points that satlsfy DCENFNDORF74, thatis TCENFuDORF—4 =

((( 6 TP;(S)) U (TP;,(S) N TP, 41(S) ) U TP;( )UFP(S).

=i
i#in,ir+1 z#u, h

(A) Relationship between DCgynr and DCenrwporrF—4: The relationship R2 holds because of the

following reasons:

(a) Some points in TCgyr can satisfy DCenFwporF—4- FOr example, in TCenr, false points of
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S (that is, points in FP(S)) satisfy DCENFxDORF—4-

(b) Some points in TCgyr cannot satisfy DCenpxporr—4- Since S is in IDNF, UTP;(S) # 0
for all i. For example, in TCgyr, we can find a point 7 such that 7 € UTP;, (S) = (TP;,(S) \
U TP;(S)). Note that, 7 does not satisfy DCgnrwporr—4 because 7 & TP;, 11 (S).
175!2

Hence, only some, but not all, points satisfying DCgyr can satisfy DCgnpx poRF—4-

(B) Relationship between DCpogrr and DCenrxporF—4: The relationship R6 holds because:
TCporr NTCENFxDORF—4

= (UTP,(S)UUTP,1(S)) (( U TPi(S)) U (TP, (S)ﬂTPi2+1(S))>
i;ﬁ;z,l'l21+l

\( Lnj TP,~(S)))UFP(S)>

i1l

N

1
(UTP,,(S)UUTP, (S (( U TP(S)) U (TP, (S) ﬁTP,-zH(S)))
i;é;,ilz'ﬂ

UFP(S)) (By using A\ B C A)

_ ((UTPiz(S)UUTP,-ZH ( U TPi(S)) U (TP, (S)mTP,-2+1(S))>>
i;éfz,ilzlﬂ

U ((UTP,-2 (S)UUTP,41(S)) N FP(S))

- <<(UTPi2 (S)UUTP, 1 (S)) N ( U TP,-(S))) U ((UTP,-2 (S)UUTP;, 1(S))
i;éf;iizlﬂ

N(TP,(S) N TP,-2+1(S))>> U0  ((UTP,(S) UUTP;,11(S)) C UTP(S) and UTP(S)N
FP(S) = 0)

hy

- (UTP,2 ( U 7Pils > U (UTPiZH(S) n( U TP,-(S))) U0 (UTPy(S)U
PH iinint1
UTP;,+1(S)) C UTP(S), (TP;,(S)NTPi,41(S)) C OTP(S) and UTP(S) N OTP(S) =0 )

= 0 (By definitions of UTP;,(S) and UTP;,+1(S)) .

Hence, all points satisfying DCpogr do not satisty DCenFwDORF—4-
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5.1.5 ENF and CORF

In this section, we analyse the relationship between the double fault ENFxCORF and its corre-

sponding single faults.

Let S be a Boolean expression in IDNF. As discussed in Section 2.2, if the subexpression p;, +-- -+

Pn, (i1 < hy) in S is wrongly negated, the corresponding detection condition, denoted by DCgnr, is
h] m
“any pointin ({J TPi(S))\( |J TPi(S)) orany pointin FP(S)”. We use TCgnr to denote the
. iy
m

set of all points that satisfy DCgnr, that is TCeyr = (( C]J TPi(S)) \ ( U TP,~(S))> UFP(S).

= iy
Similarly, if the i>-th term, p;,, in § is wrongly implemented as p;, 1, + Pir,jo+1 ki, where p;, =
Pir,1,j2 " Pir,jo+1kiy» the corresponding detection condition, denoted by DCcorr, is “any point in
FP(S) suchthat pi, 1, + Piy, jo+1,k, = 1"- We use TCcorr to denote the set of all points that satisfy

DCcorr, thatis TCcorr = {?E FP(S) : pi, 1), + Pir,jo+1kiy = 1}.

For ENF x COREF, there are two subcases.

Case 1 The double-fault expression is equivalent to Expression (11) in Table 1 where i; < h; < i3.
hy m
The detection condition, denoted by DCnrx corr—1, is “any pointin (| TPi(S)\ (| TP:i(S))

i=i) i=1
il
such that pi,.1,j, + Piy, jy+1,k, = 0 Or any point in FP(S)”. We use TCgnpxcorr—i to denote
h
the set of all points that satisfy DCenrFxcorr—1, that is TCenpxcorRF—1 = {? € (U TP,'(S)) \
=i
m

(U TPiS)) : pintjo + Pisjpi 1k, = 0FUFP(S).
i#ilf-:n}huiz

(A) Relationship between DCenr and DCenFx cORF—1:

h m
First, TCenrxcorr—1 = {7 € (|JTPiS)\( U TPi(S)) : Pir1js + Pir,jot1k, = 0} U
-1

i=i] =
i1,
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hy
S) C (( U TP,~( U TP;(S > UFP(S)) = TCgnr. Hence the relationship be-
o 17'5117 »h
tween DCenr and DCgENEw CORF—1 depends on whether TCenrwcorrF—1 = TCENF-

If TCenFxcorr—1 and TCenr are not equal, R2 holds. That means, some points in TCgyr do
not satisfy DCenpxcorr—1. Here is an example. Let S = ab + cd + ef. If the subexpression
ab + cd is negated and the third term ef is wrongly split as e + f, Ienr = m+ ef and
IENFwCORF—1 = ab~+ cd +e+ f. Now, the point 110001 € UTP,(S) = TP, (S U TP;(S

TCgnr can distinguish S from Igyr because S and Igyr evaluate to 1 and 0 on this point,
respectively. However, it cannot be used to distinguish § from IgnrFw corr—1 because both S

and IgnFxcorF— evaluateto 1 on 110001.

On the other hand, if TCenrwxcorr—1 = TCenr, R1 holds. That means, p;, 1 j, + Dirjo+1.ki,
hy m
evaluates to 0 on all points in (| J 7P;(S))\ ( |J TPi(S)). Under such circumstances,

i=i i=1

all test cases that can detect ENF x CORF — Il?:;r.]“gllso be used to detect ENF Here is an
example. Let S = abc +de+abd + cd + ae+ be. Note that (TP1(S)UTP1(S)) \ (UTP ) =
{11110,11011,11111}. If the subexpression abc + de is negated and the third term is wrongly
split as @+ bd, Ignp = abc + de + abd + cd + ae + be and Ienpw cORF— 1= abc+de+a+bd+
cd + de + be. For ease of reference, let X = <(TP1 (S)UTP(S)) \ (U TP;(S )) Note that
X:{llllO,llOll,lllll},and TCENF:XUFP( ) {11110 11011 lllll}UFP( ) and
TCenFxcORF—1 ={f€X :a+bd =0} UFP(S) = {11110,11011,11111} UFP(S) = TCgnF

because a@+ bd = 0 on all points in X.

(B) Relationship between DCcorr and DCenrx corr—1: The relationship R4 holds because:

TCcorr
= {TE€FP(S): pi1,jo+Pirjo+1k, = 1}
C  FP(S)
1 m
c {Fe(UrP)\N( U  TPi(S)) : Pirtjo + Pisjori by, = 0} UFP(S)
o i#ilfi}hl i
= TCENFxCORF-1-
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Hence, any point satisfying DCcorr satisfies DCenpx cORF—1-

Case 2 The double-fault expression is equivalent to Expression (12) in Table 1 where i1 < i < hy
hy

and i; < hy. The detection condition, denoted by DCenrxcorr—2, is “any pointin (| TPi(S)) \

i=i;
( U TP;(S)) or any pointin FP(S) such that p;, 1 j, + Pi jp+14, = 0" We use TCENFx CORF—2
175!17

to denote the set of all points that satisfy DCengx corr—2, thatis TCENFx CORF—2 = <( U 7Pi(S)) \

i=ig
( U TP )) U{t S FP(S> * Pix,1,jn +pi2:j2+1»ki2 = 0}'
i;éil,...,hl

(A) Relationship between DCgnr and DCenrx corr—2: The relationship R2 holds because of the

following reasons:

(@) Some points in TCgnr can satisfy DCeypxcorr—2- Since S is in IDNF, UTP;(S) # 0 for

aII i. For example, in TCgyr, we can find a point 7 such that 7 € UTP;, (S) (TP;, (S)\

U TP;(S)). Note that, 7 satisfies DCgnrx corr—2 because 7 € ( S)\ U TP;(S

1#11 13511

(( U TP;(S) U TP;(S ) C TCrnrwcorr—2 (by using A\ (BUC) C (A\ B) C
o 1#117 h

(AUD)\ B).

(b) Some points in TCgyr cannot satisfy DCenpx corr—2- Since S is in IDNF, NFPl-7jv(S) = ( for

alli and j. For example, in TCgyr, we can find a point 7 such that7 € NFP,  (S) C FP(S).

2, ]2

By definition of NFP;, ;,(S), p;, 7, = 1 on 7. Note that, 7 does not satisfy DCEnFx cORF—2

because 7 is a false point of S and p;, 1 j, + Pir,jo+1ky, =0+1=1700n f.

Hence, only some, but not all, points satisfying DCgyr can satisfy DCenrwx corr—2-

(B) Relationship between DCcorr and DCgnrwcorr—2: The relationship R6 holds because:
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DCcorr NDCENFx CORF—2

hy m
= {T€FP(S): pirtjo+Pirjotihy, = 11N ((( Ures)\( U TP,-(S)))

i=iy i—1
U{F € FP(S) : Pir,1,j, + Pir.jo+1ki, = 0})

h m
= <{?€ FP(S) : pir,1,j, + Piy,jo+1kiy = 130 (( U TPi(S)) \( U TPi(S))))
- i#iﬁ}-?hl
U<{?€ FP(S): pis,1,jo ¥ Pir. ot 1kiy = VYT € FP(S) 2 pin, 1 jo + Pin. o1 ki, = 0}>
= 0.

Hence, all points satisfying DCcorr do not satisfy DCgnpx corr—2-

5.1.6 TNF and TNF

In this section, we analyse the relationship between the double fault involving two TNFs. Since there
are two TNFs, we use TNF1 and TNF2 to identify the two different TNFs in double fault TNF1xTNF2

for ease of understanding.

Let S be a Boolean expression in IDNF. As discussed in Section 2.2, if the i-th term, p;,, in S
is wrongly negated, the corresponding detection condition, denoted by DCryr;, is “any point in
UTP;,(S) or any pointin FP(S)". We use TCryr; to denote the set of all points that satisfy DCrnr,
that is TCryr; = UTP;, (S) UFP(S).

Similarly, if the i>-th term, p;,, in S is wrongly negated, the corresponding detection condition,
denoted by DCryrz2, is “any point in UTP;, (S) or any point in FP(S)”. We use TCryr? to denote the

set of all points that satisfy DCryp2, that is TCryr2 = UTP;,(S) UFP(S).

The double-fault expression is equivalent to Expression (13) in Table 1 where i1 < i>. The detection

m
condition, denoted by DCrnrix7nr2, is “any point in (TP;, (S) NTP;(S)) \ ( U TP;(S)) or any
iiil;l}iz
pointin FP(S)”. We use TCynr1w7NF2 to denote the set of all points that satisfy DCryrrx7nE2, that
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is TCTNFInTNEF2 = ((TP,‘1 (S)QTPQ(S)) \( Lr_nJ TPi(S))) UFP(S).
i=1

(A)

=
i#i1,

Relationship between DCryr; and DCryrintar2: The relationship R2 holds because of the

following reasons:

(a) Some points in TCryr; can satisfy DCryriwTNF2- FOr example, in TCryr;, false points of

S (that is, points in FP(S)) satisfy DCrnpxTNE2-

(b) Some points in TCryr; cannot satisfy DCryrixrar2- Since S is in IDNF, UTP;(S) # 0 for
all i. For example, in TCryr;, we can find a point 7 such that 7 € UTP;, (S) = (TP;,(S) \
6 TP;(S)). Note that, 7 does not satisfy DCynrix7nr2 because 7 & FP(S), T & TP;,(S)
and ip # i.

Hence, only some, but not all, points satisfying DCryr; can satisfy DCryrixTNF2-

Relationship between DCryr> and DCryriwTar2: The relationship R5 holds because of the

following reasons:

(a) Some points in TCryr> can satisty DCryriwarF2- FOr example, in TCryr2, false points of

S (that is, points in FP(S)) satisfy DCrnpxTNE2-

(b) Some points in TCryr> cannot satisfy DCryriwrar2- Since S is in IDNF, UTP;(S) # 0 for
all i. For example, in TCrr2, we can find a point 7 such that 7 € UTP;,(S) = (TP;,(S) \
m
U TP;(S)). Note that, 7 does not satisfy DCynrix7nr2 because 7 & FP(S), T & TP;, (S)
i=1
i#ip

and iy # ip.

Hence, only some, but not all, points satisfying DCryr2 can satisfy DCryriwTNF2-
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5.1.7 TNF and TOF

In this section, we analyse the relationship between the double fault TNFxTOF and its correspond-

ing single faults.

Let S be a Boolean expression in IDNF. As discussed in Section 2.2, if the ij-th term, p;;, in §
is wrongly negated, the corresponding detection condition, denoted by DCrnr, is “any point in
UTP;,(S) or any point in FP(S)". We use TCrnr to denote the set of all points that satisfy DCrr,
that is TCryr = UTP;,(S) UFP(S).

Similarly, if the i>-th term, p;,, in S is wrongly omitted, the corresponding detection condition, de-
noted by DCror, is “any point in UTP;,(S)". We use TCror to denote the set of all points that

satisfy DCror, that is TCror = UTP;,(S).

The double-fault expression is equivalent to Expression (14) in Table 1 where iy < i>. The de-
m
tection condition, denoted by DCryrx 1o, is “any point in (TP;, (S)) \ ( U

TP;(S)) or any point
1

1=
i1,
in FP(S)". We use TCnrx1oF to denote the set of all points that satisfy DCrnvrxroF, that is
m
DCrNExTOF = (TP,'] (S)\ ( U TPi(S))) UFP(S).
i;;l}iz

(A) Relationship between DCryr and DCryrx1oF: The relationship R1 holds because:

TCrnF
= UTP; (S) UFP(S)

= (TPy®\ (U TPiS)) ) UFP(S)
i=1
i#i
_ <TP,-1(S)\<( U TPi(S))UTPiz(S))>UFP(S)
i=1
i#i1,ip
(TP,-](S)\( U )TP,(S))UFP(S) (By using A\ (BUC) C A\ B)

=1
i1,

N

= TCINFuTOF-
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Hence, any point satisfying DCryr satisfies DCrypEx TOF-

(B) Relationship between DCror and DCrnrxTOF: The relationship R6 holds because:

TCror NTCTNFxTOF
— UTP,(S)N ((Tpi1 )\ ( Q TPi(S))) UFP(S)>
ii1,i
- (UTP,-2 (S)N (TP,~1 )\ ( 61 TP,(S)))) U (UTP,-2 (S) mFP(S))
c (UTP,-2 (S)NTP; (S)) Uo ' ]7(sz using A\ B C A)
— 0 (By definition of UTP;,(S) and i1 # iz).

Hence, all points satisfying DCror do not satisfy DCryrx10OF-

5.1.8 TNF and DORF

In this section, we analyse the relationship between the double fault TNFxDORF and its corre-

sponding single faults.

Let S be a Boolean expression in IDNF. As discussed in Section 2.2, if the ij-th term, p; in S
is wrongly negated, the corresponding detection condition, denoted by DCryr, is “any point in
UTP;,(S) or any point in FP(S)". We use TCryr to denote the set of all points that satisfy DCrr,
that is TCryr = UTP;,(S) UFP(S).

Similarly, if the subexpression p;, + p;,+1 in S is wrongly implemented as p;, - pi,+1, the cor-
responding detection condition, denoted by DCpogrr, is “any point in UTP;,(S) or any point in
UTP;,+1(S)". We use TCporr to denote the set of all points that satisfy DCporr, thatis TCporr =

UTPiZ(S) UUTP;, 11 (S)

For TNF x DOREF, there are two subcases.

Report Title : Detecting Double Faults Related to Terms in Boolean Expression Page 74 of 121
SWINBURNE Prepared by : Man Fai Lau and Ying Liu
UNIVERSITY OF | 17/10/2008

TECHNOLOGY




Case 1 The double-fault expression is equivalent to Expression (15) in Table 1 where i1 < i. The
m

detection condition, denoted by DCynrxporr-1, is “any point in TP;, (S) \ <( U TP;(S)) U

i=1
i#i),i2,ip+1

(TP;,(S)N TP,-2+1(S))> or any point in FP(S)”. We use TCrnrxporr—1 to denote the set of all

m

points that satisfy DCryrxporr—1, that is TCTNFxDORF—1 = (TPil (S)\ (( U TP,'(S)) U
i#hiz}iz-ﬂ

(TP,,(S)NTP;,11(S)) ) ) UFP(S).

(A) Relationship between DCryr and DCryrxporrF—1: The relationship R1 holds because:
TCynF
= UTP; (S)UFP(S)

_ <TP,-1(S)\ (U TP,-(S))) UFP(S)
i=1
i

= (TP,-l (8)\ (( Lmj TP;(S)) UTP;,(S) UTPi2+1(S)))) UFP(S)
i#ilfz}izﬂ
C (TP,-I(S)\ ( U 7P(S)U (TP,(S) N TP,~2+1(S))>) UFP(S)  (Byusing A\ (BU
i=1
ii1 i,
CUD) CA\ (BU (C%D)))

= TCINFuDORF—1I-

Hence, any point satisfying DCryr satisfies DCrNFwxDORF—1-

(B) Relationship between DCpogrr and DCrnrwporr—1: The relationship R6 holds because:
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TCporr NTCINFXDORF—1

- <UTPi2<s>UUTPi2+1<S>)m((TPI-I<S>\(( U 1)V (PN TP (5)) )
i=1
i#iy,ip,i+1

uFP(S))
= (UTP,(S)UUTP;,11(S))N (TP,‘1 (S) UFP(S)) (By using A\ B C A)

( UTP;,(S) UUTP;,41(S)) N TP, (S)) U ((UTP,-2 (S)UUTP;, 1(S)) N FP(S))
c ( UTP;,(S)UUTP;,.1(S)) N TP, (S)) uo
= (UTP,(S)NTP; (S)) U (UTPi41(S)NTP;, (S))
= 0 (By definitions of UTP;,(S) and UTP;,+1(S), and i; < ip).

Hence, all points satisfying DCpogrr do not satisfy DCryrxDORF—1-

Case 2 The double-fault expression is equivalent to Expression (16) in Table 1 where i1 =1i3. The

detection condition, denoted by DCryrxporrF—2, IS “any point in TPl1 U TP;(

17511 11—|—1
use TCTNFNDORF 2 to denote the set of points that satisfy DCryrwporr—2, thatis TCtnExpoORF—2 =

TP;, (5)\ ( U TP;(S)).

17511,”—0—1

(A) Relationship between DCrnr and DCryrxporrF—2: The relationship R2 holds because of the

following reasons:

(@) Some points in TCrnr can satisfy DCryrpwxporr—2- Since S is in IDNF, UTP;(S) # 0 for
aII i. For example, in TCryr, we can find a point 7 such that 7 € UTP,, (S) = (TP;,(S)\
U TP;(S)) and 7 satisfies DCrvrxporr—2 because 7 € (TP;, (S) \ U TP;(S)) C TP;,(S)\
17511 zs«én
U TP;(S)) = TCrnrxporr—2 (by using A\ (BUC) C (A\ B)).

z;éll 11+1
(b) Some points in TCyr cannot satisfy DCryrxporr—2. For example, in TCryr, false points

of S (that is, points in FP(S)) do not satisfy DCrngxporF—2-
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Hence, only some, but not all, points satisfying DC7yr can satisfy DCryrxpORF—2-

(B) Relationship between DCpogr and DCrnrxporrF—2: The relationship RS holds because of the

following reasons:

(@) Some points in TCpogr can satisfy DCyngxporr—2- Since S is in IDNF, UTP;(S) # 0 for all
i. Given that i} = iy, we can find a point 7 in TCpogr such that7 € UTP;,(S) = UTP;,(S) =
m
(TP,'1 (S) \ U TPi(S)) and ?satisfies DCTNFMDORF—Z-

l'l;ill
(b) Some points in TCpogr cannot satisfy DCryrxporr—2- Since S is in IDNF, UTP;(S) # 0

for all i. Given that iy = i, we can find a point 7 in TCpogr such that 7 € UTP;,1(S) =

m
UTP;,4+1(S) = (TP;;11(5) \ U TP;(S)) and 7 does not satisfy DCrnrxporr—2 because
i=1

i +1
7 & TP;,(S).

Hence, only some, but not all, points satisfying DCpogrr can satisfy DCtnEwDORF—2-

5.1.9 TNF and CORF

In this section, we analyse the relationship between the double fault TNFxCORF and its corre-

sponding single faults.

Let S be a Boolean expression in IDNF. As discussed in Section 2.2, if the ij-th term, p;, in §
is wrongly negated, the corresponding detection condition, denoted by DCryr, is “any point in
UTP;,(S) or any point in FP(S)". We use TCrnr to denote the set of all points that satisfy DCrr,

that is TCrvr = UTP;, (S)UFP(S).

Similarly, if the i>-th term, p;,, in § is wrongly implemented as pj, 1,j, + Piy,j+1k, Where p;, =
Pir1jo " Pin,jo+1.kiy» the corresponding detection condition, denoted by DCcogr, is “any point in
FP(S) such that p;, 1,j, + Pir, jo+ 1,44, = 17- We use TCcorr to denote the set of all points that satisfy

DCcogrr, thatis TCcorr = {?E FP(S) 2 Dix1,js +pi27j2+1.,k,-2 = 1}.
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For TNF x COREF, there are two subcases.

Case 1 The double-fault expression is equivalent to Expression (17) in Table 1 where i; < i>.
The detection condition, denoted by DCryrxcorr—1, is “any point in UTP;, (S) such that Dir 1o +
Pir,jr+1k;, = 0 Or any point in FP(S)". We use TCryrxcorrF—1 to denote the set of all points that

satisfy DCrwrx corr—1, thatis TCtwrwcorr—1 = {1 € UTP;, (S) : Piy,1,j» + Piy, jp+1.k, = 0} UFP(S).

(A) Relationship between DCryr and DCTyFx cORF—1:

First, we observe that TCrNyrFxcOrRF—1 = {?G UTP;, (S) : Dix 1, +pi2,j2+1,ki2 = O} UFP(S) -
(UTP;,(S)UFP(S)) = TCrnr- Hence the relationship between DCrnr and DCrnpw cORF—1

depends on whether TCryrx corF—1 = TCTnF.

If TCtnrExcorr—1 and TCryr are not equal, R2 holds. That means, some points in TCryr
do not satisfy DCrvrwcorr—1. Here is an example. Let S = abc + abd + cd. If the first term
abc is negated and the second term is wrongly split as @ + d, Ityr = abc + abd + cd and
IrNFx CORF—1 = abc +ab +d + cd. Now, the point 1111 € UTP;(S) C TCryr can distinguish
S from I7yr because S and Iryr evaluate to 1 and 0 on this point, respectively. However, it
cannot be used to distinguish S from Itnrw corrF—1 because both S and Itnrwcorr—1 evaluate

tolonllll.

On the other hand, if TC7yrxcorr—1 = TCrnr, R1 holds. That means, p;, 1, —|—p,-2,j2+17ki2
evaluate to 0 on all points in UTP;, (S). Under such special circumstances, all test cases that
can detect TNF x CORF — 1 can also be used to detect TNF. Here is an example. Let
S =ab+ cd + ac+ bd. Note that UTP;(S) = {1100}. If the first term ab is negated and the
second term is wrongly split as ¢ +d, Irnr = ab + cd + ac + bd and Itypwcorr—1 = ab+c +
d+ac+bd. Now, TCryr = UTP{(S)UFP(S) = {1100} UFP(S), and TCrnrwcorF—1 = {f €
UTP,(S):c+d=0}UFP(S) ={1100} UFP(S) = TCynF because ¢ +d = 0 on all points of
UTP;(S) ={1100}.

(B) Relationship between DCcorr and DCryrx corr—1: The relationship R4 holds because:
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TCcorr
{?E FP(S) :piZalajZ +pi2aj2+17ki2 = l}
FP(S)

Nl

N

{?E UTP;, (S) 2 Pix,1,jo +pi27j2+1,ki2 = 0}UFP(S)

TCINFxCORF—1-

Hence, any point satisfying DCcorr satisfies DCtnFwcORF—1-

Case 2 The double-fault expression is equivalent to Expression (18) in Table 1 where i1 = i;. The
detection condition, denoted by DCrnrxcorr—2, is “any point in UTP;,(S) or any point in FP(S)
such that p;, 1, +pi27j2+]7ki2 = 0". We use TCtnrx corF—2 to denote the set of all points that satisfy

DCrFxcorr-2, thatis TCrvrx corr—2 = UTPi, (S) U{T € FP(S) : pir,1,j> + Pis,jo+14s, = 01

(A) Relationship between DCryr and DCryrxcorr—2: The relationship R2 holds because of the

following reasons:

(@) Some points in TCryr can satisfy DCryrxcorr—2- Since S is in IDNF, UTP;(S) # 0 for all
i. Given that ij = ip, we can find a point 7 in TCyyr such that 7 € UTP;, (S) = UTP;,(S)

and 7 satisfies DCrvEx cORF—2-

(b) Some points in TCryr cannot satisfy DCyyrx corr—2. Since S is in IDNF, NFP,-J(S) = ( for

alliand j. For example, in TCryr, we can find a point 7 such that 7 € NFP;, 7 (S) € FP(S).

By definition of NFP;, ;,(S), p;, 5, = 1 on 7. Note that, 7 does not satisfy DCrnrwxcorr-2

because 7 is a false point of S and p;, 1 j, + Pir,jo+1ky, =0F+1=1700n f.

Hence, only some, but not all, points satisfying DCryr can satisfy DCryrx corr—2-

(B) Relationship between DCcorr and DCryrx corr—2: The relationship R6 holds because:

Report Title : Detecting Double Faults Related to Terms in Boolean Expression Page 79 of 121
SWINBURNE Prepared by : Man Fai Lau and Ying Liu
UNIVERSITY OF | 17/10/2008

TECHNOLOGY




TCcorr N TCTNFx CORF—2
= {T€FP(S): pint,jo+ Pin.jpr1ds, = LI NV(UTP:, (S)U{T € FP(S) : pir 1o+ Pis jo+ 1.k, = 0})
= ({f€FP(S): piy1j+Pirjotiky, = L} NUTP;(S))

U({T € FP(S) : pis,1 jo + Piz jo+ 1.k, = L} T € FP(S) : Piy 1), + Pin jp+1.4ks, = 0}
= 0 (becauseij =1ij).

Hence, all points satisfying DCcorr do not satisfy DCrnFwcOrRF—2-

5.1.10 TOF and TOF

In this section, we analyse the relationship between the double fault involving two TOFs. Since
there are two TOFs, we use TOF1 and TOF2 to identify the two different TOFs in double fault

TOF1xTOF2 for ease of understanding.

Let S be a Boolean expression in IDNF. As discussed in Section 2.2, if the ij-th term, p;;, in §
is wrongly omitted, the corresponding detection condition, denoted by DCrof;, is “any point in
UTP;,(S)”. We use TCror; to denote the set of all points that satisfy DCror, that is TCror; =
UTP;, (S).

Similarly, if the i>-th term, p;,, in S is wrongly omitted, the corresponding detection condition, de-
noted by DCror2, is “any point in UTP;,(S)". We use TCror> to denote the set of all points that
satisfy DCrorz, thatis TCror2 = UTP;,(S).

The double-fault expression is equivalent to Expression (19) in Table 1 where i1 < i;. The detection

m
condition, denoted by DCrorixror2, is “any point in (TP; (S)UTP;,(S))\ ( |J TPi(S))”. We
i=1
l'7l£i1,i2
use TCrorixToF2 10 denote the set of all points that satisty DCrorixT0F?2, that is TCrorixTOF? =

(TP;, (S)UTP;,(S))\ ( 6 TPi(S)).
1

li
i1,

(A) Relationship between DCror; and DCrorx1oF2: The relationship R1 holds because:
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DCroFi
= UTP; (S)

= TPil(S)\(UTPi(S))
;;iﬁ
- ( U TP(S UTP,-Z(S)>

z;éll ip
U TP;( (By using A\ (BUC) C A\ B)

N

175!1,!2
(TPZ-1 (S)UTP;, (S U TP;(S (By usingA\BC (AUC)\B)

N

17511 i
= TCrorixTOF2-

Hence, any point satisfying DCror; satisfies DCroriwToF?-

(B) Relationship between DCror> and DCrorx1oF2: The relationship R4 holds because:

DCror2

= UTP,(S)

= TPiZ(S)\(UlTPi(S))
i#ig

= U TP;(S)UTP;, (S))
17571712

C I\ ( U TP;(S))  (ByusingA\ (BUC) CA\B)
i

C (TP, (S)UTP,(S))\ U TP;(S)  (ByusingA\B C (AUC)\B)

i
= TCrorixToF2-

Hence, any point satisfying DCror> satisfies DCrorixTOF?-
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5.1.11 TOF and DORF

In this section, we analyse the relationship between the double fault TOFxDORF and its corre-

sponding single faults.

Let S be a Boolean expression in IDNF. As discussed in Section 2.2, if the ij-th term, p;, in §
is wrongly omitted, the corresponding detection condition, denoted by DCroF, is “any point in
UTP;,(S)”. We use TCror to denote the set of all points that satisfy DCror, that is TCror =

UTP;, (S).

Similarly, if the subexpression p;, + pi,+1 in S is wrongly implemented as p;, - p;,+1, the cor-
responding detection condition, denoted by DCporr, is “any point in UTP;,(S) or any point in
UTP;,+1(S)". We use TCporr to denote the set of all points that satisfy DCporr, thatis TCporr =

UTP;,(S) UUTP,, 1 1(S).

The double-fault expression is equivalent to Expression (20) in Table 1 where i1 < i. The detec-
m
tion condition, denoted by DCrorwporrF, is “any point in ((TP,-I(S) UTP;,(S))\ ( U TP,~(S))>
i;l;l}lé
m
U (P& UTPL )N U TPUS)) )"
=1

i—
i#iy,ix+1

(A) Relationship between DCror and DCrorxporr: The relationship R1 holds because:
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TCror

= UTP;(S)
= TPy ($)\ (U TPi())
7
= TP, (S)\( |J TPi(S)UTP,(S))
i;l;l}iz
C 1P,($)\( U TPi(S)) (ByusingA\(BUC)CA\B)
i=1
ii1 i
C (TP, (S)UTP,(S))\ ( U TPi(S))  (Byusing (A\B) C (AUC)\B)
i=1
i£i1 i
¢ ((rPu(s)uTPy)\ U TPUS)) U ((TPa(S)UTPLa ()N (U TPIS)))
i it
= TC10FxDORF-

Hence, any point satisfying DCror satisfies DC1orxporrF-

(B) Relationship between DCpogr and DCrorwxporr: The relationship R4 holds because:
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DCporr

= UTP,(S)UUTP;,(S)
- (TP,-2 )\ ( CJ TP,-(S))) U (TPi2+1 U TP;( )
1;2 17512+1 "
— ( ( U TP:(S)) UTP;, (S))> U (TPi2+1(S)\ (( U TP;(S)) UTP;, (S)>)
z;ézl,zz liéil;iz-%l
C (TP 6 TP;( ) U (TP,-ZH U TPi( )
l7l'5l_1 i 17511’!2-1-1

(By using A\ (BUC) CA\B

C (LR \ (U 709) U (79 UTPaa)\ (U 1749)

t#ll,tg l?éll l2+1
(By using (A\ B) C (CUA)\ B)

= TCT10FxDORF-

Hence, any point satisfying DCpogrr satisfies DC7orwDORF-

5.1.12 TOF and CORF

In this section, we analyse the relationship between the double fault TOFxCORF and its corre-

sponding single faults.

Let S be a Boolean expression in IDNF. As discussed in Section 2.2, if the ij-th term, p; in S
is wrongly omitted, the corresponding detection condition, denoted by DCrofF, is “any point in
UTP;,(S)". We use TCror to denote the set of all points that satisfy DCror, that is TCror =

UTP;,(S).

Similarly, if the i>-th term, p;,, in S is wrongly implemented as p;, 1,j, + Pisjr+1.k;, where p;, =
Pir1,j> " Pir,jo+1k;,» the corresponding detection condition, denoted by DCcorr, is “any point in

FP(S) such that pj, 1j, + Piy, jp+1,k;, = 1"- We use TCcorr to denote the set of all points that satisfy
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DCcorr, thatis TCcorr = {7 € FP(S) : Piy,1,jo + Pir.jp+ 1k, = 1}

The double-fault expression is equivalent to Expression (21) in Table 1 where i1 < i;. The detection

condition, denoted by DCrorx corr, is “any point in UTP;, (S) such that p;, 1 j, + Pi,jo+1,q, = 0 OF

any point in FP(S) such that p;, 1 j, + Pir,jot 1, = 17 We use TCrorwcorr to denote the set of

all points that satisfy DCrorxcorr, that is TCtorwxcorr = {?E UTP;, (S) P Pir 1, +pi27j2+17k,~2 =

0}U{7 € FP(S) : pir1,j, + Piy jo+1.kiy = 1}.

(A) Relationship between DCror and DCrorwcorr—1:

Note that, TCror = UTP;, (S) and TCroFxcorr = {?E UTP;, (S) : Pir1,j +pi27j2+1,k,-2 =0}U

{?E FP(S): DPir 1,ja +pi2,j2+17ki2 =1}

Hence, the relationship DCror and DCrorxcorr—1 depends on whether there are points in

UTP;,(S) such that pi, 1,j, + Pi, jp+1k, = 0. There are three subcases.

(@)

Some points in UTP;, (S) are such that pj, 1,j, + Piy, j,+1,k, = 0 and some points in UTP;, (S)
are such that pj, 1.j, + iy jo+1,k, = 1. Then, R2 holds. Here is an example. Let S =
ab+cd +ef. If the first term ab is omitted and the second term is wrongly splited as ¢ +d,
Itor = cd+ef and ItorxcorrF—1 = ¢ +d + ef. Note that, the unique true point 110010
in UTP(S) = TCror can detect Itorxcorr—1 because ¢ +d = 0 on this point. However,
another unique true point 110110 in UTP;(S) = TCror does not satisfy DCropxcorr—1
because ¢ +d = 1 on this point.

All points in UTP;, (S) are such that pi, 1,j, + Piy, jo+1,k, = 0- Then, R1 holds. Here is an
example. Let S = ab + cd + ac + bd. If the first term ab is omitted and the second term is
wrongly splited as ¢ +d, Itor = cd +ac+ bd and Itorxcorr—1 = ¢+ d + ac+ bd. Note
that TCror = UTP(S) = {1100}, and TCrorxcorr—1 = {f € UTP{(S) : c+d = 0} =
{1100} because c+d = 0 on 1100. Hence, any point that can detect I7oF can also detect
ITOF % CORF-1-

All points in UTP;, (S) are such that pi, 1, + Piy, jo+1,;, = 1. Then, R3 holds. Let S = abc+

abd + cd. If the first term abc is omitted and the second term is wrongly splited as ab +d,
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Iror = abd +cd and Itorw corr— 1 = @b+d+cd. Note that, TCror = UTP(S) = {1111}.
The point 1111 can distinguish S from ITor because S and Iror evaluate to 1 and 0 on this
point, respectively. However, it cannot be used to distinguish S from Irorx corr— 1 because

both S and ITorxcorF—1 evaluateto 1 on 1111.

(B) Relationship between DCcorr and DCrorxcorr: The relationship R4 holds becuase:

TCcorr
= {T€FP(S): pi1,jo+Pirjo+1k, =1}
C A{F€ UTP;i(S) : Pir1jo + Pirjosihyy, = 0 ULT € FP(S) : Piy,1.js + Pin o1k, = 1}

= TCroFxCORF-

Hence, any point satisfying DCcorr satisfies DCrorx corr—1-

5.1.13 DORF and DORF

In this section, we analyse the relationship between the double fault involving two DORFs. Since
there are two DORFs, we use DORF1 and DORF2 to identify the two different DORFs in double

fault DORF1xDORF2 for ease of understanding.

Let S be a Boolean expression in IDNF. As discussed in Section 2.2, if the subexpression p;, +
Di,+1 in §'is wrongly implemented as p;, - p;, +1, the corresponding detection condition, denoted by
DCporr1, is “any point in UTP; (S) or any point in UTP;,11(S)”. We use TCporr; to denote the
set of all points that satisfy DCporri, thatis TCporr1 = UTP;, (S) U UTP;, +1(S).

Similarly, if the subexpression p;, + p;,+1 in S is wrongly implemented as p;, - p;,+1, the correspond-
ing detection condition, denoted by DCporri, is “any pointin UTP;,(S) or any pointin UTP;,11(S)".
We use TCporr2 to denote the set of all points that satisfy DCporr2, thatis TCporr2 = UTP;, (S)U
UTP;, . 1(S).

For DORF1xDORF2, there are two subcases.
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Case 1 The double-fault expression is equivalent to Expression (22) in Table 1 where i1 + 1 < i5.

The detection condition, denoted by DCporrixporr2—1, is “any point in ( U TP;i(S))

i=i1,i1+1,i,ir+1
m

\(( U TP;(S)) U (TP;,(S) N TP;;11(S)) U (TP;(S) N TP,~2+1(S))>”. We use
i=1
i#i1,i1+1,ip,i0+1

TCporrixDorF2—1 to denote the set of all points that satisfy DCporrixporr2—1, that is
m

TCporrixporF2—1 = ( U TP;(S))\ (( U TP;(S)) U (TP;, (S)NTP; 41(S))U
=it i+ 10,00+ 1 i=1

ii1,i1+Lin,in+1
(TP, (S)NTP;y 1 (S))).

(A) Relationship between DCpogr; and DCpogrrixporr2—1: The relationship R1 holds because:
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TCporFi

= UTP;,(S)UUTP;,.1(S)

_ (TP,-I(S>\(CJTP,-(S)))u(TP,-l+1(S)\( U TP/(5)))
i=1 =1

i#i it +1
m
- (TP,-1 (S)\ (( U TPi(S)) UTP;, 11(S)UTP;,(S) UTPiy4 (S)))
i;ﬁil,ilfﬁ-:l}izjz-l-l

U (TPi,H(S)\ (( L"j TP;(S)) UTP;,(S) UTP;,(S) UTP,-ZH(S)))
i=1
i#iy,i1+1,ip,ip+1

C (TPi1(S)\ (( U1 TPi(S)) U (TP;, (S)NTP;; 11(S)) U (TPiz(S)ﬂTPiZH(S))))
i;éil,i1+1,i2,i2+}n
U(TP,-,H(S) \ (( U TP(S)) U (TP(S) N TPyii(S)) U (TPy(S) N
i=1
ii1,i1+1,in,in+1
TPi2+1(S))>) (By using A\ (BUCUDUE) C A\ (BU(ANC)U(DNE)) be-
causeANCCCand DNE CDUE)
= (TP, (S) UTP;+1(S)) \ (( U TP(S)) U (TP, (S) N TP, 41(S)) U (TP, (S) N
i=1
ii1,i1+1in,in+1
TP,-2+1(S))>
c L}J 1TP,-(S)) \ (( U1 TPi(S)) U (TPi,(S) N TP, 41(S)) U (TPy(S) N
i=iy,i1+1,ir,ir+ i=

i#£iy,i1+1,ig,ip+1
TP,41(5)))  (By using (4\B) C (AUC)\B)

= TCpORFIxDORF2—1

Hence, any point satisfying DCpogr; satisfies DCporFrixDORF2—1-

(B) Relationship between DCpogrr2 and DCporr2xporr2—1: The relationship R4 holds because:
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TCporr2

= UTP,(S)UUTP;,1(S)
c U TP;(S)) \ (( U TP;(S)) U (TP;,(S) N TP;,11(S)) U (TP;(S) N
i=iy,i1+1,ip,i+1 i=1

i#iy,i1+1,ip,i+1

TPiz-H (S))>
= TCporrixporr2—1 (By using a similar argument as in (A) above)

Hence, any point satisfying DCpogr> satisfies DCporFrixDORF2—1-

Case 2 The double-fault expression is equivalent to Expression (23) in Table 1 where i1 + 1 = i5.

The detection condition, denoted by DCporrixporr2—2, is “any point in ( U TP,-(S))
i=iy,i1+1,i1+2
m
\(( U TP,-(S)) U (TP,~1 (S)NTP;,11(S) N TP,~,+2(S)>)”. We use TCporrixnporF2—2 10

i=1
ii,i 41,0142

denote the set of all points that satisfy DCporrixporr2—2, that is TCporrixporF2—2 =

U TP,-(S)) \ (( Lmj TP,-(S)) U (TP,-I(S) ATP; 1(S) ﬂTPilJrz(S))).

i=iy,i+1,i1+2 i=1
i#i,i1+1,i+2

(A) Relationship between DCpogrr; and DCporrixporr2—2: The relationship R1 holds because:
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TCporFi

= UTP;,(S)UUTP;,.1(S)

_ (TP,-I(S>\(CJTP,-(S)))u(TP,-l+1(S)\( U 77:(5))
i=1

i#i iyéi—li-l
m
_ (TP,-l(S)\(( U TP,-(S))UTP,-1+1(S)UTP,-1+2(S)>)
P P

U (TP,-]H(S) \ <( U TPi(S))UTP, (S)U TP,-IH(S)))
i#il,ifj—ll,il-FZ
(TP,-I(S)\ (( U TP(S)) U (TP, (S)NTPi:1(S)N TP,-1+2(S))>)
i=1
iin i +1,i+2

U (TP,-,H(S)\ (( U TPi(S)) U (TP, (S)NTP;,11(S) ﬂTPi,+2(S)))>
i=1
iiy,i 41,0142

(By using A\ (BUCUD) CA\ (BU(ANCND)) because (ANCND) C CUD)

N

- (Tp,-,(s)UTP,-lH(S))\(( 6 TPi(S))U(TP,-,(S)ﬂTP,-IH(S)ﬂTPil+2(S)))

i=1
ii,i 41,0142
m

(U 7P\ (( U TP(S)) U (TP, (S) N TP, 11(S) N TP,-1+2(S))>

i=iy,i1+1,i14+2

N

i#i] ,ifjll i1+2
(By using (4\B) C (AUC) \ B)

= TCpoRFIxDORF2-2

Hence, any points satisfying DCpogrr; can satisty DCporFixDORF2—2-

(B) Relationship between DCpogrr2 and DCporrixporr2—2: The relationship R4 holds because:

TCporr2
= UTP;,+1(S) UUTP;,+2(S)
c ( U TPZ-(S))\<( U TP,-(S))U(TP,-I(S)ﬂTPiIH(S)ﬂTPil+2(S)))
i=iy,i1+1,ij+2 L .l':1 .
iy, +1,i14+2

= TCporrixporr2—2 (By using a similar argument as in (A) above)

Hence, any points satisfying DCpogrr2 can satisfy DCporrixDORF2—2-
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5.1.14 DORF and CORF

In this section, we analyse the relationship between the double fault DORFxCORF and its corre-

sponding single faults.

Let S be a Boolean expression in IDNF. As discussed in Section 2.2, if the subexpression p;, +
Di,+1 in S is wrongly implemented as p;, - p;,+1, the corresponding detection condition, denoted by
DCporr, is “any point in UTP;,(S) or any point in UTP;,11(S)”. We use TCpogr to denote the set

of all points that satisfy DCpogr, thatis TCporr = UTP;, (S) UUTP;, +1(S).

Similarly, if the i>-th term, p;,, in § is wrongly implemented as pj, 1,j, + Piy,j+1k, Where p;, =
Pir,1,js " Pig,jo+1,kiy» the corresponding detection condition, denoted by DCcorr, is “any point in
FP(S) such that p;, 1,j, + Piy, jo+1,k, = 1"- We use TCcorr to denote the set of all points that satisfy

DCcorr, thatis TCcorr = {?E FP(S) : pi, 1), + Pir,jo+1kiy = 1}.

For DORF x CORF, there are two subcases.

Case 1 The double-fault expression is equivalent to Expression (24) in Table 1 where i1 < i, — 1.
The detection condition, denoted by DCporrxcorr—1, is “any point in UTP; (S) U UTP;,+1(S)
such that piy 1,j, + Piy, jo+1,, = 0 Or any pointin FP(S) such that pi, 1,j, + Piy, jp+1,k;, = 1"- We use
TCporFxcorr—1 to denote the set of all points that satisfy DCporrx corr—1, thatis TCporrw cORF—1

= {7 € (UTP;,(S)UUTP;11(S)) : Pir,1.jo + Pin.jo-+14e, = 0 ULT € FP(S) : piy,1.jo + P jor1 k1, = 1}

(A) Relationship between DCporr and DCporrxcorr—1: We observe that TCporr = UTP;, (S) U
UTP;,+1(S) and TCporrxcorr—1 = { € (UTP;, (S) UUTP;, 41(S)) © Pis,1,jo + Pig.jor1kiy =
0}U{7 € FP(S) : pir.1.), + Pi,jot1 ki, = 1}. Hence, the relationship between DCpogr and
DCporrxcorr—1 depends on whether there are points in UTP;, (S) U UTP;,+1(S) such that

Pir1,j» + Piy,jo+1k, = 0. There are three cases:

(a) Some points in UTP;,(S) U UTP;,+1(S) are such that pj,,1,j, + Piy,j,+1,k, = 0 and some
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points in UTP;, (S) U UTP;,+1(S) are such that pj, 1,j, + Pi, jp+1,k, = 1. Then, R2 holds.
Here is an example. Let S = ab+ cd + ef. If the subexpression ab + cd is implemented as
abcd and the third term e f is wrongly split as e+ f, Iporr = abcd +-ef and Iporrw CORF—1
= abcd + e + f. Note that, the unique true point 110000 in UTP;(S) C TCpogr can detect
IporFx corRF—1 because e+ f evaluates to 0 on this point in UTP;(S). However, another
unique true point 110110 in UTP(S) C TCpogr is such that Ipogrrxcorr—1(110110) =1,

and hence cannot be used to detect IporFwcoORF—1-

All points in UTP;, (S) UUTP;,41(S) are such that pi, 1, j, + Piy, jo+1,k, = 0. Then, R1 holds.
Here is an example. Let S =ab+cd +ef +ae+bf +ce+df. If the subexpression ab+cd
is wrongly implemented as abcd and the third term is wrongly splited as e + f, Iporr =
abcd+ef +ae+bf +ce+df and IporrxcorF—1 = abcd +e+ f +ae+bf +ce+df.
Note that TCpogrr = UTP(S) UUTP,(S) = {110000, 110100, 111000, 001100, 011100,
101100}, and TCporrwcorF—1 = {t € UTP1(S)UUTP,(S) : e+ f = 0} = UTP{(S) U
UTP; because e+ f = 0 on all points in TCpogrr . Hence, TCporr = TCporFx CORF—1-

All points UTP;, (S) U UTP;,+1(S) are such that pi, 1,j, + Piy,j+1,,, = 1. Then, R3 holds.
Here is an example. Let S = ab+ cd + ac. If the subexpression ab + cd is wrongly im-
plemented as abcd and the third term is wrongly splited as a + ¢, Ipogr = abcd + ac and
IporFx corF—1 = abed 4+ a+ c. Note that TCpogrr = UTP(S) UUTP,(S) = {1100, 1101,
1110,0011,0111,1011}, and TCporrxcorr—1 = {f € UTP1(S)UUTP,(S) :a+c=0} =
0 because a+c =1 on all points in UTP(S) UUTP>(S). Hence, all points in TCpogr can-

not be used to detect IporrFx corF—1-

(B) Relationship between DCcorr and DCporrxcorr—1: The relationship R4 holds because:

N

DCcorr

{f € FP(S) : pin1,jo + Pi jot 14y = 1}

{f € (UTP;,(S) UUTP;,1(S)) : Pis1,js + Pin.jpt1ky, = 0y ULT € FP(S) : pip1jy +
Pir,jo+1), = 1}

TCpoRF» CORF—1-

Hence any point satisfying DCcorr satisfies DCporrx cORF—1-
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Case 2

The double-fault expression is equivalent to Expression (25) in Table 1 where i1 =i;. The

detection condition, denoted by DCporrxcorr—2, is “any point in UTP;,+1(S) such that p;, 1 j, +

Piy,ji+1k, = 0 or any point in FP(S) such that p;, 1,j, = 1". We use TCporrxcorr—2 to denote

the set of all points that satisfy DCporrxcorr—2, that is TCporFx cORF—2 = {?E UTP,'I_H(S) :

Piy,1,j; +Pi1,j1+l,ki1 = O}U{?E FP(S) S Pi1,j = 1}

(A) Relationship between DCporr and DCporrxcorr—2: TCporr = UTP,'1 (S) U UTP,'I_H (S) and

TCporrxcorr—2 = {f € UTP;y41(S) : piy,1,j + Piy ji+1k, = 0y U{T € FP(S) : piy 1, = 1}

Hence, the relationship between DCporr and DCporrxcorr—2 depends on whether there

are points in UTP;, 1 such that p;, 1 j, + pi ji+1,, = 0. There are two cases:

(@)

Some points in UTP;,+1(S) are such that pi, 1, + piyj+1,,, = 0. Then R2 holds because

of the following reasons:

(1) Some points in TCporr can satisfy DCporrwcorr—2. For example, we can find a
point 7 such that 7 € {7 € UTP;,41(S) : pi, 1), + Piyji+1k, = 0} C UTP;11(S) C
TCporr- Note that, 7 satisfies DCporrx corr—2 because 7 € UTP;, 11 (S) and pj, 1 j, +
Piji+1k;, = 0.

(2) Some points in TCporr cannot satisfy DCporrxcorr—2. We can find a point 7 such
that 7 € UTP;,(S) C TCporr- Note that, 7 does not satisfy DCporrwcorr—2 because

¢ UTP;,11(S) and7 &€ FP(S).

All points 7 in UTP;, +1(S) are such that i, 1 j, + Piy jy+1k, = 1. Then R3 holds. Here is an
example, let S = ab+ac+d. If the first two terms ab and ac are implemented as abac and
the first term is wrongly split as a+ b, Iporr = abac+d and IporrwxcorF—2 = a+bac+d.
Note that, TCpogrr = UTP1(S)UUTP,(S) ={1100,1010}. The two points 1100 and 1010
can distinguish S from Ipogrr because S and Ipogr evaluate to 1 and 0 on these points,
respectively. However, they cannot be used to distinguish S from Iporrxcorr—2 because

both S and Iporrx corr—2 €evaluate to 1 on these points.
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(B) Relationship between DCcorr and DCporrxcorr—2: The relationship R5 holds because of

the following reasons:

(@) Some points in TCcorr can satisfy DCporrwcorr—2. Since S is in IDNF, NFPiJ(S) #0
forall i and j. By definition of NFP; 7, (S), all literals in p;, evaluate to 1 except x}}l_l =0.
Hence pi . 1,j, + Piy, ji+14;, =1 +0=10n 7. Therefore, we can find a point 7 such that
ie NFP; . (S) € {f € FP(S) : piy 1.y + Piy ji+1k, = 1} C TCcorr- Note that, 7 satisfies
DCporrxcorF—> because 7 is a false point of S and Pip1,j; = 1on 7.

(b) Some points in TCcogr cannot satisfy DCcorrxenr. Since S is in IDNF, NFPZ.,]T(S) #£0
for all i and j. By definition of NFP; 1(S), all literals in p;, evaluate to 1 except xﬂl = 0.
Hence pi1,j, + Piyji+1k, = 0+1 =1 on . Therefore, we can find a point 7 such that
7€ NFP; 1(S) C {7 € FP(S) : pi,1,j, + Pirj+1k, = 1} © TCcorr- Note that, 7 cannot

satisfy DCporrwcorr—2 because pj, 1., = 0.

Hence, only some, but not all, points satisfying DCcorr can satisfy DCporrx cORF—2-

5.1.15 CORF and CORF

In this section, we analyse the relationship between the double fault involving two CORFs. Since
there are two CORFs, we use CORF1 and CORF2 to identify the two different CORFs in double

fault CORF1xCORF2 for ease of understanding.

Let S be a Boolean expression in IDNF. As discussed in Section 2.2, if the i-th term, p;,, in S
is wrongly implemented as pi, 1,j, + Pi;ji+1k, Where pi, = pi,1,j, - Piy.ji+1.4k;, » the corresponding
detection condition, denoted by DCcorr, is “any point in FP(S) such that p;, 1 j, + Piyji+1 .k, =
1”. We use TCcorr; to denote the set of all points that satisfy DCcogr;, that is TCcorr; = {7 €

FP(S) S Piv1h +pi17j1+17ki1 =1}

Similarly, if the i>-th term, p;,, in § is wrongly implemented as p;, 1, +pi27j2+17ki2 where p;, =

Pir,1js " Pig,jo+1,kiy» the corresponding detection condition, denoted by DCcorr2, is “any point in
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FP(S) such that p;, 1, + Pis,jo+1s, = 1" We use TCcorr2 to denote the set of all points that

satisfy DCcogrr2, that is TCcorpr = {?E FP(S): Dis. 1, +pi2,j2+1,k,-2 =1}

For CORF1xCORF2, there are two subcases.

Case 1 The double-fault expression is equivalent to Expression (26) in Table 1 where i} < 5.
The detection condition, denoted by DCcorrixcorr2—1, is “any point in FP(S) such that p;, 1 j, +
Pirji+1k, + Pir1,jo + Pin,jo+1k, = 17. We use TCcorrixcorr2-1 to denote the set of all points
that satisfy DCcorrixcorrz—1, that is TCcorrixcorrz—1 = {f € FP(S) : pij1j + Piy ji+14, +

pi27]7j2 +pi27j2+laki2 = 1}

(A) Relationship between DCcorr; and DCcorrixcorr2—1: The relationship R1 holds because:

TCcorr1
= {T€FP(S):pi,1j +Piji+1k, =1}
C {FEFP(S): piy i+ Pirji+1ky T Pisljp + Pinjt 1k, = 1}

= DCCcorFInCORF2-1-

Hence, any point satisfying DCcorr; satisfies DCcorriw CORF2—1-

(B) Relationship between DCcorr2 and DCcorrixcorr2—1: The relationship R4 holds because:

TCcorr2
{?E FP(S) : pi,.1,j, +pi27j2+1=ki2 =1}

g {?6 FP(S) :pi1717j1 +pilaj1+l7ki1 +pi2>]>j2 +pi2»j2+17ki2 = 1}

= DCCcoRrFInCORF2—1

Hence, any point satisfying DCcorr; satisfies DCcorrixcorr2—1-

Case 2 The double-fault expression is equivalent to Expression (27) in Table 1 where i; = iy and
J1 < Jj2. The detection condition, denoted by DCcorrxcorr—2, is “any point in FP(S) such that

Piy1ji T Piyji+1.jo + Piyjo+1k;, = 17 We use TCcorrixcorr2-2 to denote the set of all points
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that satisfy DCcorrixcorrz—2, that is TCcorrixcorrz—2 = {f € FP(S) : pi,1,j, + Piyji+1.j» +

Piyjo+14, = 1}

(A) Relationship between DCcorr and DCcorrx corr—2: The relationship R1 holds because:

TCcorr1
{?G FP(S) P PiLLj +pi1~,jl+1>ki1 - l}
{f € FP(S) : piy 1,5, + Pirji+1,s T Pir otk = 1}

(Note that, either all literals of p;, 1,;, or all literals of p;, j, 41, evaluate to 1 on

N

these points.)

= DCCcoRrFInCORF2-2

Hence, any point satisfying DC corr satisfies DCcorrw CORF—2-

(B) Relationship between DCcorr and DCcorrxcorr—2: The relationship R4 holds because:

TCcorr2

{fe FP(S) : pir.1.), + Piyjot 1k, = 1}

= {T€FP(S):pi1) + Diy o+l ki, = 1} (1=i)
{f € FP(S) : pi, 1., + Piy.j1+1.)n T Pirjot1kiy = L}

(Note that, either all literals of p;, 1,j, or all literals of p;, j, 41, evaluate to 1 on

N

these points.)

= DCCcorFInCORF2-2

Hence, any point satisfying DCcorr satisfies DCcorpw CORF—2-

5.2 Fault Coupling on 4 Remaining Faulty Implementations

As mentioned previously, in double fault with ordering, there are 4 double-fault expressions that do
not have their counterparts in the double faults without ordering. In this section, we analyse the

relationships between their detection conditions and those of their corresponding single faults.
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5.2.1 TOF and DORF

In this section, we analyse the relationship between the double fault TOFxDORF and its corre-

sponding single faults with respect to the situation of Expression (53) in Table 1.

Let S be a Boolean expression in IDNF. The double fault expression for TOF and then DORF corre-
sponding to Expression (53) can be derived from the situation where the i;-th term, p;,, is omitted

first and then the two consecutive terms p;, 1 and p;, ;1 are wrongly implemented as p;, —1 - pi; +1-

As discussed in Section 2.2, if the i;-th term, p;,, in S is wrongly omitted, the corresponding detec-
tion condition, denoted by DCror, is “any point in UTP;,(S)”. We use TCror to denote the set of

all points that satisfy DCror, that is TCror = UTP;, (S).

Similarly, if the subexpression p;, _1 + pi,+1 in § is wrongly implemented as p;,—1 - pi,+1, the cor-
responding detection condition, denoted by DCporr, is “any point in UTP;,—1(S) or any point
in UTP;,+1(S)". We use TCpogr to denote the set of all points that satisfy DCpogr, that is

TCporr = UTP,'l_l(S) U UTP,'1+1(S).

Hence, the corresponding detection condition of Expression (53), denoted by DCrorxpoRF, iS “any

pointin ( (77,1 (S)UTPL )\ ( U TPiS) ) U (1P (S)UTPL N U TPIS)) )"
-~ -~

ii— 1 iy i+
We use TCrorxporr to denote the set of all points that satisfy DCrorxporr, thatis TCrorxporr =

((TP,-I_I(S)UTP,-I(S))\( U TP,-(S)))U((TP,-l(S)UTP,-IH(S))\( U TP,~(S))>.
i—=1 i=1

1= =
i#i1—1,i; i#iy,i1+1

(A) Relationship between DCror and DCrorxporr: The relationship R1 holds because:
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TCror

= UTP;,(S)
= TP, ($)\ (U TP:i(S)
{;iﬁ
= U TP;(S)UTP; 11(S))
z¢117zl+1
- U TP;( (By using (A\ (BUC)) C (A\B))
zyézl,z]+1
C (TP, (S)UTP;41(S) U TP;(S (By using (A\ B) C (AUC)\ B)
z;él],zﬁLl
c ((TPil_l()um1 N\ U TP(S )U((TP,-,(S)UTPi,H( N\ U TP;(S )
géll 1;1 l¢zl,ll+1

= TCrorxporr (By using BC AUB)

Hence, any point satisfying DCrofF satisfies DC1orxpORF-

(B) Relationship between DCpogrr and DCrorxporr: The relationship R4 holds because:
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DCporr

= UTP;_ 1(S)UUTP,-]+1(S)

- (TP,-1 N U TPy( )U(TP,-IH(S)\( U TP,-(S)))
17511 1 i#;—o—l .
- (TPH_1<S>\(( U () 0 720(8) ) U (i) \ (( U 720) 0
iti—1,i; I
rmy ()
C (TP,-II U TP;( )U(TPiIH U TP;( )
l7él] 11] l7él],l|+1
(By using (A\ (BUC)) € (A\B))
c ((TPil,l(S)UTP,-I(S))\( U TP,-(S)))U((TP,-I(S)UTPiIH U TPy(
i=1
i#i—1,i; 17511 l1+1

(By using (A\B) € (AUC)\B)

= TCr0FxDORF

Hence, any point satisfying DCpogr satisfies DC7orwDORF -

5.2.2 CORF and ENF

In this section, we analyse the relationship between the double fault CORFXENF and its corre-

sponding single faults.

Let S be a Boolean expression in IDNF. The double fault expression given by Expression (73)
can be derived from the situation where the i;-th term, p; , is wrongly implemented as p;, 1,j, +
Piyji+1.k, where p;, = pi, 1,j “Diyji+1k, and then the subexpression Piiji+1k, T+ Phy is

wrongly negated.

As discussed in Section 2.2, if the i-thterm, p;,, in Sis wrongly implemented as p, 1,j, + Piy, ji+1.k;,

where p;, = pi; 1,j, “Piyji+ 1.k, the corresponding implementation, denoted by Icorr Will be equiv-
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alent to p1 + -+ piy—1 + Piy1,ji T Piyji+1ki, T Pi+1+ -+ Ppy + -+ pm, @nd its detection
condition, denoted by DCcorr, is “any point in FP(S) such that pj, 1, + pij ji+14, = 1" We
use TCcorr to denote the set of all points that satisfy DCcogr, that is TCcorr = {f € FP(S) :

Piv,1ji Py i+, = 1}

Furthermore, given Icorr, if the subexpression Piyji+1.k, + -+ pp, is wrongly negated, the corre-

sponding implementation, denoted by IcorrxenF, Will be equivalentto py +---+ p;, -1+ pi; 1,5, +

Diy,ji+1k;, + Pij+1+ -+ pn, + -+ pm, and its detection condition with respect to Icorr, denoted
by DCpnr, is “any pointin {7 € B" : p; ji+1x, + pi+1+ -+ pp =1 and p1+ -+ pi 1, +
Phi+1+ 4 pm =0} or any point in {f € B" : py+--+ pi, 1), + Piy jy+1k, o+ Pm =0}
We use TCgnr to denote the set of all points that satisfy DCgnr, that is TCeyr = ({? c B" .
Pivji+1ds, T Pi+t+ o+ ppy =1 and pr+- 4 pi g+ prygt o+ pe = 03) U ({FE B
pi+ T+ Di it Pi ik, T Pm = 0}). For ease of comparison, we express the condition

in terms of S as follows:

({feB": Pirji+1ky T Piyr1+ -+ pp =1and pr+---+pij 1y + Py o+ pm =

0N U({FEB": p1+---+piyij +Pisjitik, T+ Pm=0})

({f € B" : piyjivik, (i1 ¥ Fp) + pip1 + -+ pyy, = 1 and pp+ - +
Piy 1)1 Py ji+ 1.k, + Phy+1+ -+ pm =0 and p; 1 = O}) U ({f eB":pr+---+
Piv1ji Pi,ji+1ky 0+ pm =0 and pj 1, = piyji+16, = 0} (By making use of
A+B=AB+B)

({feB": Pivji+1h, (Pi+1 4+ +pp) =1 and p1+ -+ piy + ppyp1 + -+ pm =
0and piy 1., = 0}) U({T€B": piyy1+++pyy =Land pi+-+piy +payp1++ 4 P =
0 and pj; 1., = 0}) U ({7 € FP(S) : piy 1.y = Piy ju+1.ks, = 0})

({feB" L Piyji+1k, = land pr+- o+ piy +pip1 o4 pay oo+ pm=0and pyy 1, =

0}) U ({7 € (UL, 11 TPi(S)) \ (U;’; = TP,(S)) : piy1j, = 0}) U ({f € FP(S) :

Diy 11 = Piyji+1ky = O})
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hy
({7 € FP(S) : pi],j1+l,k,»l = 1 and Piilj = 0}) U ({? c ( U TPI'(S))\

i=i1+1
(U 1Pi9) i pivij = 03) U({T € FP(S) 2 piviji = Pirji+ 14, = 0})
i Ty
h m
= {?E ( U TP,'(S)) \( U TP,'(S)) “Pi = O}U{?G FP(S) “Pi i = 0}
=it i Ty

Now, the corresponding detection condition of Expression (70), denoted by DCcorrxENF, iS “any
hl m
pointin ( | TP«(S)\( |J TPi(S)) suchthat p; 1 j, = 0 or any point in FP(S) such that
i=i+1 i=1
i#i+1,...,h
Piyji+1k, = 0”. We use TCcorrx ENF t0 denote the set of all points that satisfy DCcorrx ENF, that is

m

hy
TCcorRFxENF = {?E ( U TPi(S)) \( U TPi(S)) Py = O}U{?E FP(S) <Dy jiA Lk =
i=ij+1 i;éil—ll—zl}.vwhl

0}.

(A) Relationship between DCcorr and DCcorrxenrk: The relationship R2 holds because of the

following reasons:

(@) Some points in TCcorr can satisfy DCcorpxenre- Since S is in IDNF, NFPiJ(S) = ( for
all i and j. By definition of NFP; ;. (S), all literals in p;, evaluate to 1 except xfc‘il = 0.
Hence pi 1,j, + Piy,ji+14;, =1 +0=10n 7. Therefore, we can find a point 7 such that
ie NFP; 1. (8) € {f € FP(S) : piy 1,y + Pi jy+1k, = 1} C TCcorr- Note that, 7 satisfies
DC corrxENF because 7 is a false point of S, x;{‘il =0and Piy j1+1ki; = 0Oonft.

(b) Some points in TCcorr cannot satisfy DCcorrxenk. Since S is in IDNF, NFPWT(S) #0
for all i and j. By definition of NFP; 1(S), all literals in p;, evaluate to 1 except xil1 = 0.
Hence pj, 1, + piyji+1,, =0+1=1o0n 7. Therefore, we can find a point 7 such that
7€ NFP; 1(S) C {7 € FP(S) : pi;,1,ji + Pir.ji+1k, = 1} © TCcorr- Note that, 7 cannot

satisty DCcorrxEnF because pj, j 1, =1 on 7.
Hence, only some, but not all, points satisfying DCcogrr can satisfy DCcorrxENF-

(B) Relationship between DCenr and DC corrw ENF:
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h] m

For clarification and ease of discussion, let X = {7 e ( | J TPi(S))\( |J 7TPi(9)):
i=i1+1 i=1

i#i1+ 1,
i1y =0} and Y ={7 € FP(S): pi, 1 jy = Pirji+14, = 0}
We observe TCenr N TCcorRFx ENF
= (XU{T€ FP(S): piy1,j, = 0}) N (X U{T € FP(S) : piy jy 414, = 0})
=X U{T € FP(S) : piy,1,jy = Pirji+14, =0} =X UY.
The relationship between DCgnr and DCcorrxene depends on whether both X and Y are

empty. There are two cases:

(a) Both X and Y are empty. Then R6 holds. Here is an example. Let S = ab + ac + ab. If the
first term ab is split into a + b and then b+ ac is wrongly negated. Icorr = a+ b+ ac+ab

3
and Icorrwenr = a-+b+ac+ab. Now, TCeyp = {7 € (TP2(S)\ [ JTPi(S)) :a =0} U

i=1
i#2
{fe FP(S):a=0} =0U{010,011} = {010,011}; and TCcorrxenr = {T € (TP2(S) \

3
UTPi(S)) :a=0}U{f € FP(S) : b =0} =0U{100} = {100}. Hence, all points satisfy

i=1
i#2
TCgnr do not satisfy TCenFw CORF-

(b) Any one of X and Y is not empty. Then R5 holds.
(i) R5 holds when X is not empty because of the following reasons:

(1) Some points in TCenr can satisfy DCcorrwxenr- Since X is not empty, we can
find a point 7 such that ¥ € X C TCgnr, f also satisfies DCcorFx ENF-

(2) Some points in TCgyr cannot satisfy DCcorpxenr. Since Sis in IDNF, NFP,.J(S) #
0 for all i and j. By definition of NFP; 1(S), all literals in p;, evaluate to 1 except
x’f = 0. Hence pj 1,j, + P ji+14, = 0+1=1on7. Therefore, we can find a
point 7 such that 7 € NFP;, 1(S) C {7 € FP(S) : piy.1,j, = 0} € TCenr. Note that,
f cannot satisfy DC corrw ENF because Piyji+14s, = 1 0N 7.

(i) R5 holds when Y is not empty because of the following reasons

(1) Some points in TCgyr can satisfy DCcorrxenrk- Since Y is not empty, we can

find a point ¥ such that7 € Y C TCgnr, 7 also satisfies DCcorrx ENF-
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(2) Some points in TCgyr cannot satisfy DCcorrxenr. Since Sis in IDNF, NFP,-’]T(S) +
0 for all i and j. By definition of NFP; 1(S), all literals in p;, evaluate to 1 except
x = 0. Hence pi, 1.}, + Piyji+14, = 0+1=1on7. Therefore, we can find a
point 7 such that 7 € NFP;, 1(S) C {7 € FP(S) : pi,.1,5, = 0} € TCenr. Note that,

7 cannot satisfy DC corrw ENF because Py ji+14;, = 1 0N I3

Hence, only some, but not all, points satisfying DCgnr can satisfy DCcorrx ENF-

5.2.3 CORF and TNF

In this section, we analyse the relationship between the double fault CORFxTNF and its corre-

sponding single faults.

Let S be a Boolean expression in IDNF. The double fault expression given by Expression (73) can be
derived from the situation where the i;-th term, p;,, is wrongly implemented as p;, 1,j, + Piy, ji+1.k;,

where p;, = pi, 1.j, “Piyji+ 1.k, and then the subexpression Piyji+1.k, is wrongly negated.

As discussed in Section 2.2, if the i -th term, p;,, in Sis wrongly implemented as p;,.1,j, + Pi; ji+1.k;,
where p;; = pi; 1,j, “Pirji+1.ki, the corresponding implementation, denoted by Icorr will be equiv-
alent to p1 + -+ + piy—1 + Piy1,j; T Piyji+1ki, T Pi+1+ -+ Ppy + -+ pm, @nd its detection
condition, denoted by DCcorr, is “any point in FP(S) such that pj, 1, + pij, ji+14, = 1" We
use TCcorr to denote the set of all points that satisfy DCcogp, that is TCcorr = {f € FP(S) :

Piv1ji Py i1, = 1}

Furthermore, given Icorr, if the term Pirji+1.k, is wrongly negated, the corresponding implementa-
tion, denoted by IcorrxTnF, Will be equivalent to py +---+ pj; 1, +m+l7i1+l +- 4 Pms
and its detection condition with respect to Icorr, denoted by DCryr, is “any point in {? cB":
Piyji+1k, =1 and pi+---+pi, 1, + piy+1+- -+ pm = 0} or any point in ({TeB":p1+---+
Pii 1,4 +pi17j1+1,k,-1 +pi1+ ot pm= O}) We use TCrnr to denote the set of all points that sat-

isfy DCryr, thatis TCryr = ({?E B" “Piyjit Lk, = 1 and p;+- +piay ot Pm= O}) U ({?6
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B : pit--+ piv 1 jy + Pijirde, o pm=0}).
For ease of comparison, we express the condition in terms of S:

{?EBn3pi1,j1+l,k,~l =landpi+-+pi1j +Pi41++pm=0U{feB 1 pj+---+

Piy 1 ji T Pigji+lk, T Pi+1 0t Pm = 0}

{T€B": piy ji+14s, =1 and pr+--+piy 1ji Piyji+1 ks, +Pig+1+ o+ pn =0} U{T €B":
pi+ - F Pin i Piji+ Lk, Pive1 o+ p= 0 and pi 1, = piy i1k, = 0}

{f € FP(S) : piy ji+16, = LYU{T € FP(S) 1 piy 1,jy = Piy jy+14;, = 0}

{f € FP(S) : piy = 0 and py; j 114, = 1}ULT € FP(S) : pi1jy = Piy jy+1k;, = 0}

Please note that if 7 is a false point of S, p;, = 0.

{f € FP(S) : piy1,5, = 0 and piy i1, = 1}U{T € FP(S) : piy1jy = Piy ji+14, = 0}

{fe FP(S) : pi,1,j, = 0}

Now, the detection condition of Expression (73), denoted by DCcorrwTnF, is “any point in FP(S)
suchthat p;, j,+1k, = 0". We use TCcorrx1nr to denote the set of all points that satisty DCcorrx nr,

that is TCcorrwTNE = {?E FP(S) “Piy ik = 0}.

(A) Relationship between DCcorr and DCcorrxnE: The relationship R2 holds because of the

following reasons:

(a) Some points in TCcorr can satisfy DCcorpwrne. Since S is in IDNF, NFPiJ(S) = for all
i and j. By definition of NFPl.h,-q1 (), all literals in p;, evaluate to 1 except x;'c‘il = 0. Hence,
Piyji+1k, = 0and pij 1 + iy ji+14, =1+0=1o0n 7. Therefore, we can find a point 7
such that 7 € NFP; ;. () C {f € FP(S) : piy 1,y + Pi ji+1.k, = 1} © TCcorr. Note that,

7 satisfies DCcorrx TnNF because 7 is a false point of S and Piy,ji+14s, = 00N 7.

(b) Some points in TCcorr cannot satisfy DCcorrwnr. Since S is in IDNF, NFP,-,]T(S) =+ ( for
all i and j. By definition of NFPM(S), all literals in p;, evaluate to 1 except xlf = 0. Hence,
Piyji+1k, =1 and pi, 1, +Piy ji+1k, =0+1=1on 7. Therefore, we can find a point 7

such that 7 € NFP;, 1(S) C {7 € FP(S) : piy 1,jy + Pir.ji+1.k, = 1} € TCcorr. Note that, 7
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cannot satisfy DCcorrxTNF DECause Piyji+1k, = l1ont.

Hence, only some, but not all, points satisfying DCcogr can satisfy DCcorpx TNF -

Relationship between DCryr and DCcorrx TNF:
For ease of references, let X = {7 € FP(S) : pi,.1,j, = Piyji+1, =0}

We observe TCrnyr N TCcorFwTNF

={f € FP(S): pi,1,, =0}N{7 € FP(S) “Diy itk = 0}

={T € FP(S) : piy,1,js = Pir ji+1k;, =0}

=X.

The relationship between DCryr and DCcorrw1nF depends on whether X is empty. There

are two cases:

(a) X is empty. Then, R6 holds. Here is an example. Let S = ab+ ab. If the first term ab is split
into a+ b and b is then wrongly negated, Icorr = a+ b+ ab and IcorpxTNF = a + b+ ab.
Now, we have TCryr = {?G FP(S):a=0}={01};and TCcorrxTNF = {?G FP(S):b=

0} = {10}. Hence, all points satisfy TCgnr do not satisfy TCgnpwx corr-

(b) X is not empty. Then, R5 holds because of the following reasons:

(1) Some points in TC7yr can satisfy DCcorrxrnE- Since X is not empty, we can find a
point 7 such that 7 € X C TCrnr. Note that, 7 also satisfies DCcorrxTNF-

(2) Some points in TCyyr cannot satisfy DCcorrxrnr- Since S is in IDNF, NFPl-j(S) #0
for all i and j. By definition of NFP; 1(S), all literals in p;, evaluate to 1 except x’f =0.
Hence, pi, ji+1k, =1 and pi, 1, + Pijji+1k,, = 0+1=1o0n 7. Therefore, we can
find a point 7 such that 7 € NFP; 1(S) C {7 € FP(S): pi;.1,j, = 0} € TCrnr. Note that,

7 cannot satisfy DCcorrx TNF because Piyji+1k, = lonft.
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5.2.4 CORF and TOF

In this section, we analyse the relationship between the double fault CORFxTOF and its corre-

sponding single faults.

Let S be a Boolean expression in IDNF. The double fault expression given by Expression (76) can be
derived from the situation where the i;-th term, p;,, is wrongly implemented as pi,,1,j; + Pi; ji+1.k;

where pi, = pi,.1,j; - Piy,ji+1,k, and then the subexpression p;, j, +1.k;, is wrongly omitted.

As discussed in Section 2.2, if the ij-th term, p;,, in S'is wrongly implemented as p;, 1,j, + Piy, ji+1,4;,
where pi; = pi; 1,j, - Piy.ji+1.4k;, » the corresponding implementation, denoted by Icorr will be equiv-
alent to p1 + -+ pi,—1 + Piy1,ji + Piy i1k, T Pi+1+ -+ pp + -+ pm, and its detection
condition, denoted by DCcorr, is “any point in FP(S) such that p;, 1 j, + Piji+1k, =17 We
use TCcogr to denote the set of all points that satisfy DCcogp, that is TCcorr = {f € FP(S) :

Pir,Lji + Pirji+1k, =1}

Furthermore, given Icorr, if the subexpression Piyji+1.k, is wrongly omitted, the corresponding
implementation, denoted by IcorrwroF, Will be equivalent to py +---+ pjy 1,5, + Piy+1+ -+ Pms
and its detection condition with respect to Icorr, denoted by DCror, is “any point in {? c B":
Piyjit+lk, =1 and p1+---+ pij1,j, + Piy+1+ -+ pm = 0}. We use TCror to denote the set
of all points that satisfy DCroF, that is TCror = {?E B" . Pirji+1k, = land p1+---+pij1,j; +

Pi1+1+"'+Pm:0}-
For ease of comparison, we express the condition in terms of S:

{feB": Piyji+1k, =1 and p1 +---+pi, 1,j, + Piy+1+ -+ pm =0}
= {?E B" . Piyji+1k, = 1 and pq + ot Din 1L Piy i+ Lk, TPl T P = 0}
{f e FP(S) “Piy i1k = 1}.

Now, the detection condition of Expression (76), denoted by DCcorrxroF, is “any point in FP(S)

suchthat p;, 1 j, = 1”. We use TCcorrx1oF t0 denote the set of all points that satisfy DCcorpx 1oF,
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that is TCcorrwror = {f € FP(S) : pi, 1,5, = 1}.

(A) Relationship between DCcorr and DCcorrxToF: The relationship R2 holds because of the

following reasons:

(@) Some points in TCcorr can satisfy DCcorrxror. Since S is in IDNF, NFPl-j(S) = 0 for all
iand j. By definition of NFP; ;. (S), all literals in p;, evaluate to 1 except x};‘il = 0. Hence,
Pip1j =1 and pi o+ pipji+1k, =1+0=1o0n f. Therefore, we can find a point 7
such that 7 € NFP; 1. (8) € {f € FP(S) : piy,1,jy + Piy ji+1.k, = 1} € TCcorr- Note that,

7 satisfies DCcorrwoF because 7 is a false point of S and p;, 1,j, = 1 on .

(b) Some points in TCcogp cannot satisfy DCcorrwroF. Since S is in IDNF, NFP,.JT(S) = ( for
all i and j. By definition of NFP; 1(S), all literals in p;, evaluate to 1 except x’f = 0. Hence,
Piy1,jy = 0and pj; 1 j, + Piy jy+1k, = 0+1=1ont7. Therefore, we can find a point 7 such
that7 € NFP;, 1(S) C{7 € FP(S): pij 1,j; + Pir ji+1k, = 1} € TCcorr- Note that, 7 cannot

satisty DCcorrxToF because p;,1,;, = 0 on 7.

Hence, only some, but not all, points satisfying DCcorr can satisfy DCcorpx TOF-

(B) Relationship between DCror and DCcorrx1oF: The relationship R6 holds because:

TCror NTCcorRFxTOF

— {FEFP(S): piyjsin, = 1IN{TEFPS): piyig =1}

= 0 (because when pj, 1 j, = Piy ji+1k, = 1, Piy = Pir,1,ji Pir,j1+14k;, = 1, hence, S() =1
which is impossible for any false point of S)

Hence, points satisfying DCror cannot satisfy DCcorrw TOF-

For ease of reading and understanding, Table 3 summarizes the relationship between the detection
conditions of single fault classes and their corresponding double fault classes. Since our objective
is to determine which double fault classes can always be detected by test cases that can detect

individual single fault classes, we are particularly interested in R1 or R4. From Table 3, 15 out
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Table 3: Relationship of detection conditions for single and double faults

(a) Double-fault expressions (1)—(27) due to double faults without ordering

Fault class B
ENF TNF TOF DORF CORF
ENF 1: R2,R5; | 3: R2,R5; | 5: R1, R6; 7: R1, Re; 11: (R1,R2)%, R4;
2:R2,R6 | 4:R2,R6 |6:R2,R6 | 8: R2, R5; | 12: R2, R6
9: R2, R6;
10: R2, R6
Fault | TNF 13: R2, R5 | 14: R1,R6 | 15: R1, R6; | 17: (R1,R2)%, R4;
class 16: R2, R5 18: R2, R6
A TOF 19: R1, R4 | 20: R1, R4 | 21: (R1,R2,R3)", R4
DORF 22: R1,R4; | 24: (R1,R2,R3)", R4;
23:R1,R4 | 25: (R2,R3)%, R5
CORF 26: R1, R4;
27: R1, R4

(b) Four extra double-fault expressions (53), (70), (73) and (76) due to double faults with ordering

Second fault class B
ENF TNF TOF DORF
First fault | TOF 53: R1, R4
class A | CORF | 70: R2, (R5, R6)” | 73: R2, (R5, R6)” | 76: R2, R6

4 “(R1,R2)” means that either R1 or R2 holds. Please see the corresponding discussion for details.
b The interpretation is similar to that of “(R1, R2)".
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of 31 double-fault expressions have R1 or R4. These 15 expressions can always be detected
by test cases that collectively detect the two individual single fault classes. For the remaining
expressions, there is no guarantee that those test cases that detect each one of the two individual
single faults will detect the double-fault expressions. It is interesting to note that R3 and R6 do not
hold simultaneously. Hence, regarding the double fault classes studied in this report, there is always
a chance that test cases that collectively detect individual single fault classes may also detect those

double fault classes.

6 Comparing Existing Testing Strategies

Instead of concentrating on specified test set to detect studied double fault classes, we are more in-
terested to find some test case selection strategies which can guarantee to detect them. Therefore,

following questions are considered in this section:

Many test case selection strategies have been developed to detect all the individual
single fault classes described in Section 2. Can these strategies also detect all the
double fault classes considered in this report? If yes, which one can be used. If no,

which double fault classes can be detected and which one cannot?

Existing test case selection strategies for detecting faults in Boolean expressions include the BOR
strategy [13, 14], the BASIC meaningful impact strategy (or simply the BASIC strategy) [17], the
MUMCUT strategy [19] and the modified condition/decision coverage (MC/DC) criterion [3]. Since
the BOR strategy requires every variable in the expression to occur only once, it is not widely appli-
cable to all Boolean expressions in IDNF. It has been shown in [18] that MC/DC cannot guarantee
to detect single-fault expressions due to TOF, DORF and CORF. As shown in [1, 19], both the BA-
SIC and MUMCUT strategies can detect all single fault classes described in Section 2. Hence, we

consider these two strategies further.
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Given a Boolean expression S in IDNF, the BASIC strategy selects (1) a unique true point from every
UTP;(S), and (2) a near false point from every NFP; 5(S). The following three theorems prove that
the test set selected by the BASIC strategy, and hence, any strategy that subsumes it, satisfies all
detection conditions of all double-fault expressions considered in this report. A testing criterion C1
is said to subsume another criterion C2 if any test set that satisfies C1 must also satisfy C2. We

need the following lemma to proceed.

Lemma 6.1 ([1, Theorem 1]) Let S=p; +---+ p,, be a Boolean specification in irredundant dis-

junctive normal form. Then, we have

1. UTPi(S)#0 foralli=1,...,m

2. NFPI-J(S) %0 foralli=1,....mand j=1,...,k;, where k; is the number of literals in the

term p;.

Theorem 6.1 Let S = py +--- + p, be a Boolean expression in irredundant disjunctive normal
form. Suppose that T is the set of near false points formed by selecting a near false point from

NFP; 5(S) for everyiand j. Then T satisfies the following conditions:

1. There existsT € T such that? € FP(S).

2. For all possible i and j, pair where 1 < i, <m, 1 < j» < k;, and k;, is the number of literals

of the ip-th term p;, in S, there existst € T such thatt € FP(S) and pi, 1,j, + Py, jy+1k;, = 1-

3. For all possible iy and ji pair where 1 < iy <m, 1 < j; <k;, and k;, denotes the number of

literals of the i) -th term p;, in S, there existst € T such thatt € FP(S) and p;, ji+1k, = 0.

4. For all possible iy and ji pair where 1 < iy <m, 1 < j; < k;, and k;, denotes the number of

literals of the iy -th term p;, in S, there existst € T such thatt € FP(S) and pj, 1 j, = 1.
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5. For all possible i, iz, j1 and j, where1 <i; <ix <m, 1 < j| <k;, 1 < jo <k;, andk;, and
ki, denote the numbers of literals of the ii-th and i»-th terms, p; and p;,, in S respectively,

there exists 7 € T such that? € FP(S) and pi, 1., + Piy ji+1k, + Pio,1jo + Piz,ja+ 14, = 1-

6. Forallpossibleiy, ji and j, wherel <i; <m, 1< j; < jo» <k;,, andk;, denotes the number

of literals of the i;-th term p;, in S, there exists f € T such thatt € FP(S) and p;, 1 j, +

Pivji+1.j 1 Piy ot 1k, = 1-

Proof : By Lemma 6.1, T is non-empty because NFPWT(S) is non-empty for every possible i and j

where 1 <i<m, 1 < j<k;and k; is the number of literals of p; in S.

1. By definition of T, any 7 € T C NFP(S) C FP(S). Hence the result follows.

2. For any ip and j, pair where 1 <i, <m, 1 < jo» <k;, and k;, is the number of literals of
Piy, there exists 7 € T such that 7 € NFP,, ;,(S) C FP(S) by definition of 7 and Lemma 6.1.

Therefore, all literals of p;, (x’f,--- X ) evaluate to 1 except x7, which evaluates to 0 on 7.
)

. . . . o i2 DY i2 i2 LRI i2 pu— =
Thus, piy 1,j, + Pi,jo+1kiy, = X[ X)X 4 Xy = 0+ 1 = 1. Hence, the result follows.

3. Foranyij and j; pair where 1 <i; <m, 1 < ji <k;, and k;, is the number of literals of p;, in
S, there exists 7 € T such that 7 € NFP; 5-(S) C FP(S) by definition of T and Lemma 6.1.
Therefore, all literals of p;, (x’i1 S ,x};‘il) evaluate to 1 except xj.llﬂ which evaluates to 0 on 7.

Therefore, pi, ji 14, =X 41 -xjclil = 0. Hence, the result follows.

4. Forany ij and ji pairwhere 1 <i; <m, 1 < j; <k;, and k;, is the number of literals of p;, in
S, there exists 7 € T such that7 € NFP; 5-1(S) C FP(S) by definition of 7 and Lemma 6.1.
Therefore, all literals of p;, (x"ll,--- ,x}g ) evaluate to 1 except x3'11+1 which evaluates to 0 on 7.

1

Therefore, pi, 1,j, = x| ---x} = 1. Hence, the result follows.

5. For all possible iy, i2, j1 and j, where 1 < iy <ip <m, 1 < ji1 <k;, 1 < jo <k, and k;,
and k;, are the numbers of literals of p;, and p;, respectively, there exists 7 € T such that

7 € NFP; 551(S) C FP(S) by definition of 7 and Lemma 6.1. It should be noted that the
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choice of 7 is independent of i, and j,. Therefore, all literals of p;, (xil1 Jo ,x;(', ) evaluate to
1

i . -
1 except x; .| which evaluates to 0 on 7. Thus, pj, 1,j, + Piy,ji+1,k;, T Pir,1.jo + Pin,jo+1,k,

— il--- il il R il iz--- iz i2 D) i2 — iz.-- i2
= X X; + X, X+ X Xiy +Xj xkiz-1+0+xl xj2—|—x

)
J1 Jitl i J2 }

ir _
il xk,-2 = 1.

Hence, the result follows.

. For all possible i1, ji and j, where 1 <ij <m, 1 < j; < jo <k;; and k;, is the number

of literals of p;,, there exists 7 € T such that 7 € NFP; 5-+(S) C FP(S) by definition of T

and Lemma 6.1. Therefore, all literals of p;, (x{,---,x; ) evaluate to 1 except x’jllJrl which
1
7 . . . . . . . f— il .« .. il il .« .. il
evaluates to 0 on 7. Therefore, p;, 1, + iy ji+1,jo T Pir jot+ 1y = X)X+ X5 X+
XX =140+1=1. Hence, the result follows.
]2+1 kll
]

Theorem 6.2 Let S = p1 +---+ pn be a Boolean expression in irredundant disjunctive normal

form. Suppose that T is the set of unique true points formed by selecting a unique true point from

UTP;(S) for every i. Then T satisfies the following conditions:

. For any iy where 1 < iy < m, there existst € T such thatt € UTP;,(S).

. Forany iy, hi, iy and hy where 1 <iy <ir <hy <h; <mand{iz,ix+1,....,ho — 1,2} &
I m
{it,i1+1,...,h}, there existsT € T such thati € (| ] TPi(S))\( | TPi(S)).
-~ =~
i#ilz,.l.l.,hz i#il],...,hl

m

. Forany iy where 1 < iy <m, there exists7 € T such thati € TP; (S)\ ( | TPi(S)).
-1
i#ill,l]-ﬁ-l
. For any iy and i, pair where 1 < iy < iy < m, there exists T € T such thatt € (TP;,(S)U
m

P, ())\ (U TPi(S)).
=1

=
i1,
hy
. For any i and hy where 1 < iy < hy < m, there exists 7 € T such that7 € ( U TPi(S)) \

i=i]
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6.

10.

11.

( U TP;(S)).
i

For any i1, i and hy where 1 <i; <ip < h; <m and i, < hy, there existst € T such that
h

1 m
re(JrP)\( U TPi(9)).
~ ~
i M
hy
For any iy and hy where 1 < iy < hy < m, there exists T € T such that7 € (| ] TP;(S)) \
=i
m

(U 7Pi(9)).

i=1
i#i1,..,h+1
Forany i andiy where 1 < iy < iy <m, there existst € T such thatt € ((TPi1 (S)UTP,(S)) \

(U Tp,-(S))) U ((TP,-l S)uTPL (SN (U TP,-(S))).
i it it
For any i and iy where 1 < iy < iy <m, there exists7 € T suchthatic (| ] TPi(S))\
i=iy,i1+1,

in,ir+1
m

(( U TP(S)) U (TP, (S)NTP;, 1 (S)) U (TP, (S) N TP,y 4 (s))).
iy ,i.fl}iz,izﬂ

For any iy where 1 < iy <m—1, there exists7 € T such thati € (| J  TPi(S))\

i=iy,i1+1,i1+2
m

(( U TPi(S))U(TP,-I(S)ﬂTP,-1+1(S)ﬂTP,-1+2(S))).

i=1
iy, i1 +1,i142
For any i; where 1 < ij < m, there exists f € T such thatt € ((TP,-1 (S) UTP;,—1(5)) \

( 6 TP,-(S)))U((TPil(S)UTP,-IH(S))\( Lmj TP,~(S))>.

i=1 =
i#i—1,i i#i,i1+1

Proof : By Lemma 6.1, T is non-empty because UTP;(S) is non-empty for every possible i where

1 <i<m.

1.

For any ip where 1 < i, <m, thereis a7 € T such that 7 in UTP;,(S) by definition of T and

Lemma 6.1.
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2. Letiy, hy, ip and hy be suchthat 1 <iy <i, <hy <h;<mand {ir,ir+1,...,ho—1,h} ;
{i1,i1 +1,...,h1}. Since the condition in the theorem is the detection condition of two
subexpressions p;, +---+ pp, and p;, +--- + py, being negated where p;, +---+ py, is
contained in p; +---+ pp, and they are not identical, there is a term p;, in p;; +--- +

pn, but notin p;, +---+ pp,. By definition of T and Lemma 6.1, there is a 7 € T such
hy
that 7 € UTP;,(S). We then have 7 € UTP;,(S) C TP5(S) C ( |J TPi(S)) because

=i

i#in, .o
i3 € {it, -} \{iz, -+, hz} Since 7 € UTP;,(S), 7 ¢ TP;(S) for any i # i3. Hence,
hy hy
c(( U s UTP N)c(C U tpas U TP(S)) ). The re-
=i i=i|
i#ip,....hy 1#13 i#iy,....ho l7éll7 h

sult follows.

3. Forany i; where 1 <i; <m, thereisaf € T such that7 € UTP;,(S) by definition of T and
Lemma 6.1. Therefore, 7 € UTP,~1 (S) C TP,~l (S). Since?e UTP;,(S), T € TP;(S) forany i # ij.
Hence, 7 € (T U TP;(S U TP;(S)). The result follows.

i;éil l;ézl,llJrl

4. Forany i and i, pair where 1 < i <ip <m, thereisar € T such that7 € UTP;,(S) by defini-
tion of T and Lemma 6.1. It should be noted that the choice of 7 is independent of i>. There-
fore, 7 € UTP;,(S) C TP;,(S) C TPil (S)u TPiZ (S). Since 7 € UTP;, (S), [ 9? TP,-(S) for any
i #i1. Hence, 7 € (TP;, (S)UTP;(S) U TP;(S P;, (S)UTP, (S U TP;(S

t;ézl 17571712
The result follows.
5. Foranyij and i where 1 <ij <h; <m,thereisar € T suchthat? € UTP;, (S) by definition

of T and Lemma 6.1. It should be noted that the choice of 7 is independent of 4. Therefore,

7€ UTP;, (S) C TP;,(S) C ( Cj TP;(S)). Since € UTP;,(S),7 ¢ TP;(S) for any i # i. Hence,
1 m o h
e (UTPis))\ (I TPi(S)) (| TPi(S) U TP;(S)). The result follows.
6. Let iy, ip and iy be such that 1 <i; <ip < h; <m and i; < h;. Since the condition in the

theorem is the detection condition of both the subexpression p;, + --- + pj, and the term p;,
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being negated where p;, is contained in p; +---+ py, and iy < hy, there is a term p;, in

pi, + -+ pp, that is different from p;,. By definition of 7" and Lemma 6.1, there is a reT

1
such that 7 € UTP;,(S). Therefore, 7 € UTP;,(S) C TP;(S) C (|J TPi(S)). Furthermore,
i#is
h] m
since 7' € UTP;,(S), 7 & TPi(S) for any i # i3. Hence, 7 € (| TPi(S))\ (| TPi(S)) C
i=i

=1
i#i) i#i3

1 m
(UTPiS)\( | TPi(S)). The result follows.
~ et
it iyl
. Forany ij and iy where 1 <ij; < h; <m,thereisar € T suchthat? € UTP;,(S) by definition

of T and Lemma 6.1. It should be noted that the choice of 7 is independent of 4. Therefore,

hy
7€ UTP;,(S) C TP;,(S) C (| TPi(S)). Since 7 € UTP; (S),7 & TP;(S) forany i # i1. Hence,
1 m o hy m
e (UrPiS)\ (LU TPi(S)) c (LUTPiS)\( |  TPi(S)). The result follows.

i=i i=1 i=i i=1

i#i] i1y h1 1
. Forany ij and i where 1 <ij < iy <m,thereisaf € T such that7 € UTP;,(S) by definition
of T and Lemma 6.1. It should be noted that the choice of 7 is independent of i. Thus,

re UTP,I(S) C TPi1 (S) UTPI-Z(S). Since 7 € UTP;,(S), ?¢ TP( ) for i # i;. Hence, 7 €

(( S)UTP,, (S U TPi(S)) ) - ((TP,-1 (S)UTP,(S U TP(S ) c ((TP,~1 (S)U
17511 17511712
(1) TP s () U (7P, (8) U TPy 11 (S U TP(S)) ).
1#71,12 l;ézl 12+1

. Forany ij and i where 1 <ij <ip <m, thereisaf € T such that7 € UTP; (S) by definition
of T and Lemma 6.1. It should be noted that the choice of 7 is independent of i>. Thus,

7€ UTP; (S) C TP, (S)C (| TPi(S)). Since 7 € UTP; (S), 7 & TP;(S) for any i # i

i=iyi1+1
in,ip+1
Hence, 7€ (( U TPi UTP )< (U 1P U TP(S)) ).
i=i,i1+1 i=ip,i1+1
ir,ir+1 z#u in,ip+1 l#zm+1

ir,ir+1
Since 7 € UTP;, (S), 7 does not belong to any of these sets TP;, 11 (S), TP;,(S) and TP;,+1(S).

Report Title : Detecting Double Faults Related to Terms in Boolean Expression Page 115 of 121
SWINBURNE Prepared by : Man Fai Lau and Ying Liu
UNIVERSITY OF | 17/10/2008

TECHNOLOGY




10.

11.

Therefore,?g{((TP,-l(S)ﬂTPiIH(S))U(TPiZ(S)ﬂTPl-zH(S))).Hence,?e U 7Pi(S)\
T
A

<(TP,-1 (S)NTP;, 41(S)) U (TP, (S) N TP, 44 (5))). Therefore, we have 7€ | ] TPi(S)\
i=iy i1+,

i2,ip+1
m

(( U TPi(S)) U (TP, (S) N TPy, 11(S)) U (TP, (S) N TPy, 41 (S))) . The result fol-
i#il,ili:l}iz,iz—ﬁ—l
lows.

For any iy where 1 <ij <m—1, there is a7 € T such that 7 € UTP;,(S) by definition

of T and Lemma 6.1. Therefore, 7 € UTP; (S) C TP (S)c ( |J  TPi(S)). Since
i=iy,i1+1,i;+2

7€ UTP;,(S), 7 & TP;(S) for any i # ij. Hence,7€ (| U TP;(

i=i|,i1+1,i1+2 1761]
m
(U 1P\ |J  TPi(S)). Since 7 € UTP;,(S), 7 does not belong to any

i=iy,i1+1,i142 i=1
i#iy, i +1,i1+2
of these two sets, TP;,+1(S) and TP;,+2(S). Thus, 7 & (TP;, (S) N TP;,+1(S) N TP;,+2(S)).

Hence, 7 € ( U TP;(S)) \ (TP;,(S) NTP;,11(S) NTP;,12(S)). Thus, we have 7 €

i=iy,i1+1,i0,i0+1
m

( U TP,-(S))\(( U TPi(S))U(TPiI(S)ﬂTPilH(S)ﬂTPilH(S))). The
i=iy,i+1,i1+2 i=1

i#iy,i+ 1,42
result follows.

For any iy where 1 < ij < m, there is a7 € T such that 7 € UTP;,(S) by definition of T and

Lemma 6.1. Thus, 7 € UTP; (S) C TP;,(S) C (TP; (S)U TPll 1(S)) Since 7 € UTP;,(S),

7 ¢ TPi(S) for i # i1. Hence, 7 € ((TP,-,(S)UTP,-1 N U TPi(S ) c ((TP,-I(S)U
t#ll
TP | U TP;( )c ((TP,~1 (S)UTP;,_1( U TP;( )U((TP,~l (S)U
ity — 111 ity — o
TP;y 1(S U TP,(S)) ). The result follows.
I
O
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Table 4: Conclusions in Theorems 6.1 and 6.2 satisfying detection conditions in Table 2

SWINBURNE Prepared by : Man Fai Lau and Ying Liu

UNIVERSITY OF | 17/10/2008
TECHNOLOGY

Double-fault Detection Conclusion in
expression condition | Theorem 6.1 | Theorem 6.2
(1), 3), 3)=(7), (9)=(11), (13)=(15), (17) |  (C2) (1) -

() (C1) - (@)
(4) (C1) - (6)
(8) (C1) - ()
(12) (C1) - ®)
(16) (C1) - 3)
(18) (C1) - (1)
(19) (C1) - (4)
(20) (C1) - (8)
(21) (C2) (@) -
(22) (C1) - 9)
(23) (C1) - (10)
(24) (C2) (2) -
(25) (C2) (4) -
(26) (C1) (5) -
(27) (C1) (6) -
(53) (C1) - (11)
(70) (C2) (3) -
(73) (C1) (3) -
(76) (C2) (4) -
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Theorem 6.3 LetS = p;+---+ p, be a Boolean expression in irredundant disjunctive normal form.
Then, the BASIC meaningful impact strategy can detect all 31 double-fault expressions considered

in this report.

Proof : As a reminder, the BASIC meaningful impact strategy selects (1) one unique true point
from every UTP;(S), and (2) one near false point from every NFP; ;(S). Table 4 indicates that all
detection conditions of all 31 double-fault expressions in Table 2 can be collectively satisfied by the

corresponding conclusions in Theorems 6.1 and 6.2. Hence, the result follows. 0]

Theorem 6.4 Let S = p;1 +---+ pm be a Boolean expression in irredundant disjunctive normal
form. Then, any test case selection strategy that subsumes the BASIC meaningful impact strategy

can detect all double-fault expressions considered in this report.

Proof : By Theorem 6.3, the BASIC meaningful impact strategy can detect all 31 double-fault
expressions considered in this report. As a result, any test case selection strategy that subsumes

the BASIC meaningful impact strategy can detect them. 0]

Among the existing test case selection strategies proposed in research literature, those that sub-
sume the BASIC strategy include the MANY-A strategy, the MAX-A strategy and the MUMCUT
strategy [17, 19]. By Theorem 6.4, all these strategies can also detect all double fault classes con-
sidered in this report. The empirical study in [17] shows that, for a group of Boolean expressions
under study, the BASIC, MANY-A and MAX-A strategies require, on average, test sets of sizes 9.8%,
19.3% and 40.6%, respectively, of the entire input domain. As reported in [19], the sizes of test sets
generated by the MUMCUT strategy for the same group of Boolean expressions are, on average,
approximately 12.0% of the entire input domain. Hence, both the BASIC and MUMCUT strategies
generate much smaller test sets than the MANY-A and MAX-A strategies do, and that they can
detect all double faults related to terms in Boolean expressions. Although the MUMCUT strategy
requires slightly larger test sets, it can detect more single fault classes (such as literal insertion fault

and literal reference fault) than that of the BASIC strategy [1, 19].
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7 Conclusion

In this report, we study the detection conditions on double faults related to terms within a Boolean
expression. For double fault related to terms, 49 out of 53 faulty expressions of double faults with
ordering are equivalent to the 27 distinct double-fault expressions due to double faults without order-
ing, and the 4 remaining double-fault expressions are not equivalent to any of 27 faulty expressions.
Altogether, there are 31 different double-fault expressions among all double fault classes considered

in this report.

We also study the fault coupling between single fault classes and their corresponding double fault
classes via analysing the relationship between detection conditions of single and double fault
classes. We find that 15 out of the 31 double-fault expressions can always be detected by test
cases that detect single fault classes. Moreover, for the remaining 16 double-fault expressions,
some but not all test cases that detect each individual single fault class will also detect the double-

fault expressions.

Based on the detection conditions, we prove that any test case selection strategy that subsumes
the BASIC meaningful impact strategy can detect all double fault classes considered in this report.
This is very interesting because none of these strategies were originally developed for detecting
double faults. Among existing test case selection strategies based on Boolean expressions, both the
BASIC strategy and the MUMCUT strategy generate much smaller test sets than other strategies

that subsume the BASIC strategy.

Some other classes of single faults related to literals in Boolean expressions have not been studied
in this report. We are extending our work to explore detection conditions of double faults related
to literals and to further analyse whether existing test case selection strategies are able to detect
all these double fault classes. We intend to complete the analysis of detection conditions so as to

understand more precisely the behaviour of multiple faults for Boolean expressions.
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