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ABSTRACT

FORMALIZATION AND VERIFICATION OF PROPERTY SPECIFICATION
PATTERNS

by

Dmitriy Bryndin

Finite-state verification (FSV) techniques are intended for proving properties of software
systems. Although significant progress has been made in the last decade automating FSV
techniques, the adoption of these techniques by software developers is low. The Specification
Pattern System (SPS) is intended to assist users in creating such specifications. It identifies
common specification patterns and indicates how to translate the patterns into a variety of
different specification languages. However, the patterns in the SPS are defined informally
and their translations are not verified. This work discusses the informal nature of these
definitions, proposes a formalization for them and provides formal proofs for the translation

of patterns to Linear Temporal Logic.
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Chapter 1
INTRODUCTION

Property specifications are intended to be used in software development to describe different
parts of a system behavior. They can help to detect design flaws in early stages of develop-
ment, serve as a reference for programmers in later stages of software development, and be
used for the verification of an implementation. Being developed by humans, the initial speci-
fications are never formal [12]. Developers usually represent initial specifications graphically
or using the natural language [13]. Property specifications often stay in this form for the
rest of the development process. While still useful, these informal specifications are often
ambiguous and inconsistent with the actual system’s behavior and the cost of the related
errors is high, as they are usually detected on the later stages of development.

When property specifications are formalized, developers obtain precise specifications,
which can be formally analyzed for consistency, completeness, and other desirable (or absence
of undesirable) properties. Tools automating such analysis typically require some special
types of formalisms, such as temporal logic [4]. The use of these formalisms requires expertise

and significantly limits adoption of FSV techniques by the developers.

1.1 Specification Pattern System

M.Dwyer et al. in |6, 7] proposed an approach that helps developers in mapping informal
property specifications to the formalisms accepted by a variety of automated verification
tools. Similarly to the idea of Design Patterns [9], M.Dwyer et al. came up with a set
of parameterized patterns that are independent of the formalisms used in the verification
tools. These patterns were obtained from a survey of commonly occurring properties that
users verify with the finite-state verification tools, such as SPIN [11], SMV [16], CWB-NC,
INCA [5] and FLAVERS |[8].



Finite-state verification tools model a system execution by a (possibly event driven)
finite-state machine. A property pattern restricts some aspect of system behavior, namely
the occurrence of some state/event or the order in which multiple state/events occur in the
execution. For example, to say that a deadlock never occurs, we use the “Absence” pattern, or
to say that a thread has to eventually release memory that has been dynamically allocated
to it, we use the “Response” pattern. These patterns are described in greater details in
Section 2.1.

Each pattern is associated with a scope that describes a sequence of states/events over
which the restrictions imposed by the pattern apply. A scope can define the entire execution
of a system, a part between the moment when a thread is created and the moment when it
is terminated, etc. Scopes are described in Section 2.2.

The crucial part of the work done by M.Dwyer et al. in [1] is a translation of pairs
of patterns and scopes to the following specification formalisms, which are used by differ-
ent verification tools: Linear Temporal Logic [14], Computation Tree Logic [3], Quantified
Regular Expressions [19] and INCA Queries [5]. Other researchers have developed map-
pings for: Action Computation Tree Logic [18], Graphical Interval Logic [20] and Regular

Alternation-Free Mu-Calculus [15].

1.2 Linear Temporal Logic

Linear Temporal Logic (LTL) [14] is commonly used in software verification to specify and
reason about behaviors that are modeled as linear state sequences, with states denoting
finite sets of propositions (the propositions that are true). There are several model checkers
available that support LTL: SPIN [11], Java PathFinder [24], NuSMV [2] and others.
Denote a set of atomic propositions by A. A state gives an interpretation to propositions
in A. A state formula is a formula in ordinary first-order logic over the propositions in A. We
use s = P to say that P holds on S or that s is a P-state. LTL extends ordinary predicate

logic with a set of temporal operators presented in Table 1.1.



oPf Henceforth P
OP Eventually P
PUQ P Until Q
PWQ P Waiting-for )
OP Next P

Table 1.1: LTL, Future Temporal Operators.

An LTL formula is defined as
e each proposition in A is an LTL formula

e if P and ) are LTL formulas, -P, PAQ, Pv @, P - Q, P < @, P, OP, PUQ,
PWQ, OP are also LTL formulas.

In LTL formulas we use — to denote implication and < to denote equivalence, using the
more common —> and <= as meta notation.

LTL formulas are interpreted over a model, which is an infinite sequence of states,
o 80,81,--.. We write (0,i) £ P to say that P holds at a position ¢ > 0 in o, for a
given model o and an LTL formula P. For a state formula P, (0,i) = P < s; = P.

For the LTL formulas P and Q:

(O',Z.)IZ—!P <~ —|(O',Z.)|=P.

(0,i) E PvQ < (0,i) = Pv(0,i1) EQ, with A,—> and < defined similarly.

(0,i) EOP <= Vk>ie(0,k)EP.

(0,i) E OP <= 3Jk>ie(0,k)EP.

(0,i) E PUQ <= Tk>ie((0,k)EQ A Vj:i<j<ke(o,j)EP).

(0,i) E PWQ < (0,i) E PUQ Vv (0,i) EOP.

(0,i) E OP < (0,i+1)E P.



1.3 Structure of this work

In this work we check for inconsistencies between the informal definitions of patterns and
scopes in the Specification Pattern System proposed in [6, 7] and their translations to LTL,
presented in [1]. We give a formal interpretation for these definitions, removing all incon-
sistencies and ambiguities. Finally, the largest part of this work provides proofs of the
equivalence between the pattern/scope combinations and their translations to LTL. Because
this work only considers the translation to LTL, we consider only the state-based definitions
presented in [1].

Chapter 2 provides the definitions of patterns and scopes, as they are given in |6, 7| and
highlights several problems related to the informal nature of these definitions.

In Chapter 3, we formalize the original informal definitions of scopes and patterns and
discuss their translations to LTL.

Appendix A is the reference for the original LTL formulas in [1].

Appendix B contains all proofs for the translations to LTL.

Appendix C provides counterexamples for the cases when our proposed LTL formulas are

not equivalent to the original formulas in [1].



Chapter 2
INFORMAL DEFINITIONS

2.1 Informal Definitions of Patterns

Figure 2.1 illustrates the hierarchy of patterns. Figure 2.2 provides the explanations for
the two major groups of patterns, classified by the system behaviors. Figures 2.3 and 2.4

describe the intent of all patterns. The contents of all figures are reproduced from [1].

Property Patterns

/\

Occurrence Order
Absence Bo'unded / \ Chain
Existence Precedence Chain Response
Universality Existence Response  Precedence

Figure 2.1: Classification of patterns in terms of system behaviors, as it appears in [1]

Occurrence Patterns talk about the occurrence of a given event/state during system exe-
cution.

Order Patterns talk about relative order in which multiple events/states occur during
system execution.

Figure 2.2: Classification of patterns, as it appears in [1]

2.2 Informal Definitions of Scopes

Figure 2.5 illustrates the definitions of scopes, provided in Figure 2.6. The content of both

figures is reproduced exactly as in [1].



Absence

To describe a portion of a system’s execution that is free of certain events or states. Also
known as Never.

Universality

To describe a portion of a system’s execution which contains only states that have a desired
property. Also known as Henceforth and Always.

Existence

To describe a portion of a system’s execution that contains an instance of certain events or
states. Also known as Eventually

Bounded Existence

To describe a portion of a system’s execution that contains at most a specified number of
instances of a designated state transition or event.

Figure 2.3: Intent of occurrence patterns, as it appears in [1]

Precedence

To describe relationships between a pair of events/states where the occurrence of the first is
a necessary pre-condition for an occurrence of the second. We say that an occurrence of the
second is enabled by an occurrence of the first.

Response

To describe cause-effect relationships between a pair of events/states. An occurrence of the
first, the cause, must be followed by an occurrence of the second, the effect. Also known as
Follows and Leads-to.

Chain patterns are used to express requirements related to complex combinations of individ-
ual state/event relationships. These include precedence/response relationships consisting of
sequences of individual states/events. We call these chain patterns.

Chain Precedence

This is a scalable pattern. We describe the 1 cause - 2 effect version here.

To describe a relationship between an event/state P and a sequence of events/states (S, T) in
which the occurrence of S followed by T within the scope must be preceded by an occurrence
of the the sequence P within the same scope. In state-based formalisms, the beginning of
the enabled sequence (S, T) may be satisfied by the same state as the enabling condition
(i.e., P and S may be true in the same state).

Chain Response

This is a scalable pattern. We describe the intent of the 1 stimulus - 2 response version here.
To describe a relationship between a stimulus event (P) and a sequence of two response events
(S,T) in which the occurrence of the stimulus event must be followed by an occurrence of the
sequence of response events within the scope. In state-based formalisms, the states satisfying
the response must be distinct (i.e., S and T must be true in different states to count as a
response), but the response may be satisfied by the same state as the stimulus (i.e., P and
S may be true in the same state).

Figure 2.4: Intent of order patterns, as it appears in [1]
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Figure 2.5: The illustration of scopes, as it appears in [1]

Each pattern has a scope, which is the extent of the program execution over which the
pattern must hold. There are five basic kinds of scopes: global (the entire program
execution), before (the execution up to a given state/event), after (the execution after
a given state/event), between (any part of the execution from one given state/event to
another given state/event) and after-until (like between but the designated part of the
execution continues even if the second state/event does not occur). The scope is determined
by specifying a starting and an ending state/event for the pattern: the scope consists of
all states/events beginning with the starting state/event and up to but not including the
ending state/event.

We note that a scope itself should be interpreted as optional; if the scope delimiters are not
present in an execution then the specification will be true.

Figure 2.6: The definitions of scopes, as they appear in [1]

2.3 Problems with the Interpretation

The sections 2.1 and 2.2 provide informal definitions of patterns and scopes, as they are
presented in [1]. But are these definitions good? According to [12]|, good definitions must

be consistent and unambiguous. Unfortunately, informal definitions tend to give rise to



ambiguity and inconsistency. We illustrate some ambiguities in the informal definitions
provided for the pattern system and use the translations to LTL presented in [1| to motivate
more precise definitions, which we then formalize in Chapter 3.

We start from the definitions of scopes, listed in Section 2.2.

2.3.1 Multiple delimiters in “Before” and “After” scopes

The first question arises from the “Before R” scope. From it’s definition, the given state R is
the right delimiter for this scope. It is not immediately clear which R-state is the delimiter
for this scope, in case there are several R-states present in the execution. The illustration
in Figure 2.5 suggests that the scope goes up to the first R-state. The constructions in the
corresponding LTL formulas

...UR or ...WR

suggest that this interpretation is correct.

Therefore, we refine the informal definition of the “Before R’ scope to
Before: from the beginning of the execution up to the first occurrence of a given state.

We treat the case of multiple Q)-states in “After ()” scope similarly. The illustration
in Figure 2.5 suggests that the first occurrence of the ()-state serves as the left delimiter.

Indeed, the constructions

o(@Q-...), for Absence, Universality, Response and Chain Response
O(-Q)vo(Qn...), for Existence and Precedence
Q- (-QUQNA...) for Bounded Existence

O(-Q) v (-QUQ~A...) for Precedence Chain

in the LTL formulas are consistent with the interpretation that the restrictions on the system
execution start to apply from the first occurrence of a Q-state (inclusive). Therefore, we refine

the informal definition of the “After ()” scope to



() (b)

Figure 2.7: Possible interpretations of “Between ) and R” scopes.

After: from the first occurrence of a given state until the end of the execution.

2.3.2 Multiple delimiters in “Between” and “After-Until” scopes

The “After-Until” scope is an unambiguously extended version of “Between” scope and, there-
fore, everything that we clarify for the “Before” scope also applies to the “After-Until” scope.

Consider the “Between () and R” scope. The illustration in Figure 2.5 suggests that this
scope consists of “maximal” intervals, where each interval ends with an R-state and starts
with a ()-state that is the farthermost from this R-state, while not including other R-states.

In the case of several R-states after a ()-state, the constructions
O(QA...—>...UR) or O(Q - (-R)W(...A=R)

of LTL formulas are consistent with saying that the restrictions apply only until the closest
R.
The case of several ()-states is slightly different. For all patterns except “Existence”, the

constructions of LTL formulas

O(QA...—>...)

agree with the illustration.
Existence of P, Between @ and R: 0O(QA-R - (-R)W(P A=R)) (2.1)

Consider the example, shown in Figure 2.7a. The informal definition of the “Existence”

pattern holds on this “maximal” interval, however, the corresponding LTL formula (2.1) fails.



The construction
o(QA...—>...)

implies that each ()-state starts the interval, as it is shown in Figure 2.7b, and for the
“Existence” pattern it is not a “maximal’, but a “minimal” interval. In this case the informal
definition is ambiguous, and the provided illustration fails to clarify it. Instead we propose

the following definitions

Between () and R scope consists of all intervals that start with a ()-state and extends to

the next R-state.

After Q Until R extends “Between” scope with all suffixes that begin with a ()-state and

have no subsequent R-states.

2.3.3 Empty intervals

According to the definitions of scopes, the left delimiter is included in and the right delimiter
is excluded from the scope. In the case the delimiters are not present, the specification is
vacuously True. The natural question here is how we treat empty intervals in the scopes.
The “Global” scope is never empty. The “After ()7 scope is not empty if there is a @)-state
in the execution.

Consider the scope “Before R”, when the initial state in the execution is an R-state.
The initial state is not included in the scope and, therefore, the scope consists of an empty
interval. The specification is not vacuously true, as the delimiter R is actually present. With

the “Before R” scope, the LTL formulas for all patterns except the “Existence” has the form
.UR
which is True. However, the LTL for the “Existence” pattern
(=RW(P A =R)
is Fualse.

10



For the “Between () and R” and “After ) until R’ scopes, it is possible to have an empty
interval when a state is both a ()-state and an R-state. The LTL formulas for these scopes

have the forms

0(Q—...UR) for the Bounded Existence and Chain patterns

O(@A-R—...) for the rest of the patterns

[t is easy to see that all of them are True on the (Q A R) empty interval.

The last two examples show some ambiguity in the interpretation of an empty interval
for the “Existence” pattern with the “Before” and the “Between” scopes.

If we treat the empty interval as a part of a scope, we expect the “Existence” pattern
to fail. This interpretation is consistent with all scopes except “Between” and “After-Until”
scopes for the “Existence” pattern. If we assume that an empty interval is not a part of
a scope, then having no other states in the scope results the “Existence” pattern being
vacuously true, by the informal definition of scopes. This interpretation is consistent with
all scopes, except the “Before” scope for the “Existence” pattern.

As there is no reasonable argument against any of these interpretations of scopes, we

propose a formalization for each of them.

11



Chapter 3
PROPOSED FORMALIZATION

3.1 Formal Definitions of Strong Scopes

We use commas between predicates in the meaning of conjunctions, to increase the readability
of formulas. We assume placeholders P, (), R and S are state formulas.

A scope S is relative to a given model of execution o : sq, 51, S9,.... We represent a scope
as a set of intervals, where an interval is a nonempty sequence of consecutive numbers,

corresponding to indices of the states in the model o.

Globally:

The scope consists of one interval listing all the indexes of the states in the model
S =1{[0,00)} (3.1)

Before R:
The scope contains one interval at most. This interval includes the indices of all states
before (but not including) the first R-state. If an R-state is absent or in position 0,

the scope is empty

Spp =100,1) [s0IF =R, i = min({k > 0|s; I= R})} (3.2)

After Q):
The scope contains one interval at most. This interval corresponds to all states occur-

ring after (and including) the first Q-state. If no Q-state exists, the scope is empty
SAQ:{[i,oo)|i:min({k:20|sk = QD} (3.3)

Between () and R:

This scope may consist of multiple intervals. Each interval starts with an index of a

12



(Q)-state that is not an R-state, (inclusive) and extends to the index of the next R-state

(not inclusive). A @-state that is also an R-state is not an interval.
SBWQR = {[Z,j) | 120,85 1= (Q A ﬂR),j = min({k >1 | Sk |E R})} (34)

After () until R:
This scope extends “Between () and R” with all suffixes that begin with a ()-state that

is not an R-state (inclusive) and have no subsequent R-states.

Savgr =SBWgR {[i,00)]i> 0,8 IEQ,(Vj>ie sjlE-R)} (3.5)

3.2 Formal Definitions of Weak Scopes

The scopes defined in Section 3.1 contain no empty intervals by construction, in this section
we weaken this restriction. Depending on a model the weak scope SV is either a scope S
from Section 3.1, or the scope S extended with the empty interval.

There are only two cases when a scope SW may contain an empty interval:
e initial state is an R-state in “Before R’ scope, i.e. sg = R

e there is a (Q A R)-state in “Between (Q and R” or “After ) until R” scopes, i.e. In >

OesplEQAR

Here we provide weak definitions only for “Before R”, “Between (@ and R” and “After () until
R” scopes. The rest of the scopes can’t possibly contain an empty interval and, therefore,

their weaken versions coincide with the versions defined in Section 3.1.

Weak Before R:
The scope contains one interval at most. This interval includes the indices of all states
before (but not including) the first R-state. If an R-state is absent, the scope is empty.

If R-state is in position 0, the scope consists of an empty interval.

13



SVBVR ={[0,7) |i = min({k > 0] s3, I R})} (3.6)

Weak Between () and R:
This scope may consist of multiple intervals. Each interval starts with an index of a
(Q)-state (inclusive) and extends to the index of the next R-state (not inclusive). A

(-state that is also an R-state is an empty interval.
S%VWQR ={[i,5) | i 1F Q,j = min({k >i|s3 I R})} (3.7)

Weak After () until R:
This scope extends “Weak Between () and R” with all suffixes that begin with a ()-state

that is not an R-state (inclusive) and have no subsequent R-states.
w _ w

When we switch from S to the weak version of scope SW, LTL formulas for the constraints
that use a universal quantification over the elements of the intervals, does not change. How-
ever, the use of an existential quantifier in “Existence” and “Strong Existence” will fail the

constraint on an empty interval.

3.3 Formal Definitions of Patterns

According to the informal definition of scopes, when there is no scope, all patterns listed in
Section 2.1 are True. However, similarly to an existence being Fualse on an empty set, one
may require the “Existence” pattern to be False, when the scope is absent (i.e. empty). We

introduce the “Strong Existence” pattern with exactly that additional requirement.

Absence:

There is no P-state in the scope.

VIeS,Vnelesyl=-P (3.9)

14



Existence:

Each interval contains a P-state.

VieS,Inelesyl= P (3.10)

Strong Existence:

The scope is nonempty and each of it’s intervals contains a P-state.

S+, VIieS,Ineles,l=P (3.11)

Universality:

Every state in the scope is a P-state.

VieS,Vneles,l=P (3.12)

k - Bounded Existence:
Given an interval I in the scope S, we define Max(I, P) as a set of maximal P-state

subintervals of 7.

Maz(1,P)={[i,j)|[i,j) € I,¥m e [i,j) o sm = P,
(i-1¢I1vs;i1l=-P),(j¢Ivs;l=-P)} (3.13)

No interval in the scope contains more than £ maximal P-state subintervals.

VIeSe|Maz(I,P)| <k (3.14)

Precedence:
If there is a P-state, either it is an S-state or there is an S-state before it in the same
interval.

VieS,Vnele(syle P = Imele(m<n,sylES)) (3.15)

15



Response:
If there is a P-state, either it is an S-state or there is an S-state after it in the same
interval.

VieS,Vnele(syle P = Imele(m>n,smlES)) (3.16)

Precedence Chain:
A subsequence of states satisfying S1,...,5; precedes each subsequence of states sat-
isfying Py,..., P}, if the later exists. It is possible for the Sj-state to coincide with
the Pp-state. However, an S;-state strictly precedes Sj-state for ¢ < j; with the similar

requirement for the P sequence.

VIeS, aneI,...,aneI:n1<...<nZO(Sn1 =Py, sny IE P =

(3.17)
dmyel,....3mpel:my<...<my<nipe(smylEST, ..., Smy IIZSk))
Response Chain:
A subsequence of states satisfying S1,..., S follows each subsequence of states satis-

fying Py,..., P}, if the later exists. It is possible for the Pj-state to coincide with the
S1-state. However, an S;-state strictly precedes the S-state for i < j, with the similar

requirement for the P sequence.

VIeS, aneI,...,ane]:n1<...<n50(3n1 =Py, sny IE P =
(3.18)

Imyel,....Impeln <my<...<mye(smy |I=Sl,...,smkll=5k))

3.4 Pattern Mappings for LTL

Parenthesizes in the formulas below are set according to the notation introduced in [14]:

temporal operators have higher binding power that the boolean ones. =’ in LTL formulas

is equivalent to * ==’ used everywhere else in this paper and stands for the implication.
To map the informal definitions of patterns and scopes into a precise formula in common

formal specification languages, one has to guess the formula first and then verify that this
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formula is consistent with the definitions. Based on the formal definitions introduced in
Sections 3.1, 3.2 and 3.3, we were able to formally derive corresponding LTL formulas,
thereby ensuring that the translations are consistent with our definitions. This is a major
improvement over the way the formulas in [1] were created. The formulas that we derived are
not necessarily identical to the formulas in [1]. In cases where the formula that we derived
differs from the translation in [1]|, we provide a proof that the formulas are equivalent or a
counterexample that shows they are not equivalent.

Due to the overall complexity of manual derivation of these formulas, we decided to
limit the extent of this work to the “Absence”, “Existence”, “Strong Existence” and “Uni-
versality” patterns with both Strong and Weak versions of all scopes, and the “Precedence”
and “Response” patterns with the “Globally” scope. By doing so, we cover 89% of the 555
pattern/scope combinations mentioned in the survey in [7].

Our LTL formulas in Table 3.1 are proven to be equivalent to the corresponding original
formulas by M.Dwyer et al. [1]. The proofs are listed in the Appendix B.

We simplified the LTL formulas for the “Absence” and “Universality” patterns with both
“Between” and “After-Until” scopes by removing the redundant - R term from the antecedent
of the implication. We also fixed a typographical error in the “Existence” pattern with “After”
scope.

In Section 2.3.3 we described the inconsistent treatment of empty intervals in the original
work by M.Dwyer et al. To resolve this problem we proposed two possible formalizations:
strong scopes and weak scopes (Sections 3.1 and 3.2 respectively). We show the correspond-
ing LTL formulas for these versions of scopes in Table 3.2. It is enough to list only the
formulas related to existential patterns, as there is no essential difference between strong
and weak scopes for the other patterns and these formulas are listed in Table 3.1.

For both cases, if we ignore empty intervals (strong scopes) or take them into account
(weak scopes), we propose the LTL formulas. All formulas in Table 3.2 are proven to be

consistent with our definitions of strong and weak scopes in Appendix B. We highlight in
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Property Pattern = New Original (if different)
Absence of P

Globally a(-P)

Before R OR - (-P)UR

After @ o(Q - o(-P))

Between Q and B 0(Q A GR — (=P)UR) O(QA-RAGR - (=P)UR)
After Q until R 0(Q — (-P)WR) o(Q A-R - (-P)WR)
Existence of P

Globally OP

Before R see Table 3.2 (-R)W(P A =R)

After Q A(-Q)vO(QAOP)  B(=Q)V O(QAOP)) typo
Between Q and R see Table 3.2 (@A -R - (-R)YW(P A-R))
After @ until R see Table 3.2 O(QA-R— (-R)U(P r-R))
Universality of P

Globally oP

Before R OR - PUR

After @ o(Q - oP)

Between Q and B 0(QAGR - PUR)  0(QA-RAGR - PUR)
After Q until R 0(Q - PWR) 0(Q A =R - PWR)

S precedes P
Globally (=P)WS

S responds to P
Globally a(P - ©S5)

Table 3.1: Proposed LTL formulas vs. original formulas by M.Dwyer et al.

bold the formulas that are equivalent to the the original formulas by M.Dwyer et al. As it
was stated in Section 2.3.3, original formulas for the “Existence” pattern with the “Between”
and “After-Until” scopes ignore empty intervals, while the formula for the “Before” scope
does not.

While the proposed pattern “Strong Existence” is not equivalent to the “Existence” pat-
tern by M.Dwyer et al., we think some users may find this alternative interpretation to be

valuable.
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Property Pattern

LTL formula for:
Strong scopes

Weak scopes

Existence of P

Globally OP oP

Before R Rv -(-P)UR -(-P)UR

After Q 0(-Q)vO(QAOP)  B(-Q)vo(QAOP)

Between Q and R 0(Q A-R - -(-P)UR) 0(Q - -~(-P)UR)

After Quntil R 0(QA-R - -(-P)WR) 0O(Q - ~(-P)WR)

Strong Existence of P

Globally OP OP

Before R ORA-(-P)UR ORA-(-P)UR

After Q O(QAOP) O(QAOP)

Between Q and R O(QA-RAOR)A O(QAOR)A
D(QA-R—-(=P)UR)  O(Q~~(-P)UR)

After @ until R O(Q A =R)A O(QA(-RVOR))A
o(@A-R—--(-P)WR) 0o(Q - -(-P)WR)

Table 3.2: Proposed LTL formulas for Weak and Strong scopes. Bold formulas are equivalent
to original formulas of M.Dwyer et al.
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Chapter 4
RELATED WORK

This work is based on the specification pattern system (SPS) described in Dwyer et al. |6, 7]
and the translations of patterns to LTL in [1].

Several approaches were proposed to formalize and extend SPS, and to verify the trans-
lations to different formalisms. PROPEL [23| uses the disciplined natural language (DNL)
and the finite-state automaton (FSA) notations to formalize most common patterns in SPS.
This approach assumes only the event-based formalism and translates patterns only between
DNL and FSA.

Prospec [17] extends SPS with 12 classes of composite propositions (CP), allowing the
use of multiple propositions in a pattern or as a delimiter of the scope. A tool interactively
guide the user during the specification process and translates the specification to future
interval logic or LTL. However [17| does not provide any details about the correctness of the
generated LTL formulas.

Salamah et al. [21] extend ideas of Prospect. The paper considers 4 patterns out of the
8, defined by Dwyer et al. and CPs from Prospec, translates CP classes to LTL, extends
LTL with an additional conjunction operator and translates 4 patterns and 5 scopes into
the extended LTL. In [22], Salamah formally proves correctness of the formulas within the
“Global” scope and tests the formulas within the “Before R” scope. He elaborates on the CP
extension, uses non-standard extension of LTL for the translation and does not verify most
of the formulas.

Garcia and Roach [10] developed the Property Testing Tool (Protest), which automati-
cally generates and tests LTL formulas representing specifications. They did some additional
testing of the formulas in |21], but their tests covered only a small subset of properties and

CP classes.
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Chapter 5
CONCLUSIONS

The use of patterns is a way for experts to share their knowledge. Like design patterns,
specification patterns prepared by an expert speed up the process of writing specifications and
widen the use of formal methods in software development. The SPS developed by Dwyer et al.
is well known and easily accessible through a web site [1]. While being prepared and reviewed
by experts, this collection is not guaranteed to be correct. The definitions of patterns and
scopes have to be precise and their translation to other formalisms have to be verified. As
we showed in Section 2.3 the original definitions contain some ambiguity and their manner
of interpretation does not appear to always be consistent. It makes little sense to verify the
formal LTL formulas obtained from the informal definitions. We proposed a formalization
of patterns and scopes that is easy to read, closely resembles the original definitions, and
is precise. These formal definitions were used to formally derive the corresponding LTL
formulas. We verified the formulas provided in [1] by showing their equivalence to the
formulas we derived. Because of the complexity of the manual proofs, we considered only the
most popular combinations of patterns and scopes. “Absence”, “Existence” and “Universality”
patterns are verified with all five scopes; “Precedence” and “Response” are verified with
“Global” scope only. From 555 patterns/scopes listed in the survey 7] we covered 89% of
them. We provide the additional pattern, “Strong Existence”, which is False on the empty
scope. The corresponding LTL formulas for this pattern with all five scopes were derived

and also verified.
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Appendix A
ORIGINAL LTL FORMULAS

Parenthesizes in the formulas below are set according to the notation introduced in [14]:

temporal operators have higher binding power that the boolean ones.

23



Property Pattern  LTL formulas by M.Dwyer et al.

Absence of P

Globally a(-P)
Before R OR - (-P)UR
After Q o(@ — o(-P))

Between Q and R 0(QA-RAOR — (-P)UR)
After Q until B 0(Q AR — (~P)WR)

Existence of P

Globally OP
Before R (~-R)W(P A=R)
After Q a(-Q) v (Q ASP)) typo

Between Q and R 0(Q A-R - (-R)W(P A-R))
After Q until B 0(Q A =R — (=R)U(P A ~R))

Universality of P

Globally oP
Before R OR - PUR
After Q o(@Q - oP)

Between Q and R 0(Q A-RAOR — PUR)
After Q until R o(@Q A-R - PWR)

S precedes P

Globally (-P)WS
Before R OR - (-P)W(SV R)
After Q (=QIW(Q A (=P)WS)

Between Q and R 0((Q A-RACOR) » (=P)W(SV R))
After Quntil B 0(Q A =R > (~=PYW(S Vv R))

S responds to P

Globally 0(P - &8)
Before R OR - (P - (-R)U(SA-R))UR
After Q (-QW(Q AT(P - ©S))

Between Q and R 0((Q A-RAOR) —

(P - (-R)U(SA-R))UR)
After @ until R o(Q A-R —

(P = (-R)U(S A=R)))WVR)

Table A.1: LTL formulas presented in [1]
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Appendix B
PROOFS OF EQUIVALENCE

Before starting the proofs of equivalences, we define and prove two auxiliary claims.

Claim 1.

Proof of the Claim 1. We want to show
—\(—\P)MR <~ D(—\R) \Y (ﬂR)U(P/\ —|R)

Suppose there is no R-state in our model. It is easy to see that both LTLs are True.

For the rest of the proof we assume an R-state exists and show
~(=P)UR < (-R)U(P A-R)

If «(-=P)UR is True, (-P)UR is False. As an R-state exists by our assumption, there is
a P-state before the first R-state. Therefore (-=R)U(P A =R) is True.

If (=R)U(P A=R) is True, there exists a P-state before any R-state. Then (-P)UR is
False and —(=P)UR is True. We proved the iff relation in (B.1). m

Claim 2.

-(=P)WR <= (-R)U(P A-R) (B.2)
Proof of the Claim 2.
-(-P)WR=-(a(-P) v (-P)UR) =P A-(-P)UR

Suppose there is no R-state in our model. Both -(=P)WR and (-R)U(P A =R) reduce to
OP.
For the rest of the proof we assume there is an R-state. In the proof of Claim 1 we’ve

ShOWH (_\R)Z/{(P/\—!R) < —|(—|P)UR
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If (=R)U(P A=R) is False, OP A -~(-P)UR is also False.
If &P A=(=P)UR is False, either OGP, =(=P)UR or both are False. Tt is easy to see that
(~R)U(P A-R) is False in all these cases. This proves (B.2). |

B.0.1 Absence

B.0.1.1 Globally

O(-P) ~ Absence of P, Globally

Proof.
Absence of P, Globally = VIeSg,Vneles,lE-P, where Sg = {[0, oo)}
S has only one interval, [0, 00), so the RHS of the equation above is
Vn>0es,|E-P

. This is exactly the meaning of O(-P) in first-order predicate logic. ]

B.0.1.2 Before R

Claim 3.

Vi>0e (sol=-R,i=min({k>0]|s; = R}) = ¢(i)) =

Jj>0esjlF R = Ji>0e(s;l= R, ¢(i)) (B.3)
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Proof.

Vi>0e(sgl= =R, i =min({k>0]|s, I R}) = ¢(i))

solE R v Vi>20e (i=min({k>0]|s, I R}) = ¢(i))

[

solE R v Vji20esilE-R v 3i>0e(i=min({k>0]|syIF R}), ¢(i))

!

Vi20esjlE-R v 3i>0e(i=min({k20]|sg IE R}), ¢(i))

3j>0esjlE R = 3i>0e(i=min({k>0]s; = R}), ¢(i))

!

Jj20esjlF R = Ji>0e(s;l= R, ¢(i))

OR - (-P)UR ~ Absence of P, Before R (B.4)

Proof. According to (3.9)

Absence of P, Before R

V[GSBR,VHGIOSnH:—\P

it follows from (3.2) that

VIESBR,VnEIoan:ﬁP =

Vi>0e(sol=-R,i=min({k>0]|sy Ik R}) = Yne[0,i)esylE-P)
by Claim 3, the RHS of the equivalence holds iff the following holds
3j20eslF R = Fi20e(s;lF R, Yne[0,i)es,lF-P)

this is the definition of OR — (-P)UR. |

B.0.1.3 After @)

o(Q - 0(-P)) ~ Absence of P, After (B.5)
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Proof. According to (3.9)
Absence of P, After Q = Ve SAQ,Vn elesylE-P

it follows from (3.3) that

VIESAQ,VneIOSnII:—'P =

Vi>0e (i=min({k>0]|sj Ik Q}) = Vne[i,0)es,l=-P)
the RHS of the equivalence holds iff the following holds
Vi>0e(s;IEQ = Vne[i,o0)es,lE-P)

this is the definition of O(Q - o(-P)). u

B.0.1.4 Between ) and R
O(@ACOR— (-P)UR) ~ Absence of P,Between () and R (B.6)

Proof. According to (3.9)
Absence of P, Between (Q and R = VIe¢ SBWQR’ Vneles,|lE-P

it follows from (3.4) that

V]ESBWQ}TVHEIOSTLH:ﬂP =
Vi>0,¥j>0e(i>0,s; 1= (QA-R),j=min({k>i|s Ik R}) =

Vneli,j)esyl=-P)
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the RHS of the equivalence holds iff the following holds

Vi>0,¥j>0e(s;lE(QA-R),j=min({k>i|s = R}) =
Vneli,j)esylE —|P)

Vi>0e (sl ~(QA-R)v

Vji>0e(j=min({k>i|s = R}) = Vnel[i,j)es,l=-P))
Vi>0e(silE-Q Vv silER vV Vm>iesy,l=-Rv

3j>0e (j=min({k>i|sj I R}), Yne[i,j)esylE-P))
Vi>0e(sil=-Q Vv sjle R v Vm2iesyl=-Rv

3j>0e (j=min({k>i|sgIER}), Yne[i,j)es,l=-P))
Vi>0e(s;ilE-Q v Vm>iesylE-Rv

3j>0e (j=min({k>i|spIER}), Vne[i,j)es,l=-P))
Vi>0e(silEQ, Im>iesy = R =

3j >0 (j=min({k>i|sIER}), Vne[i,j)es,l=-P))
Vi>0e(silEQ, Im>iesy e R =

3j>0e(sjlE R, ¥ne[i,j)esyl=-P))

this is the definition of O(Q A OR — (-P)UR).

B.0.1.5 After () until R

0(Q - (-P)WR) =~ Absence of P, After () until R

Proof. According to (3.9)

Absence of P, After QQ until R = Ve SAUQR’ VnelesylE-P
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it follows from (3.5) that

VIESAUQR,VneIosn e P —

(VIESBWQR,VnEIOSn Il =P) A (V1€ (SAUQR—SBWQR),\?’neIOSn = - P)

For the left part of the conjunction

V[ESBWQ}TVHEIOSTLH:ﬂP =
Vi>0,¥j>0e(i>0,s; 1= (QA-R),j=min({k>i|s Ik R}) =

Vneli,j)esyl=-P)

in (B.6) we have shown, it is O(Q A OR - (-P)UR).

In the right part of the conjunction

Vie (SAUQR—SBWQR),VnEIOSn IE-P =

Vi>0e(i20,sFQ,Vj>iesjlE-R = Yn>iesyl-P)
the RHS of the equivalence holds iff the following holds
Vi>0e(s;IFQ,Vj2iesjlE~R = Yn>iesylF-P)

this is the definition of O(Q AO(-R) - O(-P)).

Conjunction of these LTL

0(QAOR—~ (-P)UR) A O(Q AO(=R) - O(=P)) =

0((QAOR— (=P)UR) A (QAD(-R) » O(=P)))

0(-Q v (ORvO(-P)) A (O(=R) v (-P)UR)) (B.8)
Counsider two cases: OR =True or OR =False for the formula
(ORvO(-P)) A (O(-R) v (-P)UR)
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If OR =True, we have

True A (~P)UR = (~P)UR
If &R =Fulse,
0(=P) A True = O(~P)
therefore,
(ORvO(~P)) A (O(=R) v (~P)UR) = (~P)UR v o(-P) (B.9)

finally, from (B.8) and (B.9) it follows

o(-Q v (-P)UR v o(-P)) = o(Q - (-P)WR)

B.0.2 Existence with Strong Scopes

B.0.2.1 Globally
OP ~ Existence of P, Globally

Proof.
VIeSg,Ineles,l= P, where Sg = {[0,00)}

The scope “Globally”, Sz, contains only one interval [0,c0). For this case the definition of
“Existence” transforms to

dnel0,00) 05, IEP

This is exactly the meaning of &P. ]

B.0.2.2 Before R

Rv -(-P)UR =~ Existence of P, Before R (B.10)

31



Proof. According to (3.10)
Existence of P, Before R = V¢ SBR, dnelesy,lEP

it follows from (3.2) that

VIESBR,EInEIOSnH:P =

Vi>0e(solE—R,i=min({k>0|s Ik R}) = Ine[0,i)esy,l=P)

the RHS of the equivalence holds iff the following holds

solE R v Vi>0e(i=min({k>0|s; 1= R}) = 3ne[0,i)es,l=P) —
solE R v Vi>0,3n€[0,i) e (i=min({k>0|s; Ik R}) = s, = P) —
solE R v Vi>0,3n€[0,i) e (i =min({k>0|sg = R}) = spl=P) —
solE R v Vi>0,3ne[0,i)e(s;le R = syl P) —
solE R v Vi>0,3ne[0,i) e (s; e -RV sy = P) —

sl Rv=(3i>0,Vne[0,i) e (s; 1= R, sy l= -P))
this is the definition of Rv —(-=P)UR. |
Applying Claim 1, we show

RV ~(=PYUR <= Rv (-R)W(P A -R)

B.0.2.3 After
0(-Q) vo(Q AOP) ~ Existence of P, After @ (B.11)

Proof. According to (3.10)

Existence of P, After Q = VIe SAQ’ dneles,l=P
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it follows from (3.3) that
VIGSAQ,HnGIosn =P =
Vi>0e (i=min({k>0]s Ik Q}) = Ine[i,o0)esylEP)
the RHS of the equivalence holds iff the following holds

(Vi20es;IF-Q)Vv(Ii>0e(i=min({k>0]s;lFQ})AIneli,o0)esyl=P)
(Vi20esjlE-Q) Vv (Ii20e(s;lFQAInelic0)esyl=P)

this is the definition of O(=Q) v &(Q A OP). u

B.0.2.4 Between () and R
O(Q A-R - (-R)W(P A-R)) ~ Existence of P,Between ) and R (B.12)
Proof. According to (3.10)

Existence of P, Between ) and R

VIESBWQR,EME les,l=P
it follows from (3.4) that
VIESBWQR,EInEIOSn =P =
Vi>0,Vj>0e((s; e (QA=-R), j=min({k>i|s I R})) =
Ineli,j)esyl=P)
the RHS of the equivalence holds iff the following holds

Vi>0,Vj>d,3neli,j)e((s;lE (Q@A-R),sjlFR) = spl= P)

!

Vi>0,Vj>i,Ineli,j)e((silE (QA-R),s;jl=R) = syl P)

ViZO,VjZLEInE[i,j)o(sillz(Q/\—‘R) = (s IIZﬂRvan:P))

[

ViZOo(si E(QA-R) = Vj>i,3neli,j)e (s H:ﬂRvan:P))
Vi>0e (sl (QA-R) = ~(3j2i,Yne[i,j)e (sl R, snlE -P)))

this is the definition of O(Q A =R — =(~P)UR). m
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Applying Claim 1 we show equivalence

0(Q A-R - ~(-P)UR) <= 0(Q A-R - (-R)W(P A=R))

B.0.2.5 After () until R
o(Q@ A-R - (-R)U(P A-R)) ~ Existence of P, After ) until R (B.13)
Proof. According to (3.10)
Existence of P, After Q until R = Ve SAUQR’ dnelesy,leP
it follows from (3.5) that

VIESAUQR,Hne[oan:P —

(VIGSBWQR,HHEIOSn = P) A (V[E (SAUQR_SBWQR)73n€I°Sn I= P)

(VIESBWQR,HHEIOSn = P) A (VIE (SAUQR _SBWQR)7E|TLGI.S” = P) =
Vi>0,¥je ((s; Ik (QA-R), j=min({k>i|sylER})) = Ine[i,j)esylEP) A
Vi>0e((silEQ,Vj>iesjlE-R) = In>ies,l=P)
the RHS of the equivalence holds iff the following holds
Vi>0,Vj>ie((s;l= (@A-R),sjlF R) = Ineli,j)esyl= P) A

Vi>0e((s;ilI=(QA-R),Vj>iesjl=-R) = In>iesyl=P)

Vi>0e(s;l= (QA-R) = Vj>ie(sjle-Rv Ine[i,j)es,l=P))A

Vi>0e(silE(QA-R) = (Ij>iesjleRv In>ies,|=P))

Vi>0e(s;lE (QA-R) =
Vji>ie(sjlE-~Rv 3Inelij)esylE P)A

(3j>iesjlE RV Inziesyl=P))

34



ViZOO(sZ-II= (QA=-R) =
=(~(Vj>ie(sjlE-R v 3Ineli,j)esyleP))V

=(3j>iesjlE RV In>iesylEP)))

Viz()o(silI: (QA-R) =
~(3j>ie(sjlE RAVYneli,j)esyle-P)v

(Vji>iesjlE~RAYn>ies,lE-P))) (B.14)
assume s; = (Q A -R) holds in (B.14), then we can switch to weak inequalities

dj>ie(sjlERAVne[i,j)esylE-P) < 3j2ie(s;lERAVYne[i,j)esyl=-P)

Vj>i08j IE R <— VjZiOSj = -R
therefore (B.14) holds iff

Vi>0e(s;lE(QA-R) =
-(3j2ie(sjlE RAVYne[i,j)esyl=-P)v

(Vj>iesjl=-RAVn2ies,l-P))) (B.15)
To show Vj >ies; = -R is redundant, it is enough to consider the case

Jj>ie(sjlE R AVnelij)esylE~P) = False

Vj>iesjlE-R = False
Vj>ies;lE-R is the negation of 3j >i e s; IE R, therefore
Vneli,j)esyle-P = False
it follows

Vn>iesy,lE-P = False
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and Vj >ies; | -R is redundant.

Vi>0e(s;l=(QA-R) =

=(3j>ie(sjlERAVYne[i,j)esylE-P) v (Yn2iesyl=-P) )) (B.16)

finally, using the following

0(-P) v (=P)UR = (-P)WR
dj>ie(sjlE RAVYneli,j)esylE-P) = (-P)UR
Vn>iesylE-P = O(-P)
we show that (B.16) is equivalent to
0(Q A =R - ~(~P)WR) (B.17)

Finally, we apply Claim 2 to show

0(QA-R - -(=P)WR) < 0(QA-R - (-R)U(P A-R))

B.0.3 Strong Existence with Strong Scopes

Comparing to “Existence”, “Strong Existence” adds the requirement for a scope not to be
empty. In the following proofs, we start from deriving the LTL formula for this requirement,

then conjoining this derived formula with LTLs for “Existence”, obtained in Section B.0.2.

B.0.3.1 Globally
OP ~ Strong Existence of P, Globally

Proof. The scope S = {[0, 00)} is not empty, thus “Strong Existence” is equivalent to “Ex-

istence” on this scope. [
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B.0.3.2 Before R

We prove the equivalence using the proposed formula

ORA-(-P)UR =~ Strong Existence of P, Before R (B.18)

Proof. According to (3.2)

Spp*@ = 3i>0e(sgl= =R, i=min({k>0|s = R}))

Fi>0e(sglE-R,i=min({k>0]s; = R}))

!

solE =R, 3i>0e (i=min({k>0]|s; I= R}))

!

solE-R, 3i>20es;lIER

this is the definition of =R A OGR. Conjoining with LTL from (B.10), we get

(-RAOR)A(RV-(-P)UR) —
ORA(-RA(RV-(-P)UR)) —
O RA((-RAR)V(=RA-(-P)UR) —

<>R/\—|R/\—|(—|P)Z/{R (B19)

The =R term is redundant. To prove it, it is enough to show that (B.19) is Fulse, if =R is
False:

R is True and (-~P)UR is also True, thus, ~(=P)UR is False and the formula is False.

We have shown the equivalence with the following LTL formula

ORA-(=P)UR (B.20)
This finishes the proof of equivalence.

We apply Claim 1 to show it is equivalent to
ORA(-R)W(P A-R))
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B.0.3.3 After Q)

We prove the following equivalence
O(QAOP) ~ Strong Existence of P, After Q) (B.21)
Proof. According to (3.3)

SAQ¢® = 3i>0e(i=min({k>0]s; IEQ}))

Fi>0e (i=min({k>0]|s;I=Q})) —

Ji>0es;IEQ

this is the definition of &Q. Conjoining with LTL from (B.11), we get

O RQA(O(-Q) v O(QAOP)) =
(CQAD(=Q)) v (CQAS(QAOP)) —
OQAO(QAOP) —
O (QAOP)
This finishes the proof of equivalence. [

B.0.3.4 Between () and R

We propose the following formula

O (QA-RAGR) A O(QA-R~~(-P)UR) ~

Strong Existence of P,Between @ and R (B.22)
Proof. According to (3.4)

SBWQR +@ = Im >0, HnO(sm = (QA=-R), n=min({k>m|s IE R}))
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Im>0,3ne (sp = (QA-R), n=min({k>m|s IE R})) <
Im>0,3n>me (s, lE (QA-R), syl R)) <

Im>0,3n>me (s, I (QA-R), syl R))
this is exactly the definition of &(Q A =R A OR). Conjoining with LTL from (B.12), we get
O(QA-RAOGR) A O(QA-R - ~(-P)UR)
This finishes the proof of equivalence. [

We apply Claim 1 to show it is equivalent to

O(QA-RAOR) A O(QA-R— (-RYW(P A-R))

B.0.3.5 After () until R
We propose the following formula
O (QA-R) A O(QA-R - -(-P)WR) =
Strong Existence of P, After @) until R

Proof. According to (3.5)

SAUQR g <— SBWQR *Fg VvV (SAUQR—SBWQR)?&@

SBWQR £tV (SAUQR—SBWQR) @ =
3i>0,3je(s; 1= (QA=R), j=min({k>i|sglIER})) v
3i>0,Vj>ie(s;IFQ,sjlF-R)
the RHS of the equivalence holds iff the following holds
3i20,3j>ie(s;IF (QA-R),sjlER) v 3i20,Vj2ie(s;lFQ,s;lF~R)
Fi>0e(s;il=(QA-R),(3j>iesjlER v Vj>ies;l=-R))

Ji>20es;l=(QA-R)
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this is the definition of

O(Q A=-R) (B.23)

Conjoining with LTL from (B.13), we get
<>(Q/\ —|R) AN D(Q/\ -R - —|(—|P)WR)

This finishes the proof of equivalence. [

We apply Claim 2 to show it is equivalent to

S(QA=-R) A O(QA-R — (-R)U(P A=R))

B.0.4 Universality

“Universally P” is the same as “Absence of —=P”. Therefore we reuse LTLs and proofs from

that section.

B.0.5 Existence with Weak Scopes, SV

B.0.5.1 (Before R)W
~(~P)UR ~ Existence of P, (Before R)" (B.24)

Proof. According to (3.10)
Existence of P, (Before )W = Ve S%VR’ dnelesyl=P

it follows from (3.6) that

VIeSy Inelesyl P =

Vi>0e (i=min({k>0|s; Ik R}) = 3ne[0,i)esy = P)
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the RHS of the equivalence holds iff the following holds

Vi>0,3ne[0,i)e(s;lE R = s, lE P) —
Vi>0,3ne[0,i) e (s; Il ~RVsyl= P) —

~(3i>0,Yne[0,i) e (s;l= RAsyl=-P)
this is the definition of —(-=P)UR. |
We apply Claim 1 to show it is equivalent to

(=RYW(P A -R)

B.0.5.2 (Between Q and R)W
0(Q - ~(=P)UR) ~ Existence of P, (Between @ and R)W (B.25)
Proof. According to (3.10)
Existence of P, (Between () and R)W = Ve SYBVWQR’ Ineles, =P
it follows from (3.7) that
WeSgVWQR,aneJ.sn =P =

Vi>0,Vj>0e(s;IEQ, j=min({k>i|s; = R}) =

Inei,j) e sl P)

the RHS of the equivalence holds iff the following holds

Vi>0,Vj>i,Ineli,j)e(s;I=Q,sjle R = s, = P) —
Vi>0,Vj>i,Ineli,j)e(s;leQ = (sjIE-RV syl P)) —
ViZOO(siH:Q:iji,ﬂne[i,j)o(SjII:ﬁRvsnII=P)) —
Vi>0e (sl Q = —(3j2i,Vne[i,j)e(sj I R, spl=-P)))

this is the definition of 0(Q - ~(=P)UR). m
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We apply Claim 1 to show it is equivalent to

0(Q » (-R)W(P A =R))

B.0.5.3 (After Q until R)W
0(Q - =(-P)WR) ~ Existence of P, (After @ until RV (B.26)

Proof. According to (3.10)

Existence of P, (After Q until R)"Y = VIe SEXVUQR’ dnelesyl=P
it follows from (3.8) that

VIGSKYUQR?Hnelosn E P <
(Y1 €Savgp Inelosnle P) A (VIGSYBVWQR,EIneIosn = P)
in (B.13) and (B.28) we have derived the corresponding LTLs
0(QAr-R - ~(-P)WR) A 0(Q - ~(-P)UR) —
0((QA-R = ~(=P)WR) A (Q > ~(-P)UR)) —

It is easy to see that =R term is redundant

0((Q » ~(=P)WR) ~ (Q » ~(=P)UR)) —
0((Q » (-0 (=P) A~(=P)UR)) A (Q » ~(~P)UR)) —
0(Q - (-0(=P)A=(-P)UR)) —
0(Q » —=(-P)WR)
This proves the equivalence. n

Finally, we apply Claim 2 to show

0(Q - -(-=P)WR) < 0(Q ~ (-R)U(P r-R))
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B.0.6 Strong Existence with Weak Scopes, SW

As in the Section B.0.3, it is enough to derive the LTL for the case of an empty scope and

conjoin this LTL with the one derived in Section B.0.5.

B.0.6.1 (Before R)W
ORA-(-P)UR =~ Strong Existence of P, (Before R)"

Proof. According to (3.6)

SW

Bp*9? = Fi>0e (i =min({k >0]|sy I= R}))

and the corresponding LTL is &G R. Conjoining with (B.24)
ORA-(-PUR
this is our final formula.
We apply Claim 1 to show it is equivalent to

ORA(-R)W(P A-R)

B.0.6.2 (Between Q and R)W
S>(QAOR)AD(Q - ~(-P)UR) ~ Existence of P, (Between Q and R)W
Proof. According to (3.7)
SJVBVWQR +@ = 3i20,3j20e(s;IFQ, j=min({k>i|s; = R}))

and the corresponding LTL is
QA OR)
Conjoining with (B.25)
O(Q@AOR) AD(Q — ~(-P)UR)

this is our final formula.
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We apply Claim 1 to show it is equivalent to

S(QAOR)AD(Q - (=R)W(P A=R))
B.0.6.3 (After Q until R)W

O (QA(-RVOR)) A O(Q - ~(-P)WR) =~

Existence of P, (After Q until R)"
Proof. According to (3.8)

it follows from (B.23) and (B.29)

O (QA-R)vO(QAOR) — (B.30)
S ((QA-R)vV(QAOR)) — (B.31)
O (QA(-RVOR)) (B.32)

Conjoining with LTL from (B.26), we get
(@A (=RVOR)) A 0(Q - ~(~P)WVR)
This finishes the proof of equivalence. [

Finally, we apply Claim 2 to show it is equivalent

S(QA(-RVOR)) A O(Q - (~R)U(P A-R))

B.0.7 Precedence

B.0.8 Globally

(=P)WS =~ S Precedes P, Globally

44



Proof. According to (3.1) and (3.15)
S Precedes P, Globally = Vne[0,00)e(sylEP = Ime[0,n]esy lES)
the LHS holds iff

Vn>0e(splE-P v Ime[0,n]esylES)

!

Vn>0e(splE (-PvS)v Ime[0,n)esy,lES)

!

ﬂ(Hn >0e(sple(PA=S), Yme[0,n)esyl= ﬂS))
this is the definition of —((-~S)U(P A -S)). By (B.2) in Claim 2
—\((ﬁS)Z/{(P/\—!S)) <~ (ﬂP)WS

this finishes the proof of equivalence.

B.0.9 Response

B.0.10 Globally

g(P - <S) ~ S Responses to P, Globally

Proof. According to (3.1) and (3.16)
S Responses to P, Globally = Vne[0,00)e(splE P = Im>nesyl=S)

this is the definition of O(P — &5).
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Appendix C
PROOFS OF NON EQUIVALENCE

C.1 Existence

Rv -(-P)UR # Existence of P, Before R

Proof. Suppose the initial state of our model is an R-state (s I R). The LTL formula on
the LHS is True, however, the original LTL formula defined in [1], (=R)W(P A=R), is False

on this model. ]

0(Q - -(-P)UR) # Existence of P, Between @) and R

Proof. Suppose the initial state of our model is a (Q A R)-state and all other states are
(=Q)-states, i.e. (sglE Q@A R)A(Vi>0es;lE-Q). The LTL formula on the LHS is False,
however, the original formula LTL defined in [1|, 0(Q A =R - ~(-P)UR), is True. n

0(Q - -(-P)WR) # Existence of P, After Q until R

Proof. We reuse the example form the previous proof. [

C.2 Strong Existence

ORA-(-P)UR # Existence of P, Before R

Proof. Suppose our model is described by Vi>0es; = (=RA-P). The LTL formula on the
LHS is False, however, the original LTL formula defined in [1|, (-R)W(P A =R), is True on

this model. [ ]
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O(QAOP) # Existence of P, After @
S(QA-RAOR)AD(QA-R —» ~(-P)UR) # Existence of P, Between Q and R
O(QAOR)ADO(Q —» —~(~P)UR) # Existence of P, Between @ and R
S(QA-R)AO(QA-R—~(-P)WR) # Existence of P, After Q until R

S(QA(-RVOR))AB(Q - -(-P)WR) # Existence of P, After Q) until R

Proof. For all five formulas we use the example, no ()-state in the model, Vi > 0 e s; IE =(Q).
The LTL formulas on the LHSs are Fualse, however, the original LTL formulas defined in [1]

are True on this model. ]
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