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Preface

Both formal methods and conventional software engineering techniques face various
challenges; they must be properly integrated to establish more effective technologies
for future software engineering. The development of the Structured Object-Oriented
Formal Language (SOFL) over the last two decades has shown some possibilities of
achieving effective integrations to build practical formal techniques and tool support
for requirements analysis, specification, design, inspection, review, and testing of
software systems. SOFL integrates: Data Flow Diagram, Petri Nets, and VDM-SL to
offer a graphical and formal notation for writing specifications; a three-step approach
to requirements acquisition and system design; specification-based inspection and
testing methods for detecting errors in both specifications and programs; and a set of
tools to support modeling and verification. Meanwhile, the Modeling, Simulation and
Verification Language (MSVL) is a parallel programming language developed over
the last decade. Its supporting tool MSV has been developed to enable us to model,
simulate, and verify a system formally. The two languages complement each other.

Following the success of the second SOFL workshop held in Kyoto in 2012, the 3rd
International Workshop on SOFL4+MSVL (SOFL+MSVL 2013) is jointly organized
by the Shaoying Liu research group at Hosei University, Japan, and the Zhenhua Duan
research group at Xidian University, China, with the aim of bringing industrial,
academic, and government experts and practitioners of SOFL or MSVL to commu-
nicate and to exchange ideas. The workshop attracted 22 submissions on formal
specification, specification-based testing, specification pattern, modeling checking,
specification animation, simulation, application of SOFL, and supporting tools for
SOFL or MSVL. Each submission is rigorously reviewed by two Program Committee
members on the basis of technical quality, relevance, significance, and clarity, and 13
papers were accepted for publication in the workshop proceedings. The acceptance
rate is approximately 59 %.

We would like to thank the ICFEM 2013 organizers for supporting the organization
of the workshop, all of the Program Committee members for their great efforts and
cooperation in reviewing and selecting papers, and our postgraduate students for their
help. We would also like to thank all of the participants for attending presentation
sessions and actively joining discussions at the workshop. Finally, our gratitude goes
to Alfred Hofmann and his team for their continuous support in the publication of the
workshop proceedings.

January 2014 Shaoying Liu
Zhenhua Duan
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Combining Specification-Based Testing,
Correctness Proof, and Inspection for Program
Verification in Practice

Shaoying Liu'®) and Shin Nakajima?

! Hosei University, Tokyo, Japan
sliu@hosei.ac.jp
2 NII, Tokyo, Japan
nkjm@nii.ac.jp

Abstract. Specification-based testing is limited in detecting program
errors; correctness proof based on Hoare logic is difficult to perform in
practice; and inspection is heavily dependent on human decisions. Each of
these three is difficult to do a satisfactory job alone, but they complement
each other when they come together in an appropriate manner. This
paper puts forward a new method that makes good use of Hoare logic
and inspection to improve the effectiveness of specification-based testing
in detecting errors. The underlying principle of the method is first to
use specification-based testing to discover traversed program paths and
then to use Hoare logic to prove their correctness, but when proof is
impossible to conduct, a special inspection is applied. During the proof
or inspection process, all faults on the paths are expected to be detected.
A case study is conducted to show its feasibility; an example taken from
the case study is used to illustrate how the proposed method is applied;
and a discussion on the important issues to be addressed in the future is
presented.

1 Introduction

Given a formal specification S and an implementation P, how to verify whether P
satisfies S (or P is correct with respect to .S) in practice still remains a challenge.
Formal verification (or proof) based on Hoare logic (also Flody-Hoare logic) [1]
provides a possibility to establish the correctness for programs, but due to the
difficulty in deriving appropriate invariants for iterations and the difficulties in
managing side effect, complex data structures, and invocations of subroutines
(methods, functions, or procedures) in programming languages, formal proof for
realistic programs is impractical.

On the other hand, specification-based testing (SBT) is a practical technique
for detecting program errors. A strong point of SBT superior to formal correct-
ness verification is that it is much easier to be performed, even automatically if

This work is supported by NII Collaborative Program, SCAT research foundation,
and Hosei University.

S. Liu and Z. Duan (Eds.): SOFL+MSVL 2013, LNCS 8332, pp. 3-16, 2014.
DOI: 10.1007/978-3-319-04915-1_1, (© Springer International Publishing Switzerland 2014
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formal specifications are adopted [2,3], but a weak point is that existing errors
on a program path may still not be uncovered even if it has been traversed using
a test case. Liu’s previous work on combining Hoare Logic and SBT presented a
novel technique for formally proving the correctness of all of the traversed pro-
gram paths [4], which shows the potential of strengthening testing by applying
Hoare logic. In spite of the great potential of improvement of this technique,
there still exists a difficulty when testing encounters crash or non-termination in
running the program. Another practical technique that is likely to perform bet-
ter in some circumstances than testing is software inspection [5], but inspection
usually heavily depends on human decisions and therefore lacks repeatability [6].
We believe, as many others do, that each of these three approaches is difficult to
do a satisfactory job, but they complement each other when they come together
in an appropriate manner.

In this paper, we propose an approach to verifying programs by combining
the specific SBT we have developed before with the Hoare logic and a formal
specification-based program inspection technique. This new approach is known
as testing-based formal verification (TBFV). The essential idea is first to generate
a test case from each functional scenario, derived from the formal specification
using pre- and post-conditions, to run the program, and then repeatedly apply
the axiom for assignment in Hoare logic to formally verify the correctness of the
path that is traversed by using the test case. When such a proof is impossible to
conduct due to complex data structures or other reasons, the inspection method
will be applied. As described in Sect. 2, any pre-post style formal specification
can be automatically transformed into an equivalent disjunction of functional
scenarios and each scenario defines an independent function of the corresponding
program in terms of the relation between input and output. A test case can be
generated from each functional scenario and can be used to run the program
to find a traversed path, which is a sequence of conditions or statements, but
the correctness of the path with respect to the pre-condition and the functional
scenario is unlikely to be established by means of testing. This deficiency can be
eliminated by repeatedly applying the axiom for assignment in Hoare logic or by
specification-based inspection when Hoare logic is hard to apply. The superiority
of our approach to both SBT and formal verification is that it can verify the
correctness of all traversed paths and can be performed automatically because
the derivation of invariants from iterations is no longer needed.

Our focus in this paper is on the explanation of the new idea in combining
specification-based testing with Hoare logic. Therefore, we deliberately choose
small examples to explain the principle, which is expected to facilitate the reader
in understanding the essential idea. The feasibility of applying the new technique
to deal with a realistic program system has been demonstrated in our case study.

The rest of the paper is organized as follows. Section2 gives a brief intro-
duction to both the functional scenario-based testing (FSBT) and the formal
specification-based inspection method. Section 3 describes the essential idea of
our TBFV approach. In Sect.4, we give an example to illustrate the TBFV
approach systematically. Section 5 elaborates on how method invocation is dealt
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with in TBFV. Section 6 discusses the potential challenges to the proposed app-
roach. Section 7 gives a brief overview of the related work. Finally, in Sect. 8, we
conclude the paper and point out future research direction.

2 Introduction to FSBT and Inspection

This section briefly introduces the relevant parts of FSBT and the inspection
technique we use to pave the way for discussing the proposed TBFV. Since Hoare
logic is well known in the field, we omit the introduction but will briefly explain
the axioms when they are used.

2.1 FSBT

FSBT is a specific specification-based testing approach that takes both the pre-
condition and post-condition into account in test case generation [3]. Applying
the principle of “divide and conquer”, the approach treats a specification as a
disjunction of functional scenarios (FS), and to generate test sets and analyze
test results based on the functional scenarios. A functional scenario in a pre-post
style specification is a logical expression that tells clearly what condition is used
to constrain the output when the input satisfies some condition.

Specifically, let S(S;y, Sou)[Spre, Spost] denote the specification of an opera-
tion S, where S;, is the set of all input variables whose values are not changed by
the operation, S,, is the set of all output variables whose values are produced or
updated by the operation, and Sy, and Sp.st are the pre- and post-conditions
of S, respectively. The characteristic of this style specification is that the post-
condition Sps: is used to describe the relation between initial states and final
states. We assume that in the post-condition, a decorated variable, such as "z,
is used to denote the initial value of external (or state) variable x before the
operation and the variable itself, i.e., x, is used to represent the final value of
z after the operation. Thus, "z € S;, and x € S,,. Of course, S;, also contains
all other input variables declared as input parameters and S,, includes all other
output variables declared as output parameters.

A practical strategy for generating test cases to exercise the behaviors
expected of all functional scenarios derived from the specification is established
based on the concept of functional scenario. To precisely describe this strategy,
we first need to introduce functional scenario.

Definition 1. Let Spost = (C1 A D1) V (Co ADy) V- - -V (Cp A D,), where
each C; (i € {1,...,n}) is a predicate called “guard condition” that contains
no output variable in Sy, ; D; a “defining condition” that contains at least one
output variable in Sy, but no guard condition. Then, a functional scenario f
of S is a conjunction ~Spre A C; A D;, and the expression ("Spre AC1 A Dy)V
("Spre NC2 A Do)V -+ -V (" Spre ACy A Dy,) is called o functional scenario form
(FSF) of S.
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The decorated pre-condition ~Syre = Spre” (0/0) denotes the predicate result-
ing from substituting the initial state "o for the final state o in pre-condition
Spre. We treat a conjunction ~Sp.. A C; A D; as a scenario because it defines
an independent behavior: when ~S,,.. A C; is satisfied by the initial state (or
intuitively by the input variables), the final state (or the output variables) is
defined by the defining condition D;. The conjunction ~Sp.. A C; is known as
the test condition of the scenario ~"Spre A C; A D;, which serves as the basis for
test case generation from this scenario.

To support automatic test case generation from functional scenarios, the
vital first step is to obtain an FSF from a given specification. A systematic
transformation procedure, algorithm, and software tool support for deriving an
FSF from a pre-post style specification have been developed in our previous work
[7]. Generating test cases based on a specification using the functional scenario-
based test case generation method is realized by generating them from its all
functional scenarios. The production of test cases from a functional scenario is
done by generating them from its test condition, which can be divided further
into test case generations from every disjunctive clause of the test condition. In
the previous work [3], a set of criteria for generating test cases are defined in
detail. To effectively apply FSBT, the FSF of the specification must satisfy the
well-formed condition defined below.

Definition 2. Let the FSF of specification S be ("Spre A C1 A D1) V ("Spre A
CoND)V---V ("Spre NCry ADy). If S satisfies the condition (V; jeq1,...n} - (i #
J=(C; NCj & false))) N ("Spre = (C1VC2V---VC, & true)), S is said to
be well-formed.

The well-formedness of specification S ensures that each functional scenario
defines an independent function and the guard conditions completely cover the
restricted domain (a subdomain of the operation in which all of the values satisfy
the pre-condition). Thus, for any input satisfying the pre-condition, S is guaran-
teed to define an output satisfying the defining condition of only one functional
scenario.

Under the assumption that S is well-formed, we can focus on test case gen-
eration from a single functional scenario, say ~Spre A C; A D;, at a time using
our approach. The test case is then used to run the program, which will enable
one program path to be executed. Let us take operation C'hildFareDiscount,
a process of the IC card system for JR commute train service used in our case
study that is briefly explained in Sect.4, as an example. The functionality of
the process is specified using the SOFL specification language [8] below, which
is similar to VDM-SL for operation specifications.

process ChildFareDiscount(a : int,n_f :int)a_f :int
prea >0andn_f >1
post (a>12=>a f=n_f)
and
(a<=12=>a f=n_f—n_f*0.5)
end process
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The specification states that the input a (standing for age) must be greater
than 0 and n__f (normal__fare) must be greater than 1. When « is greater than
12, the output a_ f (actual fare) will be the same as n__f ; otherwise, a_ f will
be 50 % discount on n__f.

According to the algorithm reported in our previous work [7], three functional
scenarios can be derived from this formal specification:

(I)a>0andn_f>landa>12anda_f=n_f
(2)a>0andn_f>landa<=12anda_f=n_f—n_f=*0.5
(3) a<=0orn_f <=1 and anything

where anything means that anything can happen when the pre-condition is
violated.

Assume the formal specification is refined into the following program
(a Java-like method):

int ChildFareDiscount(int a, intn__f) {

1) If(a>0&&n_f>1){

(2) if (a>12)

(3)  a_f=n_f;

(4) elsea_f:=n_fx+x2—n_f—n_f=*0.5

(5) returna_f;}

(6) else System.out.printin(“the precondition is violated.));

}

where the symbol := is used as the assignment operator in order to distin-
guish from the equality symbol = used in the specification. It is evident that
we can derive the following paths: [(1)(2)(3)(5)], [(1)(2)'(4)(5)], and [(1)'(6)]. In
the path [(1)(2)'(4)(5)], (2) means the negation of the condition a > 12 (i.e.,
a <= 12), and the similar interpretation applies to (1)’ in path [(1)'(6)]. We also
deliberately insert a defect in the assignment a_f =n_f*x+2—n_f—n_fx
0.5 (thecorrectoneshouldbe a_f =n_f—n_fx0.5), where n_f*+2 means n__f
to the power 2 (i.e., n_f?).

The weakness of the testing approach is that it can only find the presence
of errors but cannot find their absence. For example, we generate a test case,
{(a,5), (n_f,2)}, from the test condition a > O andn_f > 1anda <= 12 of
functional scenario (2), as illustrated in Table 1. Executing the program with this
test case, the path [(1)(2)'(4)(5)] will be traversed. The result of the execution is
a_ f=2%%x2—2—2%0.5 = 1. This result does not indicate the existence of error
because when the test condition a > 0andn_f > 1 and a <= 12 is satisfied by
the test case, the defining condition a_f =n_f —n_f % 0.5 is also satisfied by
the output a_f = 1 (because 1 = 2—2x0.5 <=> true), which proves that in this
case, the program correctly implements the functional scenario. But obviously
the path contains an error.

One solution to this problem is to perform a formal verification based on
Hoare logic to check whether the traversed path is correct with respect to the
functional scenario. But if the program path involves expressions in assignments
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Table 1. A test example

Test case: a=5n_f=2
Test condition: a>0andn_f > 1landa <=12
Functional scenario: a>0andn_f>1landa <=12and

a_f=n_f-n_fx05

with side effect or complex data structures, such as arraylist of objects in Java,
the axioms in Hoare logic may not be applied successfully. In this case, the formal
specification-based inspection method can be applied to replace the formal proof.

2.2 Formal Specification-Based Inspection

The formal specification-based inspection method we developed previously
exploits the ability to decompose a pre-post style specification into a set of func-
tional scenarios (or simply scenarios) and to decompose a program into a set of
program paths (or simply paths) [9]. In principle, each functional scenario should
be implemented by a set of paths (can be single path). If the program correctly
implements the specification, every path of the program must contribute to the
implementation of some functional scenario in the specification. Therefore, the
underlying principle of inspection using the method is to check whether every
scenario in the specification is implemented correctly by some paths in the pro-
gram and whether every path in the program contributes to the implementation
of some scenario in the specification. The characteristic of the method is that
the checklist, containing a set of questions for inspection, is derived from the
functional scenarios in the specification and the judgement of the correctness of
each path with respect to the corresponding functional scenario will be made by
the human inspector.

3 Principle of TBFV

TBFYV proposed in this paper provides a specific technique for verifying the
correctness of traversed program paths identified using FSBT. The principle
underlying the technique includes the following three points:

— Using FSBT to generate adequate test cases to identify all of the represen-
tative paths in the program under testing; each path is traversed by using at
least one test case. A representative path is formed by treating an iteration as
an if-then-else construct to ensure that the body of the iteration is executed
at least once and the iteration terminates, and by treating all of the other
constructs as same as their original form.

— Let "Spre ANC; A D; (i =1,...,n) denote a functional scenario and test case ¢
be generated from the test condition ~S,.. A C;. Let p = [sc1, sca, ..., S¢im] be
a program path in which each sc; (j = 1,...,m) is called a program segment,
which is a decision (i.e., a predicate), an assignment, a “return” statement,
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or a printing statement. Assume path p is traversed by using test case t. To
verify the correctness of p with respect to the functional scenario, we form a
path triple

{~Spre}p {Cz A Dz} .

The path triple is similar in structure to Hoare triple, but is specialized to a
single path rather than the whole program. It means that if the pre-condition
“Spre of the program is true before path p is executed, the post-condition
C; N\ D; of path p will be true on its termination.

— Repeatedly applying the axiom for assignment or the axiom we provide below
for other relevant statements, we can derive a pre-condition, denoted by ppye,
to form the following expression:

{Spre(C2/2)} {ppre(Ca/2)} p{Ci A Di(C2/7)} .

where “Spre(Tz/x), ppre(Tz/x) and C; A D;(Tz/x) are a predicate resulting
from substituting every decorated input variable “x for the corresponding
input variable x in the corresponding predicate, respectively. These substitu-
tions are necessary to avoid confusion between the input variables and the
internally updated variables (which may share the same name as the input
variables).

Finally, if the implication ~Spre("2/x) => ppre(T2/x) can be proved, it
means that no error exists on the path; otherwise, it indicates the existence
of some error on the path.

The axioms for the other relevant statements or decisions are given below.

eI on [1],

where S is one of the three kinds of program segments: “return” statement,
and printing statement. The axiom describes that the pre-condition and post-
condition for any of the three kinds of program segments are the same because
none of them changes states.

5AQIS(@) 2],

where S is a condition (predicate), which may be used in a if-then-else statement
or a while statement. this axiom states that if the program segment is a condition,
the derived pre-condition should be a conjunction of the condition and the post-
condition. We call axioms [1] and [2] azioms for non-change segment.

It is worth mentioning that since the application of the axioms for assignment
and for non-change segment involves only syntactical manipulation, deriving the
pre-condition ppre("x/z) can be automatically carried out, but formally proving
the implication ~Spre("x/x) => ppre("x/x) , which we simply write as ~Spre =>
Dpre below in this paper, may not be done automatically, even with the help
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of a theorem prover such as PVS, depending on the complexity of ~S,,.. and
Dpre- 1f achieving a full automation is regarded as the highest priority, as taken
in our approach, the formal proof of this implication can be “replaced” by a
test. That is, we first generate sample values for variables in ~Sy,. and ppre,
and then evaluate both of them to see whether p,,. is false when "S5, is true.
If this is true, it tells that the path under examination contains an error. Since the
testing technique is already available in the literature [3,10], we do not repeat the
detail in this paper for the sake of space. Our experience suggests that in many
realistic circumstances, testing can be both practical and beneficial. However, if
the correctness assurance is regarded as the highest priority, a formal proof of
the implication must be performed.

In fact, both the testing and formal proof approaches have drawbacks. If
the traversed path contains no bugs, the implication ~S,.c => ppr. will always
hold for all the possible values of free variables in the implication. Using testing
to determine this fact usually requires an exhaustive testing, which is gener-
ally impossible in practice unless the scope of the program is small enough. In
this case, inspection of the implication can be adopted after a sufficiently large
number of testing have been carried out. The rigorous inspection method based
on an inspection task tree notation proposed in our previous work [11] can be
utilized for this task. The reader can refer to that publication for details. As far
as the formal proof is concerned, inspection can also be adopted to detect bugs
contained on the traversed path. If the path contains bugs, the formal proof of
the implication ~Spre => ppre should not be done successfully. Bugs on the path
must be first removed before another trial of formal proof, but how to find the
bugs is still an open problem for formal proof: no general way of using formal
proof to locate bugs is suggested in the literature. In this case, our rigorous
inspection method can also be adopted for debugging of the path.

4 Example

We have conducted a case study to apply our TBFV approach to test and verify
a simplified version of the IC card system for JR commute train service in Tokyo.
Our experience shows that the approach is feasible and can be effective in general
but also faces some challenges or limitations that need to be addressed in the
future research, as elaborated in Sect. 6. The system we used is designed to offer
the following functional services: (1) Controlling access to and exit from a railway
station, (2) Buying tickets using the IC card, (3) Recharging the card by cash or
through a bank account, and (4) Buying a railway pass for a certain period (e.g.,
for one month or three months). Due to the limit of space, we cannot present all
of the details, but take one of the internal operations used in the system, which
is ChildFareDiscount mentioned above, as an example to illustrate how TBFV
is applied to rigorously test the corresponding program. The program contains
three paths, it is necessary to formally verify all of the three paths. Since the
process of the verification is the same for all the paths, we only use the path
[(1)(2)'(4)(5)] that is traversed by using the test case {(a,5), (n_f,2)} as an
example for explanation.
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Firstly, we form the path triple:

{"a>0and n_f > 1}
[a>0&&n_f>1

a <=12,

a f:=n_fx+2—n_f—n_f=*x0.5,
returna_f ]
{"fa<=12anda_f="n_f—"n_f=*0.5}

where "a > 0 and "n_f > 1 is the result of substituting “a and "n_f for
input variables a and n__f, respectively, in the pre-condition of the program,
and "a <= 12anda_f = "n_f — "n_f x0.5 is the result of completing the
similar substitution in the post-condition.

Secondly, we repeatedly apply the axiom for assignment or the one for non-
change segment to this path triple, starting from the post-condition. As a result,
we form the following path, known as asserted path, with derived internal asser-
tions between two program segments:

{"a>0and " n_f>1}

{"a <=12and

n_fxx2—"n_ f—"n fx05="n_f—"n_f=x05}
a>0&&n_f>1

{a <=12and "a <= 12 and

n fxx2—n_f—n_ fx05="n_f—"n_f=*0.5}
a<=12

{"a <=12and

n fxx2—n_f—n_ fx05="n_f—"n_f=*0.5}
a f:=n_f*x+2—n_f—n_fx*x05
{"fa<=12anda_f="n_f—"n_f=*0.5}
returna_f
{"fa<=12anda_f="n_f—"n_f=*0.5}

where the assertion "a <= 12and™n_f*xx2—"n_f—"n_fx0.5="n_f—"n_fx
0.5, the second from the top of the sequence, is the result of substituting ~a for a
and “n_ f for n_f in the derived assertion {"a <= 12 and “a <= 12 andn_ f *
x2—n_f—n_fx05="n_f—"n_fx*x0.5. As explained previously, this is
necessary in order to keep consistency of the input variables ¢ and n_ f in the
original pre-condition (appearing as “a and “n__f) and the derived pre-condition.

Thirdly, we need to judge the validity of the implication “a > 0and n_f >
1=>"a<=12and ™ n_f*x+2—"n_f—"n_fx05="n_f—"n_f=x0.5. Using
the test case {("a,5), ("n_f,8)}, we can easily prove that the implication is false
(the evaluation detail is omitted due to space limit).

From this example, we can see that sometimes testing can be even more
efficient than formal proof in judging the validity of the implication when an
error exists on the path, but if the path contains no error, testing will be almost
impossible to give a firm conclusion in general. In that case, the specification-
based inspection can be applied to check whether the path correctly implements
the corresponding functional scenario. The inspection can also be valuable if the
path cannot be formally proved for the reasons as mentioned previously.
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5 Dealing with Iteration and Method Invocation

For the sake of space, we only briefly discuss how our method deals with itera-
tions and method invocations that are frequently used in programs.

5.1 Iteration

Let us take a while loop, while B do S, as an example. When using a test case
to run the program that entails running of this loop, a subpath generated by
executing the loop will be traversed. Assume the subpath is as follows:

[B, S, B, S, B, S, not B,

since this is a single program path, the same method explained in the previous
section can be applied to derive a pre-condition, and the same principle of using
formal proof or testing can also be used to determine the correctness of the path.
Because there is no new technique involved in dealing with iterations, we omit
the further discussion.

5.2 Method Invocation

If a method invocation is used as a statement, it may change the current state of
the program. Therefore, the traversed path within the invoked method will have to
be taken into account in deriving the pre-condition of the program under testing.

Let us change the program ChildFareDiscount and organize the implemen-
tation into a class called FareDiscount below.

class FareDiscount {
int tem; //instance variable

int ChildFareDiscountl(int a, intn_f) {
(1)  Discount(n_f);

(2) if(a>0&&n_f > 1){

(3)  if (a>12)

(4) a_f:=n_f;

(9) elsea_f:=n_f*x2—n_f—tem;

(6) returna_f;}

(7)  else System.out.printin(“the precondition is violated.);

}

void Discount(int z){
int r;

(1.1) r := z % 0.5;

(1.2) tem :=r;}

}

When running the method ChildFareDiscountl in which the method
Discount(n__f) is invoked, we obtain three paths: [(1)(2)(3)(4)(6)], [(1)(2)(3)'(5)
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(6)], and [(1)(2)'(7)], where segment (1) is a subpath [(1.1)(1.2)](n_ f/z), denot-
ing the path resulting from substituting actual parameter n_ f for formal para-
meter z in the subpath [(1.1)(1.2)]. Thus, [(1)(2)(3)(5)(6)] for example, actually
means the path after inserting the traversed path in Discount into the traversed
path in ChildFareDiscountl, which is simply represented by [(1.1)(1.2)(2)(3)'(5)
(6)]. Selecting the same test case {(a,5), (n_f,2)} as before to run the program,
we make the path [(1.1)(1.2)(2)(3)'(5)(6)] traversed. We then form the asserted
path as follows:

{fa>0and " n_f>1}

{Ta <=12and
n_fxx2—"n_f—"n_fx05="n_f—"n_fx*x0.5}
r:=n_f*0.5

{fa<=12

n fxx2—n_f—r="n_f—"n_f*x0.5}
tem =1

{Ta <=12and
n_fxx2—n_f—tem="n_f—"n_f*x0.5}
a>0&&n_f>1

{Ta <=12and
n_fxx2—n_f—tem="n_f—"n_f*x0.5}

a<=12

{Ta <=12and
n_fxx2—n_f—tem="n_f—"n_f*x0.5}
a f=n_fxx2—n_f—tem
{"fa<=12anda_f="n_f—"n_f=*0.5}
returna_f
{"fa<=12anda_f="n_f—"n_f=*0.5}

where the subpath [r:=n_ f 0.5, tem := r| is the result of substituting actual
parameter n_f used in the method invocation Discount(n_f) for
formal parameter x used in the method definition in the original subpath [r :=
x % 0.5, tem := r]. Similarly, we can easily use testing to prove that the implica-
tion "a>0and n_f>1=>"a<=12and™n_f*+x2—"n_f—"n_f*x05=
"n_f—"n_f 0.5 is false, indicating that an error is found on the path.

6 Potential Challenges

While our experience in the case study mentioned above shows that applying
TBFV to practical systems is feasible and can be effective, we have also learned
two major potential challenges or limitations. One is that if the expression F in
the assignment x := F has a side effect (e.g., in addition to returning a value,
it also modifies some state or has an observable interaction with calling func-
tions), the axiom for assignment in Hoare logic is no longer valid. TBFV inherits
this limitation from Hoare logic, but how to automatically resolve the side effect
without affecting the semantics of the original expression remains a topic for
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further research. A possible solution is to train programmers to avoid side effect
in expressions, but there is no guarantee of its effect in practice. Another way
to deal with this problem is to apply the inspection method to allow human
to check the correctness, but this would be extremely difficult to be performed
automatically in general. The other challenge is that if the program under test-
ing invokes a method (as a call statement) of a software component (e.g., a
class in Java API) whose source code is not available to the tester, TBFV
may not work well. The difficulty is that automatically inserting probes (mon-
itors) to identify traversed program paths is impossible in this case. However,
since most embedded programs are small in size and independent of any
existing software components, applying TBFV should encounter few problems
in this aspect.

To deal with realistic programs in general, TBFV can be applied flexibly. For
the programs whose source code is available and expressions do not have side
effect, the technique described in this paper can be applied, but for those with
the above two challenges or limitations, the functional scenario-based testing
technique combined with inspection can be more exploited.

7 Related Work

Research on integration of Hoare logic and testing seems to mainly concentrate
on using pre- and post-assertions in Hoare triple for test case generation and
test result analysis, but none of them takes the same approach as our TBFV to
solve the same problem in specification-based testing.

One of the earliest efforts is Meyer’s view of Design By Contract (DBC)
implemented in the programming language Eiffel [12,13]. Eiffel’s success in check-
ing pre- and post-conditions and encouraging the DBC discipline in programming
partly contributed to the development of the similar work for other languages
such as the Sunit testing system for Smalltalk [14]. Cheon and Leavens describe
an approach to unit testing that uses a formal specification language’s run-
time assertion checker to decide whether methods are working correctly with
respect to a formal specification using pre- and post-conditions, and have imple-
mented this idea using the Java Modeling Language (JML) and the JUnit testing
framework [15]. Gray and Microsoft describe another approach to testing Java
programs using Hoare-style specifications [16]. They show how logical test speci-
fications with a more relaxed post-condition than existing restricted Hoare-style
post-condition can be embedded within Java and how the resulting test spec-
ification language can be compiled into Java for executable validation of the
program. There are many other similar results in the literature, but we have to
omit them due to the space limit.

8 Conclusion and Future Research

We presented a new approach, known as testing-based formal verification
(TBFV), for error detection in programs by integrating specification-based test-
ing, Hoare logic, and specification-based inspection. The principle underlying
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TBFV is first to use the functional scenario-based testing (FSBT) to achieve a
(representative) path coverage in the program under testing, and then to apply
the Hoare logic-based approach to formally verify the correctness of every tra-
versed path. When the verification is impractical, inspection is adopted to replace
the role of proof.

While focusing on the presentation of the essential idea of the TBFV app-
roach and an example from the case study to show its feasibility and potential
effectiveness in this paper, a controlled experiment needs to be conducted to
systematically assess the effectiveness and to compare with the related testing
and formal verification approaches. Further research is also needed to address
the two major challenges mentioned in Sect. 6 and tool support issues.
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Abstract. This paper presents a theory of test modeling by using regular
expressions for software behaviors. Unlike the earlier modeling theory of
regular expression, the proposed theory is used to build a test model which can
derive effective test sequences easily. We firstly establish an expression alge-
braic system by means of transition sequences and a set of operators. And we
then give the modeling method for behaviors of software under test based on
this algebraic system. Some examples are also given for illustrating our test
modeling method. Compared with the finite state machine model, the expres-
sion model is more expressive for the concurrent system and can provide the
accurate and concise description of software behaviors.

Keywords: Test modeling - Regular expression * Expression algebraic
system - Concurrent operation

1 Introduction

Software testing is a critical activity to assure software quality [1]. However, earlier
studies have shown that software testing can consume more than fifty percent of the
development costs [2]. Therefore automating software testing as a long-term goal has
been highlighted in the industry for many years. Model-based testing [3-5], as a
method of automatic test, has been widely studied to generate abstract test sequences.
The finite state machine (FSM [6, 7]), a formal notation for describing software
behaviors, is often employed for test modeling and test generation, forming a series of
test generation methods [8—10].

For a concurrent system, however, it is hard to build a model by FSM due to the
limitation of the expressive power of FSM. Therefore the other modeling methods
have been suggested for modeling concurrent systems. For example, Petri nets [11,
12] was used for modeling software behaviors and generating test cases for accessi-
bility test [13]. However, Petri nets easily causes the state-space explosion problem
[14] when the system is complex. Regular expressions are also used to build the model
of distributed systems, such as path expressions [15], behavior expressions [16] and
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extended regular expression [17]. Garg et al. [16, 18] proposed an algebraic model
called concurrent regular expressions for modeling and analysis of distributed sys-
tems. However, this algebraic model is suitable for model checking and not for test
generation because it lacks of the essential path information, which consists of the
initial node, the terminal node and path sequences. Ravi et al. [19] proposed a novel
methodology for high-level testability analysis and optimization of register-transfer
level controller/data path circuits based on regular expressions. Qian et al. [20] pre-
sented a method to generate test sequences from regular expressions describing
software behaviors. This method firstly uses the FSM to build the model of software
behaviors. And then the FSM is converted into a regular expression according to three
construction rules. Finally, test sequences are obtained from this regular expression.
However, the suggested expression model does not have the capability for describing
concurrent operations because regular expressions are derived from FSM.

In this paper, we suggest constructing the test model by regular expressions for
software behaviors. Referring to the modeling theories of concurrent regular
expressions in [16, 18] and that of FSM in [7, 21], we set up an expression algebraic
system. And some examples are employed for illustrating our modeling approaches.

The rest of this paper is organized as follows. Section 2 presents the expression
algebraic system. Section 3 introduces the method of test modeling by regular
expressions. Some examples of test modeling are presented in Sect. 4. Section 5
discusses the advantages and disadvantages between the traditional test generation
method and our test generation method. Section 6 concludes the whole paper.

2 Expression Algebraic System

Before we introduce the expression algebraic system, the definition of FSM needs to
be introduced so that we can build the bridge between the regular expression and
FSM.

A finite-state machine (FSM) [22,231M = <S,1,0,f,g,so > consists of a finite
set S of states, a finite input alphabet /, a finite output alphabet O, a transition function
fthat assigns to each state and input pair a new state, an output function g that assigns
to each state and input pair an output, and an initial state sy. According to the defi-
nition of FSM, we give the definitions of both transition and transition sequence.

Definition 1 (transition): A transition of FSM is defined by # = (sy,i/0, s2), where
f(s1,0) =s2,i €1,g(s1,i) = 0,0 € O,s is the pre-state of 7, s, is the next-state of ,
i is the transition condition of ¢ and o is the output result of ¢.

Definition 2 (transition sequence): For any transition a, the syntax of the transition
sequence ts can be defined via Backus-Naur form:

ts:i= glala.ts|ts.alts.ts,
Where ¢ denotes the empty and #s is any transition sequence.

Let T be a nonempty set of transition sequences in FSM, and € = a° for any a € X.
Let #ts denote the number of transitions in fs.
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Definition 3 (software regular expression): A software regular expression
describing software behaviors is an expression consisting of symbols from X and the
operators |, +,., *, o (), °, and I, which are defined as follows:

| denotes the choice operator;

. denotes the concatenation operator;

* is the Kleene closure;

+ is the positive closure;

o is a positive integer which denotes the alpha closure;
() denotes the range;

denotes the synchronization;

Il indicates the concurrent operator

In Defintion 3, the descriptions of four operators I,., * and + refer to the statements
in [16, 20]. We set the priority of operators high to low: (), *, 4+ and «,., o and Il, I.

Definition 4 (expression algebraic system): An expression algebraic system con-
sists of both X and the operators |, +,., *, « (), °, and Il, denoted as < X, |, +,., *, o (), °,
Il >, and ¢ is the identity element of this system.

3 Test Modeling

In this section, we do not take account of the inputs and outputs on transitions and all
transitions are directly labeled on the edges of the graphs.

3.1 Concatenation Operator

A software behavior model with the concatenation operator shown in Fig. 1 can be
described by #;.1,, where #; and t, are two transitions, and ?, is occurred after #;. The
concatenation operator satisfies the following properties:

(1) Va,beXZeab#ba=a*bNa#ecNb#ce
(2) Va,b,c € Zeab.c= (a.b).c=a.(b.c)
B) VacXeac=¢ca=a

3.2 Choice Operator

Let the symbol | denote the choice operator. In the model shown in Fig. 2, the
transitions #; and f, are alternative. So the model can be described by #,.(#3lt,), where t;

: (=)

Fig. 1. The software behavior model with the concatenation operator.
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Fig. 2. The software behavior model with the choice operator.

or t, is executed in accordance with the different inputs on s;. The choice operator
satisfies the following properties:

ey
@
3
“
&)
(6)
(N

33

VYa,b € Zealb = aVb.

Ya,b € Zealb=bla (Commutativity)

Va,b,c € Z e alb|c = (a|b)|c = a|(b|c) (Associativity)
YVacZeale=¢la=a

VaceXeala=a (Identity)

Va,by,by,....b, € Zea.(by|bs]...|b,) = abi|ab,|...lab, (Distributivity)
Yai,as,...,a,,b € Lo (aj|ay|...la,).b = a;.blay.b|.. |a,.b (Distributivity)

Kleene Closure

Let the symbol * denotes the Kleene closure. Then the model shown in Fig. 3 can be
described as #,.t,.13, where #, can be executed repeatedly. The Kleene closure satisfies
the following properties:

ey

(@)
3)
“

34

VaeZea" = |J d

i=0,1,...
Va€ZXe(a*)'=a" (Absorption)
a €TN1<i<ne(aj|ay|...la,) = ail|a}|...|a; (Distributivity)

g =¢

Positive Closure

Let the symbol + denote the positive closure. E.g., a” denotes that a is executed at
least once. The model of a temperature control system is shown in Fig. 4, where

— 5o is the initial state,
— s, is the terminal state,

b

Fig. 3. The software behavior model with the Kleene closure.
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Fig. 4. The software behavior model with the positive closure.

— to denotes that the engine of the temperature control system is launched,

— t, denotes the heating-up process when the temperature on s, is lower than the given
threshold x,

— t3 denoted that the engine stops working,

— t4 denotes the cooling process when the temperature on s, is still greater than x,

— t5 denoted the warming process is triggered and the system will return to s;.

This model can be described by 1. (15 .z‘3.t4+.t5)*.z‘2+ 3.t . The positive closure

satisfies the following properties:

ey

@
3
“
&)
Q)

VacZeat= |J d
=12,

VacXea" =aa* =a*a
VacXeaa  =at.a=a"

VacZe(a)'=a" (Absorption)
a €TANI<i<ne(a|ay]...|lay) = afl|af].. |lat (Distributivity)
eh=¢

3.5 Alpha-closure

Let o be the alpha-closure, which denotes a maximum cycle times. E.g., b* denotes
that the transition b is executed repeatedly o times. The model of an online bank login
system is shown in Fig. 5. If the user types the wrong username or password for three

Fig. 5. The software behavior model with the alpha-closure.
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times, the system will be automatically locked for 24 h. The symbols in this model
denote as follows:

— 5o denotes the login page,

— 51 is the main page,

— s, denotes the locked page,

— t; denotes the self-check on s,
— 1, denotes the login success,

— t3 denotes the login failure.

According to the above description of system, there exists « = 3 and this system
can be described by t%.t3|t2|t1 .tz\tf.tz. The alpha-closure satisfies the following
Properties:

(1) VaeXea”=u0.a...d
2) VacXea.a" =a*a=a"

(3) aeZAl<i<ne(aj|ay|...la,)"=a}|d}|...|a* (Distributivity)
4) VaeZe(a")'= (a*) =a* (Absorption)

(5) VacZe(a")'=(a")" =a* (Absorption)

6) e*=¢

3.6 Synchronous Operator

Let the symbol o denote the synchronous operator, which can describe the synchro-
nization between two or more transition sequences. E.g., a o b denotes that both a and
b are synchronized in the system. A simple model of the bus scheduling system at the
terminal station is shown in Fig. 6. In this system, buses entering and leaving the
station are synchronous. The symbols in this model denote as follows:

— 5o denotes the initial state of the terminal station,

s1 denotes the state of the terminal station after a period of time,
— t; denotes the sequences of the buses entering the station,

1, denotes the sequences of the buses leaving the station.

This model can be described by #| o #,. The synchronous operator satisfies the
following Properties:

(1) Va,pecXeaob=boa (Commutativity)
(2) YVaceXeaoe=a

Fig. 6. The software behavior model with the synchronous operator.
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VYa,b,c e Xeaoboc= (aob)oc=ao(boc) (Associativity)

Va,bcXe#a= #b=1=aob=ablba

Va,b,c e Zeaob.c= ((aob).c)

Va,b,c € Xeaboc= ((aoc).b)

Va,b,..., b, EZan(bllbz‘...‘bn)
(

= (aoby)|(aocby)|...|(aob,) (Distributivity)

Theorem 1
VYa,b,c,d € Xe#a= #b= #c= #d= 1= (a.bocd=a.b.cdla.cb.d|

a.c.d.b|c.a.b.d|c.a.d.b|c.d.ab).

Proof. According to the Property (5) of o,

abocd= ((a.boc)d)|(c(a.bod))
By the Property (6) of o,
aboc= (aoc).bla.(boc)

By the Property (4) of o and #a = #b = #c= #d =1,
aoc=aclca
boc=b.clch

From Egs. (2)-(4) and the Properties (3) and (7) of |,

a.boc = (a.c|c.a).bla.(b.c|c.b)
= (a.c.b|c.a.b)(a.b.cla.b.c)

= a.c.b|c.a.bla.b.cla.c.h
By the Property (6) of o,
abod= (aod).bla.(bod)
According to the Property (4) of o and #a = #b = #c= #d =1,
aod=adl|da
bod=0b.d|db
From Eqgs. (6)—(8) and the Properties (3) and (7) of |,

abod = (a.d|d.a).bla.(b.d|d.b)
= (a.d.bld.a.b)|(a.b.d|a.d.b)
=a.d.b|d.a.bla.b.d

23
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By the Properties (3), (6) and (7) of |,

(a.boc).d= (a.cb|cablab.clacb)d
=a.c.hd|c.abd|ab.cdla.c.b.d (10)

c.(abod)=c.(ad.b|d.abla.b.d|a.db)
= c.a.d.b|c.d.ab|cab.d (11)

From Egs. (1) (10) and (11),
abocd=ac.bdcabdab.cdla.cbdcadb|cdab|cab.d
=a.c.hd|c.abd|ab.cd|a.c.b.d|ca.db|cd.ab
O

Theorem 2: The synchronous operator between any two transition sequences is equal
to the Choice Operator of the Finite Transition Sequences, denoted as COFTS.

Proof. Assume that two transition sequences are A = a;.ay...a; and B = by.b,. . .b;,
where a;(1 <k <i) and b;(1 <I<j) are two transitions. The Proof of Theorem 2
includes two phases: (1) let i =1 and then prove AoB =ajo (by.bs...b;) is
COFTS, and (2) prove AoB = (a.az...a;) © (bl.bz. . .bj) is COFTS.

Base case 1: i = 1 and j = 1.
According to the Property (4) of o and the assumption that a; and b, are two
transitions,

AOB:alobl :Cll.bl|bl.6117 (12)
which are the choice operation of two transition sequences.

Base case 2: i = 1 and j = 2.
According to the Properties (4) and (5) of o and the Properties (3), (6) and (7) of |,

AoB =ajob;.b,
= ((a1 0 b1).by)|(b1.(a1 0 b>))
= ((al.bl|b1.al).bz)\(bl.(al.b2|b2.a1))
= al.bl.b2|b1.al.b2|b1.a1.b2|b1.b2.a1 (13)
which are the choice operation of four transition sequences.

Inductive hypothesis 1. Assume that Theorem 2 is true for i = 1 andj = m—1. That s,
AoB = C]|C2|...|Ck, (14)

where C;...Cy are transition sequences and k is a finite positive integer.
We need to prove Ao B is also COFTS for i =1 and j = m. Assume
B, = by.b;...b,,_1. Then according to the property (5) of o,

AoB =a; oB;.b,
= (Cll e} Bl)bm| B].(Cl] o bm) (15)
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According to Inductive hypothesis 1,

ajoB; = C|Gy]...|Ck (16)
By the property (4) of o , and both a; and b,, are two transitions,

aj o by, = ay.by|by.ay (17)

which is COFTS.
Hence according to the Property (6) of |,
B].(al 9] bm) = Bl.(dl.bmlbm.Cll)
= (bl.bz. . .bm,l).(al.bm\bm.al)

= b1.by. . bim_1.a1.b|b1.by. . by by (18)
which is COFTS.
From Egs. (15), (17)~(18),
AoB = ay.by|by.ai|bi.by. . .by_1.a1.by|b1.by. . by_1.by.ay (19)
which is COFTS.
Hence theorem 2 is true for i = 1 and any j. (20)

Inductive hypothesis 2. Assume that Theorem 2 is true for i = n—1 and any j. That is,
AoB :I)1|]:)2|...|])17 (21)

where D;...D; are transition sequences and / is a finite positive integer.
We need to prove A o B is also COFTS for i = n and any j. Assume A; =
ay.ay...an,—1. Then according to the property (6) of o ,

AoB=A;.a,0B
= Al.a” o b].bz. . .bj
= (Al o bl.bz. . .bj).an|A1.(a,, o bl.bz. . b]) (22)

According to Inductive hypothesis 2,
(Al o bl.bz. . b]) == D1|D2| . |D1 (23)

which is COFTS.
From (22) and the Property (7) of |,

(Al o b].bz. . .bj).a,, == (D1|D2| . .|D1).a,,
= Dl.a,,|D2‘a,,|. . .|D,‘a,, (24)

which is COFTS.
By (20), a,, o by.b,...b; is COFTS. Assume that

anobl.bz...bj = K1|K2|‘Kp (25)

where K;...K, are transition sequences and p is a finite positive integer.
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Then according to the Property (6) of |,

Al-(an o) bl.bz. . b]) = AI(K1|K2| . ‘Kp)
A1 K |A K| . A K, (26)

which is COFTS.
From Egs. (24) and (26), Ao B is also COFTS for i = n and any j. To sum up,
Theorem 2 is proved. O
According to Theorem 2, we always make use of the choice operator of finite
transition sequences to denote the synchronous operations among some transition
sequences.

3.6.1 Concurrent Operator

Let the symbol |l denote the concurrent operator. a Il b denotes a or b is a single
occurrence, or the synchronous occurrence denoted as ao b. The model described as
the stock trading requests is shown in Fig. 7. In the stock trading system, the trading
requests that the buyers and the sellers are concurrent. The symbols in the model are
described as follows:

— 5o denotes the current state of the stock trading,

— s denotes the next state of the stock trading,

t, denotes the sequences of the buyer requests,

— 1, denotes the sequences of the seller requests,

t3 denotes the next state is converted into the current state.

The model shown in Fig. 7 can be described by ((#1||t2).t3)". The concurrent
operator satisfies the following properties:

(1) al||lb=alblaobVa,beX

(2) al||b =Db||aVa,b e X (Commutativity)
3) dlle=¢lla=aVacX (Commutativity and Identity)
4) allbllc = (a||b)||c = a||(||c)Vab,c € (Associativity)

5)  (ailaz|...lan)||b = (a1||b)|(az2||b)]. - -|(an||b)Vay, . ..,a,,b € £ (Distribution)

Corollary 1: The concurrent operation of any two transition sequences is COFTS.

Proof. Assume that two transition sequences are A and B. Then AIIB=A 1B |
Ao B. According to Theorem 2, Ao B is COFTS, hence A Il B is also COFTS.
Corollary 1 is proved. O

Fig. 7. The software behavior model with the concurrent operator.
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Corollary 2: The concurrent operations among finite transition sequences are
COFTS.

Proof. Assume that there are a suite of test sequences Aj, A, ..., and A;, where i is a
finite positive integer. Then Corollary 2 can be rewritten as A;ll A,ll ...I1A; is COFTS.
Base case: i = 1

Since A; is a transition sequence, Corollary 2 is true.

Base case: i = 2
By Corollary 1, AllA; is COFTS, hence Corollary 2 is true.

Inductive hypothesis. Assume that Corollary 2 is true for i = n-1. That is,
Aq]] Azl]-. - [|JAn=1 = Bi1|Ba]...|Bg, (27)

where B; (1 < i<k) is a transition sequence.
We need to prove All Asll ...11A, is also COFTS for i = n.
By Inductive hypothesis and the property (5) of Il

Ail[Aal] - [[An = (Ar][Az] - [[An-1)[[An
= (B1|Bz/. - -|Bx)||Anx

= (Bi[|An)[(B2[An) |- - [ (B|An) (28)

By Corollary 1,
Bi||A.(1<i<n) is COFTS. (29)

From (27)—(29),
Aill Asll.. ||A, is COFTS. (30)
To sum up, Corollary 2 is proved. O

According to Corollary 2, any one of regular expressions with concurrent opera-
tors can be denoted as the choice operation of finite transition sequences.

4 Modeling Capability

Using the expression algebraic system, we can construct the model of the complex
system. Now we consider building the expression models for two complex systems
with the different software requirements.

Figure 8 shows two FSM models. Assume that there exist many different software
requirements for two models shown in Fig. 8.

Case 1: Software requirements for the model shown in Fig. 8 (a) include that

— Sp is the start state,

s3 is the terminal state,
— 1.t3 and 1,.t4 are choice,
t5 is a return transition.
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(b)

Fig. 8. Two models of the complex systems.

Therefore the system in Case 1 can be described by (¢.13 | £5.14).(¢5.(¢1.15 | tz.t4))*.
Case 2: Software requirements for the model shown in Fig. 8 (a) include that

— 8o is the start state,

— S5 is the terminal state,

— t.t3 and t,.t, are concurrent,

— ts must be executed at least once.

Therefore the system in Case 2 can be described by (¢,.13 Il t2.14).(¢5.(t1.t3llt2.24))*.
Case 3: Software requirements for the model shown in Fig. 8 (b) include that

— Sp is the start state
— s, is the terminal state.

Therefore the system in Case 3 can be described by t1.(to.(taty.15) ) 13,
Case 4: Software requirements for the model shown in Fig. 8 (b) include that

— Sp is the start state
— s, is the terminal state.
— t, and t, are choice.

Therefore the system in Case 4 can be described by 1.ty | (t4.11) )13

Discussion 1: Through Cases 1-4, we find the fact that the FSM model can’t
distinguish the system with the nice distinctions in software requirements, while the
expression model can distinguish them. Therefore the modeling capability of regular
expressions is more expressive than that of the FSM.

5 Test Sequences

In the traditional test generation method, a graph (or FSM) is usually transformed to a
test tree. And then all paths from the root to all leaves in this tree are produced.
According to this method, we obtain two test sequences (as test paths) ¢,.t3.5 and
tr.t4.ts from the test tree shown in Fig. 9 (b) for the model shown in Fig. 9 (a).
However, t,.13.t5 and f,.14.t5 are two ineffective test segments because the last state s
in two sequences is not the terminal state sz of the system shown in Fig. 9(a).

Now we demonstrate the method of test sequence generation from regular
expressions.
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f fy f
=, P9
R

(a) (b)

Fig. 9. The traditional test generation method.

Assume that software requirements satisfy case 1 in Sect. 4. The model shown in
Fig. 9 (a) can be described by (.13 | 15.14).(t5.(¢1.13 | tz.t4))*. Then we assign 0, 1 and k
for * in regular expression. Hence

(113 | tata).(t5. (1113 | 12.13)) = (1183 | tauts)(15.(t1.15 | 12.24))° | (1185 |

t.13).(15.(ty 13 | t2.1a)) | (1183 | tats) (85.(11.13 | £2.14) )"

= (1113 | ta.ta).€| (1183 | tata) . (t5.(11.13 | 22.12)) | (1183 | ta.ts) (25 (1183 | £2.14))*

= (t1.13 | ta.tg) | (1183 | ta.1a) (85 (1113 | 12.13)) | (1183 | t2.ta) . (25.(11.23 | £2.24))* | (2115 |
t.13).(15.(ty 13 | 12.14))F

=t1.13 | ta.ts | (11.13.(85. (11 13 | t2.1a)) | 2 s (85 (1 .13 | 12.1a)) | 1113 (25. (21 .13 |

l2.[4))k | t2.t4.(l5.([1 13 | 12.t4))k
=h.l3 ‘ 1.1y ‘ 1 .13.15.11 .13 | 1 .13.15.1.14 | 1r.14.15.11 .13 | 1.14.15.17.14 | 1 .13.

((l5.l1.t3)k | (l5.t2.l4)k> | l2.t4.((l5.t1.l3)k | (l5.l2.[4)k)
=1N.I3 ‘ 1.1y ‘ 1.13.15.11 .13 | 1.13.15.1p.14 | 1r.14.15.11 .13 | 1r.14.15.17 .14 |

n .t3.(l‘5.t1.l‘3)k | h .l‘3.(t5.tz.t4)k | l‘2.t4.(l‘5.t1.t3)k | tz.l‘4.(l‘5.tz.l‘4)k

Discussion 2: (1) Sometimes, test sequences generated from the traditional method
can’t be taken as the effective test paths. For example, the terminal node in test path
t1.13.15 is §o which deviates from the actual software requirements. (2) Test coverage of
test sequences generated from the traditional method is not complete, resulting in the
low fault detection capability. (3) Based on the operations in the algebraic system, we
can obtain test sequences from regular expressions. And all operations can be auto-
matically achieved. (4) Test sequences derived from our method include all possible
paths, hence they have the higher fault detection capability than those derived from
the traditional method. (5) A shortcoming of our method is that the number of test
sequences is too much. Therefore the redundant test sequences need to be reduced
according to some techniques in Ref. [24].
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6 Conclusions

In this paper, we present an expression algebraic system to support test modeling. This
system consists of regular expressions denoted by transition sequences and operators,
including., I, *, 4+, o (), ° and Il. Some examples are given to illustrate our modeling
method and test generation method. Compared with the FSM model, the expression
model not only is more expressive for the concurrent system, but also can generate
high quality test sequences from the model. In the future, we will plan to unify test
modeling and test generation into a frame by regular expressions. And we will also
research the techniques for reduced-order modeling and redundant reduction.
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Abstract. In this paper, we integrate Separation Logic with proposi-
tional Projection Temporal Logic (PPTL) to obtain a two-dimensional
logic, named PPTLS". The spatial dimension is realized by a decidable
fragment of separation logic which can be used to describe linked lists,
and the temporal dimension is expressed by PPTL. Furthermore, we
prove that any PPTLS" formula can be transformed into its normal form.
Example are given to show how to specify temporal heap properties by
this hybrid logic.

Keywords: Temporal logic - Separation logic - Heap - Many-dimensional
logic

1 Introduction

Heap is an area of memory for dynamic memory allocation, pointers are refer-
ences to heap cells. It is hard to detect errors of heap-manipulating programs
with inappropriate management of heap. Verification of such programs is a very
active research field today and has been a long history ever since the early 1970s
[1]. However, it is still a big challenge because of aliasing, that is, the same heap
cell can be accessed through different pointers which yields what Hoare and He
call “the complexity of pointer swing” [2]. Programs become more error-prone
with serious problems involving the existence of memory violation, the emer-
gence of memory leaks, etc. In addition, reasoning about temporal properties of
such programs is yet quite difficult.

Several advanced logics have been developed for verifying and analyzing heap.
Alias analysis [3], as the name implies, is a point-to analysis which naively checks
whether pointers can be aliased. Shape analysis [4] is another form of pointer
analysis that goes beyond the shallow alias analysis. It attempts to discover the
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possible shapes of pointer structures inside the heap at each program point and
to prove that these structures are not misused or corrupted during the execution
of a program. One of the most prominent works on shape analysis formalized
by Sagiv et al. [5] exploits “shape graphs” as heap abstraction and three-valued
logic as a basis that makes the successful development of Three-Valued-Logic
Analyzer (TVLA) [6].

A great progress in this realm has been made at the beginning of this century
by Reynolds and O’Hearn who propose a Hoare-style logic well known as sep-
aration logic [7]. More recently, separation logic is increasingly being used and
extended for automated assertion checking [8] and shape analysis [9]. Separation
logic is famous for its flexible, intuitionistic and modular characteristics. Intu-
itively speaking, it allows each component of a system to only talk about the
portion of the global heap it refers to during its execution. In particular, it intro-
duces a novel specific form of binary logical connective, separation conjunction .
The formula P (@ specify properties hold respectively for disjoint portions of the
heap, one makes P true and the other makes @) true. The strength of separation
logic lies in its reasoning style rather than its expressive power [10].

Temporal logic is another highly successful formalism for verification. Inter-
val Temporal Logic (ITL) [11] is a specific form in temporal logic families. Duan
et al. [12] introduced Projection Temporal Logic (PTL) and propositional PTL
(PPTL) which extended ITL with a new projection construct (p1,...,Pm)prig,
and generalized ITL to infinite time intervals. Using PTL as a basis, Duan further
developed an executable subset, called the Modeling Simulation and Verification
Language (MSVL) [13] which is an extension of Framed Tempura [14]. However,
neither MSVL nor PPTL has the ability to reason about heaps so far. There
are various temporal logics previously designed for heap verification in many
literatures. Evolution Temporal Logic (ETL) [15] is a first-order Linear Tempo-
ral Logic (LTL) for the description of program behaviors that causes dynamic
allocation and deallocation of heap to evolve. Based on a tableau model check-
ing algorithm, Navigation Temporal Logic (NTL) [16] extends LTL with pointer
assertions for reasoning about the evolution of heap cells during program execu-
tion. In [17], LTL and CTL (Computation Tree Logic) are combined, in time and
space, to specify complex properties of programs with dynamic heap structures.

Motivation. In fact, temporal logic describes all computations (or traces) of a
system in terms of time, while separation logic is a static logic and focuses on
pre- and post-conditions for partial correctness of program blocks. It is useful
if we can integrate the two types of logics such that heap evolutions properties
over discrete time can be specified and verified in a unified manner.

The work closest to ours is LTL™®™ [18] that introduced by Brochenina
et al. However, they devised the two-dimensional logic LTL™" by means of a
quantifier-free fragment of separation logic as the underlying assertion language
on top of which is propositional LTL (PLTL). LTL™®™ is of very limited use
because the fragment of the separation logic employed by them cannot account
for reachability in some way. In this paper, we utilize a decidable fragment of
separation logic including formulas for describing complex heap structures such
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as linked list segments. In addition, PPTL is more powerful than PLTL with
regard to expressiveness since the expressiveness of PPTL is full regular. By
contrast, PLTL is star free regular. The spatial-temporal logic introduced in this
paper contains temporal connectives “;” for sequentially combining formulas
which enable us easily to express the occurrence of sequential events, whereas
“t” or “*” enables us to state loop properties. For instance, the formula p;gq
asserts that p holds from now until some point in the future, and from that
point on, ¢ holds. p* means that p is repeatedly executed a finite or infinite
number of times. All these properties cannot be expressed in LTL, but they
are very useful for verification. Moreover, we have a powerful and mature tool
supporting verification of PPTL.

The remainder of this paper is organized as follows. In the following Sect.
the syntax, semantics of PPTL®" is presented. In Sect.3, we give some logic
laws and a straight forward example that is easy for understanding to show the
expressiveness of PPTL®". In Sect.4, the proof of a normal form of PPTL®"
formulas is presented. Finally, conclusions are drawn in Sect. 5.

2 The Hybrid Logic PPTL®"

The decidability of the satisfiability problem for full separation logic is known
undecidable [19]. Several decidable fragments of the separation logic have been
intensively studied. In this subsection, we first introduce one of them [20] which
succinctly consists of formulas for describing linked list structures. Then we make
a temporal extension to SL by adding temporal connectives of PPTL.

2.1 A Decidable Separation Logic for Linked Lists

Syntax. We call this logic SL for short. Let Var = {l,I’,...} be an infinite
countable set of pointer variables; Val = Loc U {nil } an infinite set of values,
where Loc is the set of memory addresses while nil is a distinguished value that

is non-addressable. [,1, ..., are ranged over Val.
Terms e :=nil |z simple Pures a:=e; =es | na
Pures [Bu=true|f Aa simple Spatials y::=e; — es | Is"(e1,e2) |

Is(e1,e2)
Spatials § ::= emp | § * Symbolic heaps ¢ ::=F A §

When writing properties, we are not interested in the value of variables.
Rather, we care about the heap cells to which pointed by variables or other
heap cells. e; = ey states that e; and ey are aliases in pure formulas. The
atomic formulas emp is true just in the empty heap whose defined element of its
domain is (; for e; — e, we mean e; points to ez, where e; uniquely represents
an address in the heap and es is the value stored in that address. The separation
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conjunction formula § * v means the current heap can be split into two disjoint
components (two heaps with non-overlap domains) such that one component is
for 0 to hold and the other for + to hold. Moreover, the two forms of s formulas,
Is"(e1,ez2) (where n > 0), as well as [s(eq, e2), formulate non-empty segments of
linked lists, or potential incomplete linked lists structures in heaps. A complete
linked list formula may be written as ls(e,nil), which can be considered as a
special case of nil-tailed list segments. ls(eq, e2) is equivalent to a nonempty list
segment containing at least one heap cell. Symbolic heaps are formulas of pairs,
including heap-independent part called pure formulas connected by conjunctions
A and heap-dependent part known as spatial formulas separated by separation
conjunctions .

Semantics. Following the standard semantics of the separation logic, we refer
to a pair (I, In) as a memory state s, where I represents a stack and I, a
heap. I serves as valuations of variables and Ij, as valuations of heap cells. It is
noteworthy that nil does not exist in the domain of any heap. Notation — f;, is
employed to indicate partial functions with finite domain. Heaps are not stacks.
They need not define on all elements of the domain.

I, € Stacks def Var — Val I € Heaps def Loc =i, Val
s € States %' Stacks x Heaps

We call this logic SL for short. The semantics of SL is given as follows by a
forcing relation =, equipped with a subscript SL. Terms depend only on the
stack Iy and fuv(e) denotes the set of all free variables that appear in term e.
We specify the domain of a mapping f by dom(f) and write f; L fo to denote
two mappings f; and fy with disjoint domains, i.e., dom(f1) N dom(f2) = 0.
Moreover, we use f1 * fo to denote the union of two mappings f; U fo which is
undefined when f; [ fo. The notation f[z — v] is introduced for describing a
mapping that maps z into v and keeps all values of other members in f’s domain
unchanged.

[2]I, € I(x)  [nal]I, % nit

I, I =5, e1 =6 iff [er]Is = [e2]Ls.

I, Iy ., —a iff I, I, ¥, a

I, I, =g, true always.

I, I =4, BAa ift I, In g, Band I, Iy =, .

IS,Ih ':SL €1 — €y iff Ih:{[[el]}ls,[[eg]]fs}.

[e1]Is # [e2] Is and I, Inl=4, e1 — es ifn=1,
[e1]1s # [e2]ls and there existsv € Val :

Iz — o], I g 61— o x ls" Yz, en)  ifn > 1.
forx & fu(er,ea)

I, I, =g, ls(er,e2) iff  there exists n: I, Iy =g, 1s™(e1,e2).

I, I, =g, ls™(e1,eq) iff
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I, I =, emp ift 1, = 0.

I, Iy =y, 07 iff there exists Ip,, Ip, : In = Ip, * I, and I, I, =, 6
and I, I, =g, 7-

I, I ':SL BNAS iff I, Iy ':SL B and I, Iy ':SL 0.

2.2 Temporal Extension to Separation Logic

Syntax. In order to express temporal properties of heap systems, we integrate
SL with PPTL, and name the hybrid logic as PPTL®". The formula p of PPTL®"
is given by the following grammar:

Terms ex=nil |z

State Formulas ¢ :i=e; =ex | emp | e1 — €2 | Is™(e1,€2) |
Is(er,e2) | d1* a2 | =@ | d1 A 2

PPTL*" Formulas p ::= ¢ | =p | p1 Ap2 | Op | (1. pm) prip | p*

where p1,...,pm are all well-formed PPTL®" formulas. SL is a strict subset of
PPTL®". O (next), prj (projection) and ™ (plus) are basic temporal operators.
A formula is said to be a state formula if it does not contain any temporal
operators (that is, O, T (plus), prj), otherwise it is a temporal formula. It is
easy to see that a state formula ¢ is also a SL formula.

Semantics. An interval o = (sq, s1,...) is a sequence of states, possibly finite
or infinite. € denotes an empty interval. The length of o, denoted by |o], is w if
o is infinite, otherwise it is the number of states minus one. To have a uniform
notation for both finite and infinite intervals, we will use extended integers as
indices. That is, we consider the set Ny of non-negative integers and w, define
N, = Ny U {w}, and extend the comparison operators, =, <, <, to N,, by
considering w = w, and for all i € Ny, ¢ < w. Moreover, we define <X as <
—{ (w,w) }. With such a notation, o(; ;(0 < i < j < |o|) denotes the sub-
interval (s;, ..., s;) and 0®)(0 < k < |o]) denotes the suffix interval (s, ..., s|,|)
of o. The concatenation of ¢ with another interval (or empty string) o’ is denoted
by o-¢’. To define the semantics of the projection operator we need an auxiliary
operator for intervals.

Let 0 = (sk,...,5|s) be an interval and 71,...,7, be integers (h > 1) such
that 0 < 7y < rg < --- < 7y = |o|. The projection of o onto 71,...,7, is the
interval (called projected interval), is

ol (riy.coyrh) = (Styy.0, 8,)
where tq,...,t is obtained from rq,...,r, by deleting all duplicates. That is,
t1,...,t; is the longest strictly increasing subsequence of 71, ..., rp,. For example,

<50,317527837S4> J, (05072727273) - <80a52783>
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This is convenient to define an interval obtained by taking the endpoints
(rendezvous points) of the intervals over which pyq, ..., p,, are interpreted in the
projection construct.

The binary operators interval concatenation - operating on intervals and
yielding to a combined fresh interval is defined as follows:

—— Interval concatenation -

if |o| =wor o’ =,
c-0=Xo0 if 0 =¢,

(80y-++ySiySit1y--.y fo={s0,...,8) and 0’ = (s;41,...).

An interpretation for a PPTL®" formula is a quadruple Z = (0,4, k,j) where
o = (sg, $1, - . .) is an interval, ¢ and k are non-negative integers and j is an integer
or wsuch that i < k < j < |o|. We write (0,1, k,j) to mean that a formula is
interpreted over a sub-interval o(; . ;) with the current state being sx. The notation
sk = (I¥, I¥) indexed by k represents the kth state of an interval o.

Using those notions illustrated above, it follows that the satisfaction corre-
lation for PPTL®" formulas |= is inductively defined as follows.

Tk I I s, 6.

T E p1Ap2 iff TEp andZ E po.

T F Op iff k< jand (0,i,k+1,5) =p.

Z E (p1,.--,pm)prjp iff there exists integers k =19 <1y <.+ <1y, <X J

such that (U7i,7”077"1) |:p17 (07 7"[71,7'[71,77) ':pl
(forl <1< m), and (0',0,0,|0']) Ep

for one of the following o’ :

() rm <jand o' =0 | (ro,...,Tm) SO (rmA1.g)
b)Y rm=jand o' =0 | (ro,...,rn)

for some 0 < h < m.

T E pt iff there are finitely many ro,...,r, € N,such that
k=rog<ri <---<rp1 2r,=j(n>1)and
(0,i,79,71) Epand forall 1 <l <n
(o,r—1,m-1,11) F 3
or there are infinitely many integers
k=rg<ry <79 <--- such that lim r; = w and

11— 00

(0,i,79,71) Ep and for all I > 1
(o,m1-1,m1-1,71) = P

With the convention, a formula p is satisfied by an interval o, denoted by
o E p, if (6,0,0,|0]) = p holds. When o |= p holds for some interval o, we say
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that formula p is satisfiable. A formula p is valid, denoted by |= p, if o = p holds
for all o. In principle, we can define other connectives true, false, A\, —, < in
the standard way. Also we have the following derived formulas:

e & O true more & —¢
len(0) def len(n) def Olen(n—1),n >1
skip def len(1) Op def oy Op
def . def
piq = (pa Q) prj € Op = true;p
Op < —0-p pr L evpt
def def _
O% = p O™ = O(O" 'p)n=>1

where () (weak next), O (always), ¢ (sometimes) and ; (chop) are derived tem-
poral operators, € (empty) denotes an interval with zero length, and more means
the current state is not the final one over an interval. In order to avoid an exces-
sive number of parentheses, the precedence rules is shown in Table 1, where 1 is
the highest and 6 the lowest.

Table 1. Precedence rules

Precedence Operators Precedence Operators
1 - 4 Vv

2 O’ <>’ D7+ ’* 5 _>’ A

3 *, A\ 6 5, DT

Example 1. PPTL®" does not allow arbitrary nesting of connectives in SL and
PPTL. For instance, {p; * Cps is illegal according to the syntax of PPTLS"
since * can only appear in state formulas. Hence it cannot connect two temporal
formulas. Further, O(¢1 * ¢2) is a legal formula.

Example 2. As another example, formula ls(x, nil); Oemp means that now in
the heap, there exists a complete linked list Is(z, nil) whose head pointer is z,
and after some time units in the future, the heap becomes empty. This prop-
erty enable us to characterize the sequential behavior of a list disposal program
which accepts a linked list as input and deletes all elements of the list in the
end.

Example 3. (O?(Is(z,nil) Ae))T states that O?(Is(z, nil) Ae) repeatedly holds
for a finite or infinite number of times (more than once). Besides, O (Is(x, nil) A
¢) asserts that Is(x, nil) holds in the 3-rd state from now on and specifies exactly
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two units of time over an interval. We can see that * or +

loop properties, e.g., loop invariants in programs.

is suitable for describing

3 Logic Laws Of PPTL®*" Formulas

Sometimes, we denote = O(p < ¢) by p = ¢ which is called “strong equivalence”.
Similarly, we denote = O(p — ¢) by p D g which is called “strong implication”.
The former means that p and ¢ have the same truth value in all states of every
model. Similar explanations can be given for the strong implication. Table 2
shows some useful logic laws. ¢, ¢;, ¢p, ¢ are state formulas and also SL formulas.
We say a state formula is pure, it means that formula only has the form ¢,,
whereas a state formula is spatial when it has the form ¢4. Other laws associated
with temporal connectives are the same as those in PPTL. See [22] for more
details.

Pure Formulas bpi=e1 = ez | 2Py | dp, A bp,
Spatial Formulas ¢s::=emp | e1 — ey | [s"(e1,ea) | Is(e1,€2) | dsy * ¢s,

Table 2. Logic laws for PPTLS"

Ly oxemp= ¢
L, 1% P2 = P+ @1
L (1 % @2) * P3 = 1 * (P2 * ¢3)
Ly (1 V $2) % ¢ = (¢1 % P) V (P2 % ¢)
Ls (61 A @2) x ¢ D (¢1 % @) A (d2 * §)
Lg (p1 AN 2) * d = (¢1 % P) A (2 % ¢)  when ¢ is spatial
L, D1 N o D P1*x P  when ¢y or ¢ is pure
Lg @1 % P2 D ¢p1 A pa  when ¢ and ¢ are pure
I oD P1 P2 D ¢3
0 $o * P2 D P1 * ¢3
Ly (¢1 A Qﬁg) * (3 D (¢1 * ¢3) A g when ¢5 is pure

Proof. We only prove L1, Ly, L5, Lg of the laws. In the proofs, we use some inter-
pretation rules, abbreviations, and proved logic laws without declaration. Let o
be an interval, and i, j, k integers, 0 < k < |o| and (I, I}) be the k-th state of o.

The proof of Ly : ¢ xemp = ¢

(0,0,k,|o]) E ¢xemp
g (I§7I}]f) 'ZSL ¢ * emp
= (5o
< (0,0,k,|o]) 1)
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The proof of Ly : (¢1 V ¢2) % ¢ = (1 % ¢) V (P2 * @)

(0,0,k, o)
= (I§, 1p)
= (I§, 15,

= (I3, 17)
and
(I3, 15,)
= (I}, 17)
or
(I3, 17)

Eo (¢1Ver)xo

Fsr (01V ¢2) x ¢

o, 01V ¢o and (IF, I} ) \=,, ¢ for some If [ IF I} «IF,
:]}f

':SL ¢1 or (If,[;fl) ’:SL ¢2)

k 7k Tk L7k
Fsp ¢ for some Iy Iy I * Iy,

':SL ¢1 and (If,-[;]fz) }:SL (z)

., ¢2 and (If,[,’fZ) ., ¢ for some I,’fl,I;fz, I,’fl *I,’fZ = I;f

= I}

1571}61 *Iflfz) ':SL (,251 *¢ or (Ifﬂjllfl *I}]jz) ':SL ¢2 *(,25

59

—(
— (Ik, IF)
< (0,0,k,]o])

':SL (¢1 * d)) \ (¢2 * d))
F o (p1%x¢) V(P2 0)

The proof of L : (¢1 A p2) x ¢ D (1 % @) A (P2 * &).

(0.0, k,|o])
= (IF, 1)
— (Iﬁ;’ I}kL:1>

= (14, 1F)
and
(I3, 1F,)
= (I§,1})
and
(I3, 1%,

F o (P1Ag2)x¢
':SL (¢1 A ¢2) * ¢
':st ¢1 N\ ¢2 and (15’152) ):SL ¢ for some Iilfﬁlflfz’l;; * Ii]jz

':SL ¢1 and (1571}1:1) ':SL ¢2)

o, ¢ for some If (IF IF s IF = If
':SL ¢1 and (Ifalllfg) ':SL (b for some I’]:N[;fz’l;fl ¥ Iﬁ? - I]]"f

oo ¢2 and (IF,IF) =, ¢ for some I [ If IF «If =1IF

val}]fl *I}Z) ':SL ¢1 *¢ and (Igvli]fl *Illjz) }:SL ¢2 *¢

—(
= (I§,IF)
> (0,0,k,|ol)

':SL (¢1 * ¢) A (¢2 * (b)
E o (p1%0) A (P2 0)

However, its converse are not valid for all state formulas. For example, sup-
pose x # y, the formula

(x—zx(@—zVy—2)A(y— zx(x— 2Vy—2))

is true, but

(x—zANy—2)x(z—2Vy—2)

is obviously false. However, the converse is valid when ¢ is spatial. Hence, we

can prove Lg.

The proof of Lg : (¢1 A @2) * d = (1 % d) A (P2 x @)  when ¢ is spatial



44 X. Lu et al.

We have already proved (¢1 A ¢a) %@ D (¢1 % ) A (¢2 x @) (Ls), now we need
to prove the converse.

(0' 0 ko)) B (d1x9) A (d2x9)
— ( ) ):SL (¢1 *¢)/\(¢2*¢)
(Ik Ik) ):SL ¢1 * ¢ and (If’lilf) ):SL G2 x O
(IF IF ) Fs. ¢1 and (If,];fz) E., ¢ for some I’;fl,I;fz,I,’; *I}fz =1IF

(I: I,ZB) =, ¢2 and (IF, Ii ) Es, ¢ for some 15371547153 >|<I,’§4 =1IF
= (1) U5 1F) s ¢ and (IF1F) =g, 62

(IFIF) e, ¢ for some IF IF I s IF =IF
= (0,0,k o) E (1 AN2)*¢

The step (1) is proved in detail here. Since ¢ is spatial, then I’,iz = I;f4. Moreover,
we know I,’fl * I,’; = If’f and I,’fS * I,Z = I,’f. Thus, I,’fl = I}’fg.

Example 4. Let’s consider the formula p = (O?(Is(x, nil) Ae))T of Example 3.
We claim that (¢,0,0, |o]) |E p, where o is given in Fig. 1. Note that each state is
associated with a state (I, I}). Suppose for all states (12", I?"), (12", I?") =,
Is(x,nil), where n > 1, while other states could be any state in the set States.

So S1 S2 S3 Sa4
| | | | | |
(L) (L) (ER)  (BER) (L)
|=SL |=5L
Is(x,nil) Is(x,nil)

Fig. 1. An example interval o

Proof. Since |o| = w, (,0,0,|0]) E (O?(Is(x,nil) A €))* if and only if there
exists infinitely many integers 0 = g < r; < 19 < -+ such that lim r; = w

and (0,0,70,71) = O2(s(z,nil) A e) and for all I > 1, (o,7_1,7_1,71) =
O2(Is(z,nil) Ae). Let r; = 2n for all i > 1,n > 1. We need to prove (¢, 0,0,2) =
O2(Is(z,nil) Ae) and (o,2n,2n,2(n + 1)) E O3 (Is(z, nil) Ae).

(0,0,0,2) E O%*(s(x,nil) Ae)

<~ (0,0,1,2) E  O(s(z,nil) Ne)

<~ (0,0,2,2) E  s(z,nil) Ae

— (0,0,2,2) E  ls(z,nil) and (0,0,2,2) E¢
— (I2,1}) Es, ls(z,nil) and true

<~ true

The proof for (7, 2n, 2n,2(n+1)) = O?(Is(x, nil)Ae) is analogous to the proof
of (¢,0,0,2) = O%(Is(z,nil) A€). Therefore, (,0,0, |o|) = (O3 (Is(z,nil) Ae))T.
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4 Normal Form Of PPTL®"

Definition 1. A PPTL®" formula ¢ is in normal form if

l t
def
7= \Vae, Aev \a, AOuy,

i=1 j=1

where 0 <1 <1,¢t>0,and [+t >1, g, (i = 1) and ¢, (1 < j < t) are true or
state formulas of the form ¢. Each ¢y, is a general PPTL®" formula.

Theorem 1. For any PPTL*" formula q, q¢ can be rewritten into its normal form.

Proof. The proof proceeds by induction on the structure of PPTLS" formula. In
the following, A denotes a atomic formula.

As=es=ex|empl|er — ex|ls"(er,e2) | Is(er,ea)

Base: We first prove that for any state formula ¢, ¢ can be rewritten into
its normal form. The proof is simple which is as follows

p=dNtrue= o A (e VOtrue) = (¢ Ae) V (¢ A Otrue)

If p= A, Ais a state formula. Then we have A = (A A¢e) V (A A Otrue).
Induction: Suppose ¢ and r can be rewritten to their normal forms as
follows,

n
g=q.neV \/ainOd
=1

nl
r=r.ANeV \/Tj/\OT';'
j=1
If p= g *r, we know ¢ and r are both definitely state formulas according to
our syntax, then ¢ % r is a state formula, the proof is

gxr=((gxr)Ne)V ((g*r) AOtrue)

If p = g, then p has already been in its normal form.

Ifp=qgAnr,

case 1: if ¢ and r are both state formulas, then ¢ A r is a state formula, the
proof is

ghr=(gAr)ANtrue=(gAr) A (e AV O true)
=(gArAe)V(gNnrAQOtrue)
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case 2: if ¢ or r is a temporal formula, then the proof is

’

n n
gAr=(ge eV \[aANOG) A (re Aev \[r; AOT))
i=1 j=1

n n
= (g ATe NE)V \/\/qi/\rj A Olg; A%
i=1j=1

If p=—q,
case 1: if ¢ is a state formula, then —q is a state formula, the proof is

g = (—gAe)V (g A Otrue)

case 2: if ¢ is a temporal formula, then we can reused the proof method in
[22,23].

If p=(p1,...,pm) prj q or p=q™*, we can also reused the proof method in
[22,23].

Therefore, we can finally conclude that any PPTL®" formula p can be written
into its normal form. O

5 Conclusion

This paper integrates a decidable fragment of Separation Logic (SL) with Propo-
sitional Projection Temporal Logic (PPTL) to obtain a two-dimensional (spatial
and temporal) logic PPTL®". The state formulas of PPTL®" are SL assertions, on
top of which are the outer temporal connectives taken from PPTL. Some exam-
ples are given to show its applications. It is useful to specify temporal properties
of heaps. We also prove a series of logic laws and a useful conclusion that any
PPTL®" formula can be transformed into its normal form. A normal form can be
divided into two parts, one is the present component and the other is the future
component. In the future, the decidability of PPTL®" will be investigated. Then
a model checking approach using PPTL" as the specification language will also
be studied. In addition, we will develop a model checker based on our approach,
and do case studies to evaluate the approach.
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Abstract. A set of reduction rules for LTL\X model checking of 1-
safe Petri nets are presented in this paper. Compared with the rules
available, more original transitions and places could be removed from the
synchronization of Biichi automata obtained from LTL\X formulae and
1-safe Petri nets with the new proposed rules. As a result, a compact
synchronization is generated. This is useful in improving efficiency of
LTL\X model checking of 1-safe Petri nets.

Keywords: 1-safe Petri nets + LTL\X - Model checking - Synchroniza-
tion - Reduction rules

1 Introduction

Unfolding method is a partial order technique, introduced in [15,16], to attack
state space explosion problem in model checking of Petri nets by constructing
a complete prefix of the unfolding rather than generating a reachability graph.
The complete prefix of the unfolding encodes global states of a net system with
local places, while the reachability graph explicitly presents these states as nodes
of a graph. It is useful in reducing the state space significantly especially when
a great number of concurrent transitions are involved in the net system.
Unfolding method has been successfully applied in deadlock detection, reach-
ability analysis and invariant checking [6,8,11,14-17]. It is also employed in
LTL\X (short for LTL without next operators) model checking of 1-safe Petri
nets [3,4,19]. To check whether a net system satisfies a desirable property
described by a LTL\X formula, it is required to (1) translate the negation of
the formula as a Biichi automaton that accepts exactly the language defined by
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the negation of the formula [9,13]; (2) construct a combined system, i.e. synchro-
nization, from the net system and Biichi automaton such that the net system
satisfies the property iff the synchronization does not contain infinite transition
sequences: illegal w-traces and livelocks; and (3) check whether the synchroniza-
tion contains illegal w-traces or illegal livelocks by constructing unfolding of the
synchronization. However, the construction of unfolding is inefficient especially
the sub-process for building extensions of prefixes is NP-complete [11]. Further,
it is possible that the unfolding of the synchronization grows exponentially along
with the process for looking for illegal w-traces and livelocks.

To overcome the above shortages, it is important to reduce the synchroniza-
tion as a compact one. In [1,2,10,12,14], several reduction rules are proposed
for various subclasses of Petri nets that preserve different interesting properties
such as deadlock and liveness. Also, a few of reduction rules are proposed for the
synchronization in [7]. However, the synchronization is still very large. Motivated
by this, this paper improves the reducing rules in [7] by improving some of the
rules existing and introducing new rules. By the improved rules, more original
transitions and places can be removed from the synchronization of 1-safe Petri
nets and Biichi automata.

The rest of the paper is organized as follows. Section 2 presents preliminaries
of 1-safe Petri nets and LTL\X. LTL\X model checking of 1-safe Petri nets is
introduced in Sect. 3. In Sect. 4, a set of reduction rules for the synchronization
are proposed. Correctness of the reduction rules is proved in Sect.5. Finally,
conclusions are drawn and the future research directions are pointed out in
Sect. 6.

2 Preliminaries

This section briefly presents 1-safe Petri nets and LTL\X.

2.1 1-safe Petri Nets

A net is a 3-tuple N = (P, T, F'), where P and T are disjoint sets of places and
transitions, respectively, and F' C (PxT)U(T x P) is a set of arcs (flow relation).
For anode z € PUT, *2={y € PUT|(y,z) € F} and z* ={y € PUT|(z,y) € F}
are the input set and output set of z, respectively. For a set of nodes Z C PUT,
*Z=U,cy 7 and Z* =], 2*. The marking of a net is a multiset of places
M. A place p is marked by a marking M with M (p) tokens if M(p) > 0. A
marking M enables a transition ¢ if for each place p € °¢, it has M(p) > 0. In
case t is enabled by M, it can occur, and its occurrence leads to a new marking
M' = M —*t+t*, denoted by M L M. Two places p; and ps complement each
other if *p; = p§ and p1°® = *po.

A net system is a 4-tuple X = (P, T, F, My), where (P, T, F') is a net, and M
is the initial marking. A sequence of transitions o = t1ts...t, is an occurrence
sequence from M if there exist markings My, Mo, ..., and M, such that M L,

M, B, I, M,,. An occurrence sequence o = t1ts...t, is finite (infinite) if
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n is a natural number (infinity). M % M’ means that a marking M’ is reached
from M through a finite occurrence sequence o. Meanwhile, M % denotes that
o is an infinite occurrence sequence. A marking M is a reachable marking if
there exists a finite occurrence sequence o with My = M. We assume that net
systems presented in the rest of the paper are 1-safe, i.e. every reachable marking
marks each place with at most one token. An w-word induced by X is a marking
sequence MoM; ... such that there exists an infinite occurrence sequence t1ts . ..

t t . .
where My = M; =% ... is satisfied.

2.2 LTL\X

LTL\X is LTL [18] with next operators X removed. Given a finite set Prop of
atomic propositions, the syntax of LTL\X is defined as follows, where p € Prop:

o u=p| oo Aps | iUps

An interpretation of a LTL\X formula is an w-word over alphabet 277P,
¢ | ¢ is used to indicate the truth of a LTL\X formula ¢ for an w-word £ €
(2Fropyw ¢, is the ith element in &, and £ is the tail of ¢ starting from &. The
relation = is defined inductively as follows:

1. ¢Epifpeé

2. EEgifplEo

3. EFE 1V if { = gror = do

4. §|:¢1U¢21f5|22051):¢2andV]<zfj ):d)l

In this paper, LTL\X is used to describe properties of a net system X =
(P, T, F, M), hence Prop is identified with P. Since the state of X' is presented
as a reachable marking M, a proposition p is true at M iff the place p is marked
by M. Let ¥ = (P,T,F, My) be a net system, and ¢ a LTL\X formula over
the set P of atomic propositions. A place p € P is observable for ¢ if the
proposition p € (p), where (@) is a set of atomic propositions appearing in ¢.
A transition t € T is wvisible for ¢ if the occurrence of ¢ changes the markings
of observable places, i.e. ((*t\t*) U (t*\*t)) N {¢) # 0. An infinite occurrence

sequence o = tits..., with My h, M, L2, ..., of X satisfies ¢, denoted by
o E o, if w-word MyMj ... satisfies . X satisfies o, denoted by X = ¢, if
every infinite occurrence sequence from M, of X satisfies ¢. Infinite occurrence
sequences from M of X violating ¢ are split into two classes: infinite occurrence
sequences of type I that contain infinitely many occurrences of visible original
transitions, and infinite occurrence sequences of type II that contain finitely
many.

A Biichi automaton is a 5-tuple BA = (Q, T, qo, 0, Final), where @ is a finite
non-empty set of states, I' an alphabet, gy € @ the initial state, 6 C Q x ' X Q
the transition relation, and Final C @ the set of accepting states. BA accepts
an w-word & if there exists some accepting state that appears infinitely often in
some run of BA on . A Biichi automaton BA,, can be obtained from a LTL\X
formula ¢ such that an w-word & is accepted by BA,, if and only if £ satisfies ¢
[9,13].
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3 LTL\X Model Checking of 1-safe Petri Nets

Let X = (P, T, F, My) be a net system, and ¢ a LTL\X formula over the set of
atomic propositions P. The model checking approach [4] for checking whether X
satisfies o consists of three steps. First, translate formula - into the correspond-
ing Biichi automaton BA-, with g as the initial state. Second, a synchronization
X_, is constructed from X' and BA-,, as follows:

1. Translate BA-, into a net system f2_, by treating each state ¢ € () as a
place, and each transition d = (¢, z,q’) € § as a net transition. It is pointed
that only ¢o is marked initially. For a net transition d = (¢, x,q’), the input
and output sets are {q} and {q'}, respectively. The set of propositions z is
the observation of d, denoted by Obs(d).

2. For each observable place p of X, add a complementary place p to X such
that by every reachable marking, either p or p is marked. Obviously, place p
stands for proposition p, while its complementary place p denotes proposition
—p.

3. Put 2-, and X side by side. For convenience, we call the places (transitions)
of £2-, Biichi places (transitions), and the places (transitions) belonging to
X original places (transitions).

4. The input and output sets of each Biichi transition d = (¢,x,q’) are both
extended with places in Obs(d) and complementary places P such that p €
(p)\Obs(d). As a result, d can be enabled if the observable propositions it
cares about are true, and the others are false.

5. Add two schedule places ss and sy where only sy is marked initially. The
input and output sets of each visible original transition are extended with s,
and sy, respectively, while the input and output sets of each Biichi transition
are extended with s; and s, respectively. This step guarantees that, initially,
f2-, can fire a transition, and all visible transitions of X' are disabled. After
an occurrence of some transition of {2, only X can fire transitions. When
X fires a visible transition, 2-, can fire a transition again and again until
neither {2, nor X' can fire any transition in its turn.

6. For each Biichi transition ¢ = (¢,,¢’), add a new transition ¢’ such that
*t' =*tand t'* = t*\{s,}, where *t and ¢* are the input and output sets of ¢
after the previous steps. L is the set of the added transitions. I is the set of
Biichi transitions d with d® N Final # 0.

An illegal w-trace of X, is an infinite occurrence sequence from the ini-
tial marking, where some transition in I occurs infinitely often. An illegal live-
lock of X, is an infinite occurrence sequence from the initial marking, in the
form oy,doy, where o1 is a finite occurrence sequence from My, d belongs to
L and w-word (Obs(d))“ is accepted by BA-, with a Biichi place in *d being
the initial state, and oy consists of invisible original transitions. Let X, =
(P, T, F,My, I, L) be the synchronization constructed from a net system X and
a Biichi Automaton BA-,. It has been proved in [4] that X satisfies ¢ if and
only if X, has neither illegal w-traces nor illegal livelocks.
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Finally, an unfolding method is utilized to check whether X, has any ille-
gal w-trace or illegal livelock. Usually, unfolding of the synchronization grows
exponentially and the construction of the unfolding is inefficient [11].

4 Reductions Rules for Synchronization

In this section we propose a set of reduction rules for the synchronization. Several
reduction rules for the synchronization have been presented in [7]. Among them,
there are two Linear Programming Rules, named Dead Transition and Implicit
Place Rule. The aim of Dead Transition Rule is to remove places, which never get
any tokens, and their output transitions. Obviously, such transitions can never
be enabled. Implicit Place Rule tries to remove places which never restrict the
firing of their output transitions.

4.1 T-Reduction Rule

T-Reduction Rule is illustrated in Fig. 1. Since transitions ¢ and ¢ have the same
input and output set, both ¢; and ts belong to L (I), or neither. Further, for
every occurrence sequence o containing te, there exits an occurrence sequence
O4\t, Obtained from o by replacing t with ¢;. Therefore, ¢5 is a redundant
transition which can be removed by T-Reduction Rule.

Let X, = (P, T, F, My, I,L) be the synchronization constructed from a net
system X and a Biichi Automaton BA-,. If X, has two distinct transitions
t1 and ty with *t; = ®*ty and £1* = t5°*, then T-Reduction Rule will remove t5,
and generate the resulting synchronization X', = (P, T', F’, Mo, I, L), where
T =T\{ta} and F' = F N ((T' x PYU (P xT")).

N,
oW

Fig. 1. T-Reduction Rule

4.2 Post-Reduction Rule

Post-Reduction Rule is shown in Fig. 2. Transition ¢ is enabled after the occur-
rence of transition w, and cannot be disabled by the occurrences of any other
transitions. Therefore, every occurrence sequence o containing v and ¢ can be
reordered into an occurrence sequence o’ such that every occurrence of u is
immediately followed by an occurrence of ¢t. This rule aims to hide occurrences
of t after occurrences of u by making u produce tokens immediately into t® rather
than °t.
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Let ¥, = (P,T,F, My, I, L) be the synchronization constructed from a net
system X and a Biichi Automaton BA-,. If X, has two distinct transitions u
and ¢ such that *t # t*, *t C u®, and Vp € *t, p* = {t}, then by Post-Reduction
Rule, we can obtain the resulting synchronization X’ = (P,T,F', Mo, I, L),
where F' = (F\({u} x *t)) U ({u} x t*).

Post-Reduction Rule is derived from A-Reduction Rule in [1] by removing
conditions |*t| > 1, Ap € *t such that *p = {u}, and adding restrictions *t # t*
and for all p € °t, it has p* = {t}. The synchronization remains unchanged
if ¢ has the same input and output sets. If Vp € *t, p* = {t} is ignored, the
occurrence of u cannot make transitions of (*t)*\{t} enabled in X" .

u u

Fig. 2. Post-Reduction Rule

4.3 Pre-Reduction Rule

This rule is described in Fig.3. Transition ¢ is enabled only after occurrences
of transitions w; and ws, and cannot be disabled by the occurrences of any
other transitions. Occurrences of u; and us do not affect each other. Thereby,
every occurrence sequence ¢ containing uq, us, and ¢ can be reordered into an
occurrence sequence o’ containing sub-sequence ujust. This rule aims to hide
occurrences of u; and us by merging them with ¢.

Before introducing Pre-Reduction Rule formally, we present several functions
PreTran, PreSet, Seq, and dec. PreTran is a function T — 27 with PreTran(t) =
{u € Tlu* Nt # 0}. PreSet is a function T — 22" satisfying PreSet(t) =
{U C PreTran(t)|U® = *t,Vui,us € U, (*us N uz) U (u} Nus) = 0}. Seq is a
function 27 — T* such that Seq(U) is a transition sequence where each element
of U appears exactly once. dec is a function T* — 27" where dec(s) is the set of
transitions appearing in transition sequence s.

U Ul

U\

us

Fig. 3. Pre-Reduction Rule
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Let ¥, = (P,T,F, My, I, L) be the synchronization constructed from a net
system X and a Biichi Automaton BA-, with g being the initial state. If X_,
has a transition ¢ such that *t N¢* = (), Yu € PreTran(t), u® C °t, Vp € °t,
*p £ 0, p* = {t}, and M(p) = 0, then by Pre-Reduction Rule, we can obtain
the resulting synchronization X7, = (P',T", F', Mo, I, L), where P’ = P\*t,
T = (T\(PreTran(t) U {t})) U D with D = {stf|U € PreSet(t),s = Seq(U)},
F' = (FA((T" % P U (P X T')) U (Uye p (*(dec(u)\ [£}) x {u})) U (D x £°). To
distinguish the new produced transitions from the ones in the ordinary transition
sequences, ujust in Fig. 3 is presented with underline.

4.4 Post-A Rule

This rule is demonstrated in Fig. 4. Both transitions ¢; and ¢y are enabled after
the occurrence of transition u, since they have only one input place p € u®.
Therefore, every occurrence sequence o containing u can be reordered into an
occurrence sequence ¢’ such that every occurrence of v is immediately followed
by an occurrence of ¢1 or t5. This rule aims to hide occurrences of transition t;
(t2) by merging 1 (t2) with w.

Let ¥, = (P,T,F, My, I, L) be the synchronization constructed from a net
system X and a Biichi Automaton BA_,. If ¥, has a place p such that *p # 0,
p® # 0, Vt € p*, *t = {p} and p & t*, then by Post-A rule, we can obtain the
resulting synchronization X!, = (P, 7', F', Mo, I, L), where
=T =(T\*p) U (*p x p*),
~Vge P, vt € T\*p, F'(q,t) = Flq,t), F'(t,q) = F(t,q);

Vq( € F))v Viity € (°p x p*), F,(q7t1t2) = F(q,t1), F/(qu) = F(t1,q9) +
F t27q .

Elements in *p x p* with underline are used to denote new transitions.

Fig. 4. Post-A Rule

Post-A Rule is extended from Post-Agglomeration Rule in [7] by removing
condition My(p) = 0, and adding restriction V¢ € p®, p ¢ t°*. Additionally, the
rule preserves p and its output transitions p®. This makes condition My(p) =0
unnecessary in the rule. It seems that preservation of p and transitions of p*®
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makes the synchronization worse for unfolding. Actually, p and transitions of
p® can be preserved after the whole reduction process if p is marked initially.
Otherwise, they will be removed by Dead Transition Rule. Although p and tran-
sitions of p® are preserved eventually, transitions of p® are only considered for the
possible extensions in the first run during the construction of unfolding. This is
because the construction algorithm of unfolding is breadth-first [5]. Thus, preser-
vation of p and transitions of p® has little affect on the construction of unfolding.

4.5 Pre-A Rule

Pre-A Rule is shown in Fig. 5. Transition u can be enabled only after the occur-
rence of transition t; or ts. Here both ¢; and ¢3 have only one output place
p. Thus, every occurrence sequence o containing v must contain ¢; or ¢, and
can be reordered into an occurrence sequence o’ such that every occurrence of
t1 or to is immediately followed by an occurrence of w. This rule aims to hide
occurrences of u by merging u with ¢ (t2).

Let ¥, = (P,T,F, My, I, L) be the synchronization constructed from a net
system X and a Biichi Automaton BA-,. If X, has a place p such that *p # 0,
p® # 0, Vt € *°p, t* = {p} and p & °t, then by Pre-A Rule, we can obtain the
resulting synchronization X! = (P, T', F’, Mo, I), where
=T =(T\*p) U (*p x p*),

- Vqe P, vteT\*p: F'(q,t) = F(q,
Vg € P', Viita € (*p x p*): F'(q,
.F(tz7 q)

Fig. 5. Pre-A Rule

Transitions reduced by Abstract Rule and Pre-Agglomeration Rule in [7] can
be dealt with by this rule. Restriction Vt € ®*p, p &€ °t is necessary for Abstract
Rule and Pre-Agglomeration Rule but ignored in [7]. Note that p and transitions
of p® are preserved by this rule. But they are possible to be removed by Dead
Transition Rule if p is not marked by the initial marking Mj.

5 Correctness of Reduction Rules

In this section we show that the reduction rules do not affect the result of LTL\X
model checking of 1-safe Petri nets. We first present a Theorem proved in [7].
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Theorem 1. Let ¥, = (P,T,F,My,I,L) be the synchronization constructed
from a net system X and a Biichi Automaton BA_,. X satisfies ¢ if and only
if at least one of the following conditions hold for X_,:

1. there exists an illegal w-trace o in X, or
2. there exists a finite occurrence sequence Mo —— M in X, such that
(a) there exists an infinite occurrence sequence M| — containing infinitely
many transitions of I in X_,|g, and
. . . g2 o .
(b) there exists an infinite occurrence sequence M|y —> containing only
invisible original transitions in X_,|n,

where X_,|p (X-y|n) is the subnet of X, corresponding to BA-, (X), and
M| (M|n) is the part of M belonging to X—,|p (X-p|n)- O

Let X, be a synchronization, and E’W the synchronization obtained by

applying a reduction rule on X_,. The reduction rule is correct if each condition

of Theorem 1 holds for both X, and E’W,, or neither.

Theorem 2. T-Reduction Rule is correct.

Proof. Let ¢; and ¢y be two transitions in X, satisfying conditions of T-
Reduction Rule, and E’w, the synchronization obtained from X, by removing
to by T-Reduction Rule. We prove that condition 1 (2) of Theorem 1 holds for
2, if and only if it holds for Elwr Unless stated otherwise, o means an occur-
rence sequence of X, while ¢’ denotes an occurrence sequence belonging to
D2
= 1. Suppose condition 1 of Theorem 1 holds for X_,. Since *t; = *t; and
? = t3, we have that both ¢; and ¢5 belong to L (I), or neither. It follows
that in X, there exists an illegal w-trace oy \,, which is obtained from
o by replacing to with ¢;. Because of M, = Mj and none of transitions
in 0y,\s, is affected by T-Reduction Rule, we have that there exists an
illegal w-trace oy,\4, in Z’WJ. Therefore, condition 1 of Theorem 1 holds
for X7 .
2. Suppose condition 2 of Theorem 1 holds for X¥_,. By (= 1), we have
that there exists a finite occurrence sequence M ZonN2ar E’W,.
Since °t; = °ty and t} = t3, we have that both ¢; and ¢35 belong to either
Y|~ or X,|p. Further, ¢; and ¢, still have the same input and output

sets, respectively, in X |n or X |p. It follows that (a) there exists

. . T1 ty\tg .. . .
an infinite occurrence sequence M'B E— contalnlng mﬁnltely many

transitions of I in X’ |p, and (b) there exists an infinite occurrence

02 t1\to .. . .. . . .. .
sequence M|y ———= containing only invisible original transitions in

X! ,|n. Therefore, condition 2 of Theorem 1 holds for X .

< 1. Suppose condition 1 of Theorem 1 holds for Elwv' Since ty; does not
belong to E'ﬁ@, we have that ¢’ does not contain any ¢,, and then none
of the transitions in ¢’ has been affected by T-Reduction Rule. Because
of M{ = Moy, there exists an illegal w-trace ¢’ in X_,. Thus, condition 1
of Theorem 1 holds for X_,.
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2. Suppose condition 2 of Theorem 1 holds for EQW. Since t5 does not
belong to X!, we have that o, 07, and o5 do not contain any ¢3, and
then none of transitions in them has been affected by T-Reduction Rule.

Since M, = My, it has that condition 2 of Theorem 1 holds for X_,. O

Theorem 3. Let w and t be a pair of transitions in Y-, satisfying Post-

. . oi1uoatos . .
Reduction Rule. For a finite occurrence sequence My ————> M in X_,, if
o9 does mot contain any t, then oy does not contain any u either, and there

. oirutoqos
exists an occurrence sequence My ——— M.

Proof. Assume that My =% M, 22 M, 4, Ms 2% M is a finite occurrence
sequence of X, where oo does not contain any ¢. From Vp € *¢, p* = {t}, it
has that only ¢ consumes tokens in places of *t. Because of *t C u®, oy does not
contain any ¢, and X, is 1-safe, it can be obtained that oy does not contain
any u. Since *t C u®, we have My, 2% M, & M where M{ = (Mi\*t) Ut°.
Since only ¢ consumes tokens in places of *t, and o2 does not contain any t,
it has that none of transitions in oo consumes tokens in places of °t, and then
My 2% My 5 M{ 22 M} where M} = Ms. Therefore, My 2% My 5 M| 22
My 2 M. O

Lemma 4. Letu andt be a pair of transitions touched by Post-Reduction Rule.
u and t are original transitions.

Proof.

1. Suppose that ¢ is a Biichi transition. It has sy € *¢ and there exists one Biichi
place ¢ € *t. Since *t C u®, we have {sf,q} C u®. Further ¢ € u®, it follows
that v is also a Biichi transition. This contradicts with sy € u®. Therefore, ¢
is an original transition.

2. Suppose that u is a Biichi transition. Since ¢ is an original transition, we have
that ¢ has at least one original place p in its input set. Because of *t C u®, it
has p € u®. Since p is an original place, and w is a Biichi transition, we have
p € *uNwu®. This contradicts with condition Vp € *t, p* = {¢}. Therefore, u
is also an original transition. O

Theorem 5. Post-Reduction Rule is correct.

Proof. Let w and ¢ be a pair of transitions in X, satisfying conditions of Post-
Reduction Rule, ZL@ the synchronization obtained from X, by dealing with
u and ¢ by Post-Reduction Rule. We prove that condition 1 (2) of Theorem 1
holds for X, if and only if it holds for X7, . Note that u' presents transition u
in the new synchronization E’mp.

= 1. Suppose condition 1 of Theorem 1 holds for X_,. From Theorem 3, it
follows that o can be reordered into an illegal w-trace p of X, such that

every occurrence of v is immediately followed by an occurrence of ¢. Since
F' = (F\({u} x*t))U({u} xt*), we have *u’ = *u and v'* = (u®\*t)Ut".
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Because of M} = My, there exists an infinite occurrence sequence o’

from Mj in X7, where ¢ is obtained from p by replacing ut with u’. By
Lemma 4, it has that v and ¢ are original transitions, and thus none of
Biichi transitions in ¢’ has been affected by Post-Reduction Rule. Thus,
o’ contains infinitely many transitions of I leading it to be an illegal

w-trace. Therefore, condition 1 of Theorem 1 holds for Elwz'

. Suppose condition 2 of Theorem 1 holds for X, and oy = o3v. From the

proof of Theorem 1 in [7], we have v € L and then v is a Biichi transition.
Therefore, Post-Reduction Rule can affect occurrence sequence os in
My 2% M. By (= 1), it has that there exists an occurrence sequence

o5V . . . .
My == M in X!, where o3 is obtained from o3 by replacing every u

with «/, and removing the first ¢ after this u. Since transitions of X |
are Biichi transitions, infinite occurrence sequence o1 of X_,|p consists
of only Biichi transitions. Thus, none of transitions in o; is affected
by Post-Reduction Rule, and thus there exists an infinite occurrence
sequence M|p 7% containing infinitely many transitions of I in 2B
By (= 1), we have that there exists an infinite occurrence sequence

M|n 22, in E’w,| N, where o} is obtained from o9 by replacing every u
with «/, and removing the first ¢ after this u. Therefore, condition 2 of
Theorem 1 holds for X7 .

. Suppose condition 1 of Theorem 1 holds for X’ . By *u’ = *u, v'* =

(u*\*t)Ut®, and M = Mo, it follows that in X, there exists an infinite
occurrence sequence o from My which is obtained from ¢’ by replacing
u’ with wt. Since u/ is not a Biichi transition, we have that o contains
infinitely many transitions of I, and then it is an illegal w-trace. Thus,
condition 1 of Theorem 1 holds for X_,,.

. Suppose condition 2 of Theorem 1 holds for X! . From (= 2), it fol-

lows that transitions in oy and oo might have been affected by Post-
Reduction Rule. By (< 1), we have that there exists an occurrence
sequence M} ~% M’ in X_, (M'|y = in Y_,|n), where oq (02) is
obtained from o{, (¢4) by replacing «’ with ut. Since o} consists of only
Biichi transitions, none of transitions in ¢} has been affected by Post-

’

Reduction Rule. Thus, there exists a finite occurrence sequence M'|p a4,
in ¥_,|p where o} contains infinitely many transitions of I. Therefore,
condition 2 of Theorem 1 holds for X, ,. ]

Lemma 6. Let t be a transition satisfying conditions of Pre-Reduction Rule.

. ot
For a finite occurrence sequence My — My of X

~p, Where My is a reachable

marking, My N *t = (), and o does not contain any t, it has that there exits

a finite occurrence sequence My

’
T Uy...Um

Y My in X, where o’ is the finite

occurrence sequence obtained from o by removing transitions of PreSet(t) and
U = {u1,ua,...um} € PreSet(t).
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Proof. Let 0 = oyum,02, where oo does not contain any transition of PreTran(t).
Since Yu € PreTran(t), u® C °t, and Vp € *t, p* = {t}, we have that only ¢
consumes tokens produced by transitions of PreTran(t). Since o does not contain
any t, none of transitions in o9 consumes any tokens produced by u,,. Thus, we

have M; 227 M ' M,. Tt follows that M ol tmt M, where ¢’ is the
transition sequence obtained from o by removing transitions of PreTran(t), and
U = {u1,ug, ...un, } are the set of transitions of PreTran(t)in o. From MiN®*t = 0,
we have that *t C U®. Since Yu € PreTran(t), u® C *t, it has U® C *t and thus
U® = *t. Since X, is 1-safe, Yu;,u; € U, (*u; N *u;) U (uf Nu}) = ) and then
U € PreSet(t). O

Lemma 7. Let t be a transition of X, satisfying conditions of Pre-Reduction
Rule. Transitions of PreTran(t) and t are original transitions.

Proof.

1. Suppose t is a Biichi transition. It has that s € *¢ and there exists one Biichi
place q € *t. Since Vp € *t, *p # 0, there exists a transition u with ¢ € u®. It
follows that u is a Biichi transition and then s; € u®. Since u® C °t, it has
ss € *t. This contradicts with the fact that ¢ is a Biichi transition. Thus, ¢
is an original transition.

2. Suppose there exists a Biichi transition u € PreTran(t). It has that s; € u®
and there exists one Biichi place s € u®. Since u® C °t, it has s € *f and
t is a Biichi transition. This contradicts with the fact that ¢ is an original
transition. Therefore, transitions of PreTran(t) are original transitions. [

Theorem 8. Pre-Reduction Rule is correct.

Proof. Let ¢ be a transition in X, satisfying conditions of Pre-Reduction Rule,
X", the synchronization obtained from X_, by dealing with ¢ and PreSet(t)
with Pre-Reduction Rule. We prove that condition 1 (2) of Theorem 1 holds for
X, if and only if it holds for X7 .

= 1. Suppose condition 1 of Theorem 1 holds for X ,. By Lemma 6, it fol-
lows that o can be reordered into an illegal w-trace p of X, such that
every occurrence of ¢t is immediately preceded by a transition sequence
~ with dec(y) € PreSet(t). Since F/ = (FN((T" x PYU(P' xT"))) U
(Uuep (*(dec(w)\{t}) x {u})) U (D x £°), it has that *yt = *(dec(7))
and ~t* = t*. Because of M} = My, there exists an infinite occurrence
sequence o' from My in X! ., where ¢’ is obtained from p by replac-
ing transition sequence vt with transition vt. By Lemma 7, it has that
transitions of PreTran(t) and t are original transitions, and then none of
Biichi transitions in ¢’ has been affected by Pre-Reduction Rule. Thus,
o’ is an illegal w-trace. Therefore, condition 1 of Theorem 1 holds for
DX
2. The proof is similar to that of Theorem 5.



60 Y. Shi et al.

< 1. Suppose condition 2 of Theorem 1 holds for X_,. From *~t = *(dec(7))

and 7t* = t°, it follows that in X, there exists an illegal w-trace o,

which is obtained from ¢’ by replacing every transition vt € D with the

transition sequence vt. Since 4t is not a Biichi transition, o is an illegal
w-trace. Thus, condition 1 of Theorem 1 holds for 2.

2. The proof is similar to that of Theorem 5. (]

Correctness of Post-A Rule and Pre-A Rule can be proved similarly to Local
Reduction Rules in [7].

6 Conclusion

Five correct reduction rules for reducing synchronization of 1-safe Petri nets and
Biichi automata are presented in this paper. Among them, Post-A Rule and Pre-
A Rule can deal with all transitions and places reduced by Local Reduction Rules
in [7]. Thus, compared with the existing work, a compact synchronization can be
generated by our method. In the near further, all the rules will be implemented
and utilized in reducing synchronization of 1-safe Petri nets and Biichi automata
in practise.
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Abstract. This paper investigates techniques for formalizing and imple-
menting types in the temporal logic programming language MSVL, which
is an executable subset of Projection Temporal Logic. To this end, the
data domain of MSVL is extended to include typed values, and then
typed functions and predicates concerning the extended data domain
are defined. Based on these definitions, the statement for type declara-
tion of program variables is formalized. The implementation mechanisms
of the type declaration statement in the MSVL interpreter are also dis-
cussed, which is based on the notion of normal form of MSVL programs.
To illustrate how to program with types, an example of in-place reversing
an integer list is given.

Keywords: Type - Temporal logic programming - MSVL - Projection
Temporal Logic

1 Introduction

In many formal verification fields ranging from digit circuit design to software
engineering, temporal logics have been widely used as an efficient tool for describ-
ing and reasoning about properties of concurrent systems [1-3]. Projection Tem-
poral Logic (PTL) extends Interval Temporal Logic (ITL) and is widely applied
to system specification and verification [4]. In most cases the system modeling
techniques have nothing to do with temporal logics while the desired properties
are described by temporal logic formulas, thus verification has suffered from a
defect that different formal methods have different denotations and semantics.
To improve this situation, one way is to use the same language for modeling sys-
tems and describing properties. Modeling, Simulation and Verification Language
(MSVL) is a temporal logic programming language developed as an executable
subset of PTL, where concurrent systems can be modeled, simulated and verified
[5]. In this method, a concurrent system is modeled by an MSVL program while
properties of this system are specified by Propositional Projection Temporal
Logic (PPTL) formulas [6]. By model checking within the same temporal logic
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framework, whether or not a concurrent system satisfies the desired properties
can be verified.

Introducing types into a programming languages is important, which enables
us to write more sound and practical programs. As we known, most conven-
tional programming languages such as C, C+4 and Java have their own data
types, including integer, array, list, etc. However, most temporal logic program-
ming languages, e.g. MSVL, Tempura [7], XYZ/E [8], TLA [9] and METATEM
[10], have not implemented types yet. To bridge the gap between temporal logic
programming and conventional programming, we are motivated to investigate
techniques for formalzing and implementing types in MSVL.

In [11], there are two basic built-in types, integer and bool, which can be
given pure set-theoretic definitions in Tempura. Further types can be built from
these basic types by means of the x operator and the power set operator. Also,
they defined a statement type(z,T') to introduce a variable x of a type T'. But so
far as we know, no further formalization and implementation details have been
published to clarify a proper way to implement types in Tempura, neither does
the Tempura interpreter consider the execution of type statements.

The main contributions of this paper are as follows. (1) The data domain D
of MSVL is formalized to describe types including integer, float, character, array,
list, etc. (2) Typed functions and predicates, and the type declaration statement
are defined. (3) The normal form for those statements are given and they are
implemented in the MSVL interpreter. With these contributions, the language
MSVL can be used to model, simulate and verify typed programs.

The rest of the paper is organized as follows. Section 2 briefly introduces PTL
and MSVL. In Sect. 3, the data domain, typed functions and predicates, and the
type declaration statement are formalized. Then, Sect.4 provides the MSVL
interpreter implementation mechanisms based on the notion of the normal form.
In Sect. 5, the MSVL interpreter is used to model and verify an in-place reversal
of an integer list. Finally, conclusions are drawn in Sect. 6.

2 Preliminaries

2.1 Projection Temporal Logic

Let P be a countable set of propositions, and ) be a countable set of typed static
and dynamic variables. PTL terms e and formulas p are given by the following
grammar [4].

ex=z|Qe| Qe fler,...,em)
pu=rler=ea| Pler,...;em) | —p|p1Ap2| TFv:p]|
Opl(p1s-spm)prip
where r € P is a proposition, and x € V is a dynamic or static variable. In

fler,...,en) and P(ey,...,en), [ is a function and P is a predicate. Each
function and predicate has a fixed arity. A formula (term) is called a state formula
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(term) if it does not contain any temporal operators (i.e. O or prj); otherwise it
is a temporal formula (term).

A state s is a pair of assignments (I, I,) where for each variable z defines
slz] = I,[z], and for each proposition r defines s[r] = Ip[r]. I,[z] is a value
in the data domain D or nil which means “undefined”, and I,[r] is a value in
B = {true,false}. An interval o = (sg, s1,...) is a non-empty (possibly infinite)
sequence of states. The length of o, denoted by |o|, is defined as w if o is infinite;
otherwise it is the number of states in ¢ minus one. To have a uniform notation
for both finite and infinite intervals, we will use extended integers as indices.
That is, we consider the set N of natural numbers and w, N, = NU {w}, and
extend the comparison operators, =, <, <, to N, by considering w = w, and for
all i € N, i < w. Moreover, we define < as < —{(w,w)}. With such a notation,
0(i..5)(0 < i 2 j < |o]) denotes the sub-interval (s;, ..., s;) and o(k)(0 < k = [o])
denotes (s, ..., 5|s|). The concatenation of o with another interval (or empty
string) o’ is denoted by o eo’. To define the semantics of the projection operator
we need an auxiliary operator for intervals. Let o = (s, s1,...) be an interval

and ny,...,n, be integers (h > 1) such that 0 < ny < ny < ... < ny =< |of.
The projection of o onto ny, ..., ny, is the interval (called projected interval), o |
(N1, sMh) = (SmysSmay - - - s Smy ), Where mq, ..., my is obtained from ny, ..., n,

by deleting all duplicates. For example,
<50a 51,52, 53, 54> J, (Oa 03 2; 27 27 3) = <507 52, S3>

An interpretation for a PTL term or formula is a tuple Z = (0,4, k, j), where
o = (sg,81,-..) is an interval, ¢ and k are non-negative integers, and j is an
integer or w, such that i < k < j < |o|. We use (0,1, k, j) to mean that a term or
formula is interpreted over a subinterval o(; ;) with the current state being sj.
For every term e, the evaluation of e relative to interpretation Z = (0,1, k, j),
denoted as Z[e], is a value in D or nil. It is defined by structural induction,
shown in Fig.1.

[
(oyisk+1,9)le] if k<

Z[Oe] = {ml otherwise
_ O-ai7k7]~a.j)[e] 1fZ<k
Z[©e] = {m’l otherwise
[ Z[f)(Zle1],- -, Tlem]) if Z[en] # nal for all h
I[f(er, - rem)] = { nil otherwise

Fig. 1. Interpretation of PTL terms

The satisfaction relation for formulas = is inductively defined as follows.

1. ZTErif sgr] = II’f[r] = true.
2. T e =eyif Z[ey] =TZ[es).
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3. T Pler,...,em)if Ien] # nil for 1 < h < mand Z[P] (Zle1],...,Z]em]) =
true.

4. T -pif T ~p.

ITEp Ap if T Ep and T E po.

6. Z | Ju : pif for some interval o’ which has the same length as o, (¢/,4, k, j) E
p and the only difference between o and ¢’ can be the values of the variable
v at the state k.

ot

7. TEQOpifk < jand (0,i,k+1,5) E p.
8. Z = (p1,...,pm)priq if there exist integers k = ko < k1 < ... < ky, < j
such that (0,1, ko, k1) E p1, (0, ki—1,ki—1, k) E pr (for 1 < 1 S m), and

(¢,0,0,|c’]) £ q for one of the following o'
(a) km <jand o’ =0 | (ko,...,km) ® 0(k,,+1.5)
(b) km =jand o' =0 | (ko,..., k) for some 0 < h < m.

A formula p is said to be:

satisfied by an interval o, denoted as o = p, if (0,0,0,|o|) Ep
satisfiable if o |= p for some o.

valid, denoted as = p, if o |= p for all o.

equivalent to another formula ¢, denoted as p = ¢, if = O(p < q).

=N

The connectors V, — and < are defined as usual. In particular, the abbrevi-

ations true & pV —p and false et p A —p for any formula p. In Fig. 2 derived
formulas and composite predicates are shown.

empty df O true more % —empty
def . def

piq = (p,q) prjempty Op = true;p

Op E ~0-p halt(p) = Di(empty < p)

keep(p) = Cl(-empty — p) fin(p) = O(empty — p)

skip ef Oempty len(n) €of Olen(n—=1) forn >0
def

len(0) = empty

p* dof empty V (p;p*) V p A Omore

Fig. 2. Derived formulas and composite predicates

In order to avoid an excessive number of parentheses, the following prece-
dence rules are used as shown in Table1l. An operator with a smaller number
has a higher precedence, while operators with the same number have the same
precedence.

Table 1. Precedence rules of PTL

1 = 2006003A 4 vV
5 1 ==6 — < Tprj 8 ;
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2.2 MSVL

Let n range over integers and z range over variables. MSVL arithmetic expres-
sions e and boolean expressions b are PTL terms and formulas, respectively [5].
They are given by the following grammar:

ex=n|z|Qr|Qz|er+ex|er—ex|erxes|er/ea| e modey
b::ztrue|fa|se|61:62‘61>€2‘61262|€1<62|61§€2|—\b|b1/\b2

The elementary statements p, ¢ of MSVL are PTL formulas and defined as
follows.

Assignment: r=e

P-I-Assignment: r<e def rT=eAry

Unit Assignment: zi=e & skip A Qz < e

Sequential Composition: p; ¢

Conditional Choice: if b then p else ¢ = (b—=p)A(-b—q)

While Loop: while bdop = (b Ap)* ADO(empty — —b)

Conjunction: pAq

Selection: pVq

Parallel Composition: p || ¢ &ef p A (g;true) V g A (p; true)

Next: Op

Always: Op

Termination: empty

Local variable: dr:p

State Frame: Ibf(z) ECHR PR (Qz=zAz=2)

Interval Frame: frame(z) dof O(more — QOlbf(z))

Projection: (P1y- - Pm) Pri g

Await: await(b) def (frame(z1) A ... A frame(zp))A
O(empty < b) , where z1,...,x) are the variables

that occur in b

Among the statements, © = e, x := e, x < e, empty, Ibf(z), and frame(x)
are basic statements, while the others are composite statements. An assignment
r = e means that the value of = equals the value of e, while a unit assign-
ment x := e specifies the value of # by e and the length of the interval by 1.
A positive immediate assignment (P-I-Assignment) x < e indicates that the
value of z equals the value of e and that the assignment flag r, for x is true. A
sequential composition p;q indicates that p is executed from the current state
until its termination when ¢ is executed from. Statements of conditional choice
if b then p else g and while loop while b do p are the same as they are in
conventional imperative languages. A conjunction p A ¢ means that p and ¢ are
executed concurrently and share all the variables during the mutual execution,
while a selection p V ¢ means either p or ¢ is executed. Different from a conjunc-
tion, a parallel composition allows both processes to specify their own intervals,
e.g. len(3) || len(4) can be satisfied but len(3) A len(4) is always false. A next
statement (Op means that p holds at the next state, while an always statement



Formalizing and Implementing Types in MSVL 67

Op means that p holds at all states over the current interval. The termination
statement empty means that the current state is the final state of the interval.
An existential quantification 3z : p intends to hide x within p. A state frame
Ibf(z) means the value of x in the current state equals the value of x in the
previous state if no assignment to x is encountered, while frame(z) indicates
that the value of variable x always keeps its old value over an interval if no
assignment to x is encountered. A projection statement can be thought of as a
special parallel execution that is performed on different time scales. Specifically,
(p1,-.-,Pm)prjq means that ¢ is executed in parallel with pq,...,p, over an
interval obtained by taking the endpoints of the intervals over which the p;’s are
executed. In particular, the sequence of p;’s and g may terminate at different
time points. Finally, an await statement await(b) simply waits until b becomes
true, without changing any variables.

The precedence rules of MSVL statements are listed in Table 2, where 1
means highest and 12 means lowest.

Table 2. Precedence rules of MSVL

1 -2 OO03+/modd +— 5 >><<6 3
T==:=8 A 9 V| 10 -« 11 prj 12

3 Typed MSVL

3.1 Data Domain

In Sect.2, for a state s = (I,,I,) and a variable x defined in s, I,[z] € D. If
a variable y is irrelevant to (i.e. undefined in) s, we write I,[y] = nil. So, for
any interpretation Z and variable z, Z[z] € D U {nil}. In order to extend the
interpretation I, of variables to typed values, we need to enlarge the data domain
D. We introduce into MSVL a set 7 of types, including

— basic types: int, float, char,
— list types: int(), float(), char(),
— array types: int[], float[], char[].

The set of values of each basic type are defined as follows.

— int: Z ot

~ float: F = {n.didg---d,, | m€N,n€Z,d; €{0,...,9}forl <i<m}

~ char: ¢ & {'a,...0 2/ A, .../Z 0.9 Vi@l f gL )
Consider typed values (v, T), i.e. values labeled by their types, where T' € T .

We define the set of typed values for each type. For a set .S, S™ denotes the set
of lists of length n on S (n € N), and S* denotes the set of lists on S.
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It ¥ Zx {int}, Int() & Z* x {int()},
Int[n] % 2" x {int[]} for n > 1, Int[] & (-, Int[n]

~ Float % Fx {float}, Float() Lf B x {float()},

Float[n] L {float[]} for n > 1, Float|] def U,.>1 Float[n]

~ Char % ¢ x {char}, Char() % c* x {char()},

Charn| def on x {char[]} for n > 1, Char[] Lef U,.>, Char[n]

The data domain D of variables is the union of these sets.

D X mtu Int() U Int[] U Float U Float() U Float[] U Char U Char() U Char|]

3.2 Typed Functions and Predicates

Each function and predicate has not only a fixed arity but also a fixed typed.
Specifically, a function f of arity m has a type 71 x ... x T,,, — T, and a
predicate of arity n has a type Ty X ... x T, — B, where each T; and T is a
type in 7. For example, the original MSVL function - + - and predicate - > -
are applied to integers, and their types are denoted as - + - : int X int — int and
- > - :int x int — B, respectively.

Since we extend the interpretation I, of variables to typed values, we also
need to extend the application of functions and predicates to typed values.

The extension is straightforward. For a function f : T} x ... x T;, — T with
f(vi,...,vm) = v, we now have f((vi,T1),..., (Vm,Tm)) = (v,T), and for a
predicate P : Ty X ... x T, — B with P(vy,...,vy) = true (or false), we now

have P((v1,T1), ..., (Um,Tm)) = true (or false). Implicitly, a function with ill-
typed parameters evaluates to nil, and a predicate with ill-typed parameters
is interpreted as false. As a result, Z[e] € D U {nil} for any expression e and
interpretation Z, according to the evaluation rules defined in Fig. 1. Notice that
even for type-correct and defined parameters, the result of a function can be
undefined. For example, (3,int)/(0,int) = ndl, hd(({),int())) = nil. However,
this will not cause any problem.

A constant c is regarded as a 0-arity function. The kinds of constants allowed
in MSVL programs are listed below, together with their interpretations.

— Integers, float numbers and characters, e.g. Z[8] = (8, int), Z[3.1] = (3.1, float)
and Z['a'] = ("d’, char).

— Non-empty lists, e.g. Z[{'z’," y")] = ({2, y'), char()).

— Empty lists, Z[()i] = ((),int()), Z[() 5] = ({), float()) and Z[()] = ((), char(})).

Notice that we discriminate empty lists of integers (();), float numbers (()s) and
characters ({).). This is to ensure that every expression has a fixed type.

The original functions +, —, , /, mod and predicates >, >, <, < are all for
the integer type. We need to define operations for new types. First, we define +
(and then —, x and /) of float numbers. One way is to define a specific function

-+ - : float x float — float
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for the float type. A more convenient approach is to unify the two addition
operations into one.

-+ (int X int — int) U (float x float — float)

That is, we allow a function f (or predicate P) to have a union of more than
one fixed types. Each application of f (or P) takes one of these types.

Arithmetic operators. Besides 4, we do the same extension on —, * and / so that

e o — - ok, /o (int X int — int) U (float x float — float)

We keep the function mod : int x int — int. We also extend the predicates
>, >, <, < to both integer of float types.

S>> s < - < (it X int — B) U (float x float — B)

Type cast. We define two functions for type cast between float numbers and
integers.

(int)- : float — int  (n.dyds - - - dp,, float) — (n,int)

(float)- : int — float (n,int) — (n.,float)

Array and list operations. We define a set of standard operations for arrays and
lists. For an array a, the operation ali] returns its ith element.

-[[] : (int[] x int — int) U (float[] x int — float) U (char[] x int — char)
({coy---yer), T[)), (i, int) — (¢;, T) ie€{0,...,k}
(<COa---ack>aTH)7(i7int)Hnil Zg{oaak}

k € N,T € {int, float, char}

For a list [, the operation |I| returns the length of I.

|- |: (int() — int) U (float() — int) U (char() — int)
({c1y. - yck), T) — (k,int) k€ N,T € {int(), float(), char() }

Besides, the operations hd(l) and ¢l(I) return the head and tail of [, respectively.

hd : (int() — int) U (float() — float) U (char() — char)
(0, T) = mil
({co, ¢ty yck), T) — (co, T) k € N,T € {int, float, char}
tl: (int() — int()) U (float() — float()) U (char() — char())
((),T) — nil
({co,c1y-eyer), T) = ({c1,y .. ck), T) k€N T e {int(), float(), char()}

For two lists [; and Iy of the same type, the operations /1 e [y and [ o[> cal-
culates the concatenation and fusion of I; and lo, respectively. They are defined
as follows.

e (int() x int() — int()) U (float() x float() — float())
U(char() x char() — char())
(<Cl, ‘e 7C]‘>,CT), (<d1, PN ,dk>,T) — (<Cl, o ,Cj,dl, PN ,dk>,T)
J,k € N,T € {int(), float(), char() }
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: (int() x int() — int()) U (float() x float() — float())

U( har() x char() — char())

( 4. T) = (o, i), T)

(< Loy G € >7T)v(<> ) (<Clv""cjvc>7T)

(<Cl7 <3Gy C > T),(<C di,.. 7dk>7T)'_>(<Cla~~~7ijcad17~~~>dk>aT)
(<clv~' G5y € > )7(<d d11~'~7dk>7T)'_>nd d#c

J.k € N,T € {int(), float(), char() }

):T), ({das - -

Other. Besides the above operations, we define an auxiliary predicate Def(). For
an expression e, Def(e) means e is defined, i.e., the value of e is not nil.

Def : (int — B) U (float — B) U (char — B) U (int() — B) U (float() — B)
U(char() — B)
(¢, T) +— true T € {int, float, char, int(), float(), char({)}

Because an expression can evaluate to nil, the meaning of some predicates or
formulas may not precisely reflect our intuition. For example, e; < ea = —(e1 >
e2) is not valid in MSVL. Instead, e; < es = Def(e1) A Def(ea) A =(e1 > ea).
This is why the predicate Def() is useful. With the predicate, another equivalent
characterization of e; < ey is Def(e1) A Def(ea) A (e1 < e2 V ey = e3).

3.3 Type Declaration Statement

Notice that when declaring an array we need to give the specific number of
elements of the array, e.g. int[5] a. So the set of types 7, that are used in type
declarations is slightly different from the set 7:

7, € {int, float, char int<> float(), char(),
int[1], 1nt[ |, ..., float[1], float[2], ..., char[1], char[2],...}.

We define predicates isy(+), which means “is of type T, for each type T' € 7.

1. For each basic type T € {int, float, char}, isy : T — B with (¢, T) — true,

2. for each list type T'() € {int(), float(), char()}, isp(y : T() — B with (¢, T()) —
true, and

3. for each array type T'[n] € {int[1],int[2],...,float[1],... char[1],...}, ispp, :
T[] — B with (¢, T[]) + true iff |¢| = n.

Using these predicates, we define the type declaration statement as a derived
PTL formula. ot
Tx = Disyp(z)

4 Implementation Mechanisms

This section focuses on the implementation mechanisms for the type declaration
statement which plays an important role in program execution in the MSVL
interpreter. In order to carry out the formal verification and analysis of programs
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in a rigorous way, an operational semantics for the type declaration statement
are needed. For reducing (executing) MSVL programs, we divide the reduction
process into two phases [14]: one for state reduction and the other for interval
reduction. The state reduction is mainly on how to transform a program into
its normal form [5]. The interval reduction is concerned with a program from
one state to another. The state reduction has to change the normal form of
programs after the introduction of the type declaration statement, while the
interval reduction remains unchanged.

4.1 Normal Form of Programs

Definition 1. A typed MSVL program q is in normal form if

k

def
g = (\/ gei Aempty) v \/chOqu)
=1 j=1

where k+ h > 1 and the following hold:

1. each qe; and qc; is either true or a state formula of the form pi A ... A ppm
(m > 1) such that each p; (1 <1 < m) is either isp(z) withx € V, T € Ty,
orx =e withe € D, orry, or —r,.

2. qf; is an internal program, that is, one in which variables may refer to the
previous states but not beyond the first state of the current interval over which
the program is executed.

When a typed MSVL program ¢ 1s deterministic k + h = 1 holds, otherwise

k+ h > 1 does. We call conjuncts, \/ Qei N\ empty, \/ ge; N Ogy; basic prod-
i=1

ucts: the former is called terminal products Whereab the latter is called future
products. Further we call g.; and g.; present components which are executed
at the current state, and (Ogy; future components executed in the subsequent
states. An important conclusion is that any typed MSVL program including
type declaration statements can be reduced to its normal form. Therefore, exe-
cute programs in MSVL is to transform them logically equivalent to their normal
forms.

Let p be an MSVL program augmented with type declarations. There is a
program ¢ in normal form such that p = q.

The proof proceeds by induction on the structure of statements. The proof
of MSVL statements without type declarations can be found in [12,13].

The proof of the type declaration statement T x is given as follows.

Tz = Oisp(x)

= [isp(x) A (empty V —empty) (
Oisy(x) A empty V Oisp(z (
is(x) A empty V Oisp(z) A mempty  (
is(z) A empty V Oisp(z) A more (
isp(z) A empty Visp(z) A QOisr(x) (

i)
) A —empty (i7)
i4i)

)
v
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In the above: (i) follows from T1 in [14]; (ii) from Theorem 2.1 in [13]; (iii)
from Law7 in [14]; (iv) from the definition of more; and (v) from Law8 in [14].

4.2 MSVL Interpreter

Microsoft Visual C++ has been used to implement an MSVL interpreter. The
flow chart of the interpreter is shown in Fig. 3. The lexical analyzer and parser
are implemented with flex and bison. In the state reduction based on the normal
form an MSVL program can be rewritten by the reducer module to a logically
equivalent formula Present A Remains. The formula Present is executed at the
current state. It consists of true, false, empty, immediate variable assignments or
variable input /output. In the interval reduction the formula Remains is executed
in the succeeding state if it exists. The program editor, data input, output view
modules are used to deal with input and output. An MSVL program is inputted
into the interpreter and executed in a sequence of states to try to find its model.
If the program is transformed to true at the final state, its model is found and
it is satisfiable, otherwise it has no model and is unsatisfiable.

Program Editor

Program Input

Lexical Call Data
<‘/:j Parser
Analyzer Input
Syntax Tree
Input Input

Generate Generate
| Reducer |
@Output QLOutput
Output View

Fig. 3. Interpreter structure

The MSVL interpreter is able to work in an modeling, simulation or verifi-
cation mode. In the first mode, an MSVL program is used to describe a system
and executed in the interpreter. All the models of the system are presented as
an Normal Form Graph (NFG) [12]. As show in Fig.4(a) a path in the NFG
ends with a bicyclic node is a model of the system. The simulation mode is a
little different with the modeling mode, and the interpreter outputs only one
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Fig. 4. Three types of nodes. (a)modeling: a path. (b)verification: a satisfiable path.
(c)verification: an unsatisfiable path.

path in the NFG according to the MSVL’s minimal model semantics [12]. The
interpreter can also work in the verification mode. Given an MSVL program to
describe a system, and a PPTL formula to describe its property, the interpreter
can automatically verify whether or not the system satisfies the property. If the
system is unsatisfied with the property, the interpreter will point out a coun-
terexample. As shown in Fig.4(b) a satisfiable path in the NFG ends with a
circular node, while as shown in Fig. 4(c¢) an unsatisfiable path in the NFG ends
with a terminative node. It is worth pointing out that the formalization of types
only extends the data domain to typed values. It does not change the structures
of MSVL programs or the finiteness of program states. Therefore, we can still
translate a model checking problem into a satisfiability problem in PPTL since
finite-state MSVL programs are equivalent to PPTL formulas [5].

5 An Application

In Fig.5, two integer linked list both include three nodes. The integers in the
first list from the head to the tail are 10, 20 and 30, and the integers in the
second one are in the opposite direction. The following MSVL program executes
an in-place reversal of the first integer list and gets the second one. The pointer
operations & and * are defined in [15].

frame(nodel, node2, node3, p, q, r, head, tail) and (
int[2] nodel, node2, node3;
pointer p,q,r;

node1[0] = 10 and nodel[1] := -1;

node2[0] = nodel[0] + 10 and node2[1] := -1;
node3[0] = (int)30.0 and node3[1] := -1;

node2[1] := &node3; nodel[1] := &node2;

q :=& nodel; head := *q[0];

while(q != -1){ tail := x*q[0]; q := *q[1] I;

P :=& nodel; q := -1;
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I N R T e R T
[T —Ff To—Ff [

Fig. 5. In-place reversal of an integer list

while(p !'= -D{ r := *p[1]; *p[1] :=q; q :=p; p :=r };
head := *q[0];
while(q !'= -1){ tail := xq[0]; q := *q[1] }

As showed in Fig.6(a), the program executes successfully in the modeling
mode and outputs 37 states. Before verifying the program, its properties have
been formalized as follows. The proposition propl is head = 10 indicates the
list head is 10, and prop2 is tail = 30 indicates the list tail is 30. The meanings
of prop3 and prop4 are similar. The desirable property of the former program
is described by a PPTL formula ¢(propl A prop2) A O(empty — prop3 A prop4).
The property is coded as follows.

</
define propl: head = 10; define prop2: tail = 30;
define prop3: head = 30; define prop4: tail = 10;
som(propl and prop2) and always(empty -> prop3 and prop4)
/>

The MSVL interpreter executes the program with properties in the verifica-
tion mode and the results are showed in Fig. 6(b). The final node of the execution
path is not a bicyclic node, and it shows that the desirable property is satisfied.

®q| 9

Fig. 6. Program execution. (a) modeling result. (b) verification result.
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Conclusions

In this paper, we provide a formalization and implementation of types in the
temporal logic programming language MSVL. The data domain of MSVL is
enlarged to include typed values. Typed functions and predicates, and the type
declaration statement are defined. The MSVL interpreter implementation mech-
anisms based on the notion of normal form are also given. In the near future,
much research work is to be done to investigate the operational and axiomatic
semantics of types in MSVL. In addition, we will also try to model and verify
some larger examples within our approach.
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Abstract. This paper presents the notion of Present-Future form (PF
form) for linear time p-calculus (vTL) formulas consisting of the present
and future parts: the present part is the conjunction of atomic propo-
sitions or their negations while the future part is a closed ¥TL formula
under the next operator. We show every closed vTL formula can be
rewritten into its corresponding PF form. Finally, based on PF form, the
idea of constructing a graph that describing models of a v TL formula is
discussed.

Keywords: Linear time p-calculus - Present-Future form - Present-
Future form graph - Models

1 Introduction

Modal p-calculus introduced by Kozen [1] is an extension of propositional modal
logic with the least and greatest fixpoint operators and it has received ever grow-
ing interest in the past three decades. It is a formalism of great expressiveness
and succinctness which allows a wide range of properties to be expressed, includ-
ing liveness, safety, and fairness properties. Linear time p-calculus (vTL) [2,3]
is the linear time counterpart of modal u-calculus whose expressive power is
w-regular. vTL has become widely used since though its syntax and semantics
are simple it has enhanced expressive power compared to LTL. It is known that
LTL cannot express counting properties like “q holds in every second position
of a word” [4] since this is an w-regular property. From an application point of
view, it is of great significance to establish a decision procedure for checking the
satisfiability of v TL formulas. However, the work is not easy due to the nestings
and alternations of fixpoint operators.

Satisfiability and validity of formulas are fundamental issues in the model
theory of a logic. Moreover, satisfiability plays an important role in the model
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checking approach. The decision problem of satisfiability for ¥TL formulas has
PSPACE-complete complexity [3] and is about how to find a decision procedure
which determines whether a formula is satisfiable. The major milestone of the
decision procedure for u-calculus is made by Streett and Emerson [5] who intro-
duces the notion of well-founded pre-models and applies the automata theory to
check satisfiability. Related methods [6,7] translate a formula into an equivalent
alternating tree automaton and then check for emptiness. In [8], Baniegbal and
Barringer show that if a formula ¢ has a model, then ¢ can generate a good
Hintikka structure and this can be further transformed into a good path search
problem from a graph. Stirling and Walker propose a tableau system for vTL
in [9] and a system for the modal p-calculus can be found in [10]. Later, [11,12]
improve the system of Stirling and Walker by simplifying the success condition
for a tableau. In their systems, success for a leaf is determined by the path lead-
ing to it, whereas Stirling and Walker’s method requires the examination of a
potentially infinite number of paths extending over the whole tableau. However,
all these methods are extremely intricate and concerned with theoretical aspects
rather than practical applications. Therefore, we are motivated to investigate a
simpler and more intuitive method.

To this end, Present-Future form (PF form) of vTL formulas is presented in
this paper that consists of present and future parts of the formulas: the present
part is the conjunction of atomic propositions or their negations while the future
part is a closed v TL formula under the next operator. We prove that every closed
V' TL formula can be transformed into its corresponding PF form. In order to com-
plete the proof, we first need to convert a formula into an equivalent formula in
the guarded positive normal form. Finally, based on PF form, the idea of con-
structing Present-Future form graph (PFG) is introduced, which can be utilized
to describe models of a ¥TL formula. It is worth noting that PFG can be further
used to achieve a new decision procedure for checking the satisfiability of v TL
formulas as well as a corresponding model checking approach. The idea of this
paper is inspired by the normal form of Propositional Projection Temporal Logic
(PPTL) [13,14]. Normal form and normal form graph have played a vital role in
achieving a decision procedure for checking the satisfiability of PPTL formulas
[15-18]. The occurrence of PF form opens up a new direction to the study of ¥ TL.

The rest of this paper is structured as follows. The syntax and semantics
of YTL and some basic notions are introduced in Sect.2. The guarded positive
normal form of ¥TL formulas is presented in Sect. 3. Section 4 defines the PF form
of VTL formulas and proves that every closed vTL formula can be transformed
into its corresponding PF form. Section 5 concludes the paper.

2 Preliminaries

2.1 Syntax of vTL

Let # be a set of atomic propositions, and V a set of variables. v TL formulas
can be defined by the following syntax [2]:

pu=p| X | =9 Od|dVe|uX.e
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where p ranges over £ and X over V. A variable is called free when it is not
bounded by any fixpoint operators. A formula is called closed when there exists
no free occurrence of variables in that formula. One restriction on uX.¢ is that
each free occurrence of X in ¢ lies within the scope of an even number of nega-
tions. Derived operators are defined in the usual way: ¢ A ¢ is =(=¢V —¢); vX.¢
is 7uX.—¢[-X/X], where ¢[-X/X] is the result of substituting ~X for each
free occurrence of X in ¢. We use o to denote p or v ordinarily. X is called a
p-variable if X = pX.¢ and a v-variable if c X = vX.¢.

If X is a bound variable of formula ¢, there is a unique y- or v-subformula
0 X.p of ¢ in which X is quantified.

2.2 Semantics of vTL

v TL formulas are interpreted over linear time structures. A linear time structure
over P is a function K: N — 27,

The semantics of a vTL formula ¢, relative to K and an environment
e:V — 2N is inductively defined as follows:

[p]% :={i e N | p € (i)}
[X]Z :=e(X)
[-]Z =N\ [¢]¥
Lo vV oIX = [olX U [v]¥
[OplX :={i eN|i+1¢€ o]}
[uX.oI% = n{W C N | [p]Lx ) S W}

A formula ¢ is true at state i of K, denoted by K,i = ¢, iff i € [¢]X. The
environment e is used to evaluate free variables and it can be dropped when ¢
is closed.

2.3 Validity and Satisfiability of »TL Formulas

A formula ¢ is valid, denoted by [= ¢, iff K,j = ¢ for all linear time structures
K and all states j of K. A formula ¢ is satisfiable iff there exists a linear time
structure K and a state j of K such that K,j = ¢.

Example 1. The validity and satisfiability of v TL formulas.

(a) Formula O(pV —p) is valid since K, i = O(p V —p) for all linear time struc-
tures K and all states ¢ of K.

(b) Formula pX.(pV (OX) is satisfiable because there exists a linear time struc-
ture K and a state j of K with p € K(j) such that K,j = puX.(p v OX).
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3 Guarded Positive Normal Form

In order to prove that any closed vTL formula ¢ can be rewritten into its PF
form, first of all we need to prove ¢ can be transformed into a closed formula in
the guarded positive normal form (GPNF).

Definition 1. A closed vTL formula ¢ is normal if every occurrence of a quan-
tifier uX or vX in ¢ binds a distinct variable.

It is obvious that every closed vTL formula can be easily converted into an
equivalent normal formula by renaming bound variables. If a formula ¢ is normal,
then every variable X of ¢ identifies a unique subformula uX.p or v X.p.

Example 2. Converting formula ¢: vX.(uY.(OY VvX.(g ANOX)) ANOX) into
the equivalent normal formula.

By renaming variable X in the subformula v X.(¢ A OX) to variable Z, we can
obtain the following formula:

vX. (WY (QY VvZ.(gNOZ2)) NOX)

As we can see, every variable in the formula above identifies a unique subformula

of ¢.

Definition 2. A closed vTL formula ¢ is in positive normal form [19] if ¢ is
normal and negations appearing in ¢ can only be applied to atomic propositions.

Positive normal form can be obtained by pushing negations inwards using DeMor-
gan’s laws and the rules = O ¢ = O, "uX.¢ = vX.~¢[-X/X] and ~vX.¢ =

Example 3. Translating formula ¢: v X. (Y. (OY Vv X.(¢AOX))ANOX) into
positive normal form.

wX.(uY.(QY VvZ.(gNOZ))ANOX)
=puX.(—pY . (QY VvZ.(gNOZ)) VvV OX)
=puX.WY.(QY A vZ.(¢ANOZ))vVOX)
=puX.(wWY.(QY AuZ.(~qVv OZ))v(OX)

Therefore, we know that formula pX.(vY.(QY A pZ.(-qV OZ)) vV OX) is the
corresponding positive normal form of ¢.

Subsequently, we present the definition of guarded form and this notion is of
great significance for the latter section.

Definition 3. A closed vTL formula is in guarded form if every occurrence of
a bound variable X is in the scope of a () operator.
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Example 4. Translating formula ¢: vX.(pAX AuY.(qVY VX AQY)) into its
corresponding quarded form.

vX.pAXApY. (qVY VX AQY))
vX.(pApY.(gvVXAQY))
vX.(pA(qVXAQuY.(¢vXAQY)))
vX.(pAgVpAQuY.(gv X AQY))

As we can see, formula vX.(p AqVpAQuY.(qvVX AQY)) is the guarded form

of formula ¢.
According to [20], we have the following proposition.

Proposition 1. Fvery closed vTL formula is equivalent to a formula in GPNF.

4 PF Form of vTL Formulas

In this section, we define the PF form for a closed vTL formula ¢ consisting
of the present and future parts: the present part is the conjunction of atomic
propositions or their negations appearing in ¢ while the future part is a closed
formula under the next operator. We prove that every closed vTL formula in
GPNF can be rewritten into its corresponding PF form.

4.1 Definition of PF Form

Definition 4. Let ¢ be a closed vTL formula, Py the set of atomic propositions
appearing in ¢, and C the cardinality of Py. PF form of formula ¢ is defined as
follows:

¢ = \/?:1(¢pi ANOdy,)

where ¢,, = A\1'L, Din, Pin € Py, 1 <ny < C; for any r € Py, 7 denotes r or —r;
¢y, is a closed v'TL formula.

4.2 Rewriting a vTL Formula into PF Form

Regarding PF form of a formula, we have the following theorem:

Theorem 1. Given a closed v TL formula ¢, we have
(1) ¢ can be rewritten into its PF form: o = \/[_, (¢p; A Owy,); and
(2) each @y, is a closed vTL formula.

Proof. Let ¢ be a closed v TL formula in GPNF. The proof proceeds by induction
on the structure of ¢ with GPNF.
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Base Case:

¢ = p: p can be written as
p=pAQtrue

which satisfies the form of Definition 4 and true is indeed a closed v'TL
formula. Thus, ¢ can be rewritten into PF form in this case.
(o = —p: —p can be written as

-p = -p A Qtrue

which meets the form of Definition 4 and true is indeed a closed ¥ TL formula.
Therefore, ¢ can be rewritten into PF form in this case.

Induction:

@ = O¢: by induction hypothesis, ¢ can be transformed into its correspond-
ing PF form:

¢ = \/:,L:L:l(d)Pi A O(bﬁ)

We can see that each ¢y, is a closed v'TL formula. Further, ¢ can be written as

p=00=0 V?:1(¢pi ANOdy,) = \/?:1 O(¢p: N Ody,)

Each ¢, is the conjunction of atomic propositions or their negations in ¢,
then ¢,, is a closed vTL formula. Since each ¢y, is a closed v'TL formula, we
know that each O¢y, is also a closed vTL formula. Hence, each ¢,, A Ody,
is a closed v TL formula and ¢ can be transformed into PF form.

@ = ¢1 V ¢a: by induction hypothesis, both ¢; and ¢5 can be rewritten into
their PF forms:

¢1 = Vs (b1p, A Ob1y.), b2 = Vi (d2p; A Ozy,)

and we have each @1y, and ¢af; are closed vTL formulas. Subsequently, ¢
can be written as

p=d1V g2 = Vi (d1p, A O¢ry,) V VL, (d2p; A Oday;)

Since each ¢y, and ¢ay, are closed vTL formulas, ¢ can be transformed
into PF form in this case.

@ = ¢1 A ¢2: by induction hypothesis, both ¢; and ¢5 can be rewritten into
their PF forms:

¢1 = \/?:1(¢1pi A O¢1f1)7 ¢2 = \/;‘nzl((bQPj A O¢2f])
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and we have each ¢1f, and ¢oy, are closed vTL formulas. Accordingly, ¢ can
be written as

e =¢1 Ada = (Vi (d1p; A Od11,)) AN (VL (d2p; A O2y;))
= \/?:1 \/;‘n:l((élpi A ¢2pj A O((blfi A ¢2fj))

As each ¢1p, is a conjunction of atomic propositions or their negations in
¢1 and each ¢9,; is a conjunction of atomic propositions or their negations in
¢2, each ¢1p, A dap, is a conjunction of atomic propositions or their negations
in ¢. Since both @17, and ¢ay, are closed vTL formulas, each @1y, A ¢oy, is
still a closed v TL formula. Therefore, ¢ can be rewritten into PF form.

¢ = uX.¢: by induction hypothesis, ¢ can be transformed into its correspond-
ing PF form:

(;5 = V?:l(qspi A O(bfl)

and we can see each ¢y, is a closed ¥TL formula. Thus, ¢ can be written
as

Y= NX(V?:1(¢P1 A O¢fz))

Due to the definition of PF form, the fixpoint variable X can only appear
in some ¢y,. Subsequently, the equivalence pX.¢) = ¥[uX.1)/X] is employed
to substitute the least fixpoint formula pX.¢ for X which occurs in some ¢y,
and after that we can obtain the following formula

0 = Vii1(bp, AN Oy [nX. Vi1 (¢p, A Oy.)/ X])

Since each ¢y, is still a closed vTL formula after the substitution, ¢ can
be rewritten into PF form.

¢ = vX.¢: by induction hypothesis, ¢ can be transformed into its correspond-
ing PF form:

¢ = V?:1(¢Pi A O(bf'i)

and we can find each ¢y, is a closed ¥ TL formula. Further, ¢ can be written as

Y= VX'(V?:1(¢P1‘ A Oqsfz))

Similarly, due to the definition of PF form, the fixpoint variable X can only
appear in some ¢y,. Then, the equivalence vX.¢ = ¥[rX.¢p/X] is employed
to substitute the greatest fixpoint formula v X.¢ for X which occurs in some
¢y, and after that we can obtain the following formula

Y= \/?:1(¢Pi A O¢f1 [VX' \/ZL:I(CbPz A O¢fl)/X])
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Since each ¢y, is still a closed ¥TL formula after the substitution, ¢ can be
rewritten into PF form.

Thus, it can be concluded that every closed v'TL formula in GPNF can be
rewritten into its corresponding PF form.

Example 5. Rewriting the following vTL formulas into their PF forms.

L uX.(pvVOX)AvY.(gAQOY)
I vZ.(uX.(pANOqgVOX)ANO2Z)

For formula I we have

pX.(pvV OX)AvY.(gAQOY)

(pVOurX.(pVvVOX)) AvY.(gAQY)
=(VOuX.(pvOX))AgAOrY.(gAQY)
=pAgAOvY(gAQOY)VagnOrX.(pVOX)AvY.(gAQY))

As we can see, both vY.(¢ AQY) and pX.(pvVOX)AvY.(¢gAQY) appearing
in the future parts of the PF form are closed vTL formulas.

no: pX.(pv O O X)
ny: true no: pX.(vY.(p AQY) Vv OX)
ny: OpX.(pvO O X) ny: vY.(p AQY)

éo

@3

(b)

true

no: pX.(pvOX)VrY.(¢AQY)
no: vZ.pY (QY VpAQZ) ApuX.(¢vOX) i true
ny: vZ.pY.(QY VpAQOZ) ng: pX.(pVvV(OX)

ng: vY. (¢ AQY)

q pAq

(c)

true true q

Fig. 1. Examples of PFGs
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For formula II we have

vZ.(uX.(p A Og Vv OX)ANOZ)
=pX.(pAOgVOX)NOvZ.(pX.(pAOgV OX) NOZ)
=(pAOgVOuX.(pAOgVOX))ANOvZ.(uX.(pAOg Vv OX)ANOZ)
=pANO@AvZ.(uX.(p AOgV OX) NOZ))V

OWX.(pAOgV OX) AvZ.(uX.(p AN OgV OX)NOZ))

As we can see, both ¢ AvZ.(uX.(pAOgV OX)ANQOZ) and uX.(p A Qg V
OX)NvZ.(uX.(pAOgqV OX)A(OZ) appearing in the future parts of the PF
form are closed v'TL formulas.

For a given closed vTL formula ¢, we can further construct the PFG Gy of
¢ according to PF form. First, ¢ is rewritten into its PF form: ¢ = \/I_, (¢, A
Ody,). After that, we can regard ¢, ¢y, as nodes and ¢,, as labels on edges in
G¢. Next, we can transform each ¢y, into its PF form and obtain new nodes and
edges again.

In this way, the PFG of ¢ can be constructed. A couple of examples of PFGs
are depicted in Fig.1. As PFG can be utilized to describe models of a vTL
formula, it has become our main work in the future.

5 Conclusion

In this paper, we present PF form for #TL formulas and prove that every closed
VTL formula can be rewritten into its corresponding PF form. The idea of con-
structing PFG, which is useful in describing models of a ¥TL formula, based
on PF form is presented. In the near future we will define PFG formally and
study algorithm for constructing PFG of v TL formulas. Based on PFG, a new
decision procedure for checking the satisfiability of ¥ TL formulas is hopefully to
be achieved.
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Abstract. Despite the advances in service-based software modeling, few
existing approaches and tools support a systematic engineering process in
which precise specification construction and accurate web service selec-
tion are integrated coherently. Due to this reality, how to carry out
service-based software modeling so that existing services can be accu-
rately discovered, selected, and effectively reused in the system
under development is still a challenge. To solve this problem, this paper
describes a prototype tool that supports a formal engineering framework
for service-based software modeling. Formal specification can be con-
structed in an evolutionary manner; meanwhile, appropriate services are
discovered and selected through the specification evolution. We illustrate
the basic principle underlying the tool. The tool design and its imple-
mentation are also described. An example is presented to demonstrate
major features of this tool.

1 Introduction

Research on engineering methods for constructing high quality service-based
software (service-based software) is attracting a growing attention of both
research and industry communities in recent years [13,16]. Constructing for-
mal specifications, including both formal requirements and design specifications,
based on correct understanding of requirements contributes significantly to soft-
ware quality [15]. To effectively support the service-based software modeling,
this fundamental principle needs to be extended.

One major problem with existing service-based software modeling is how to
carry out the modeling so that existing services can be accurately discovered,
selected, and effectively reused in the system under development. To tackle this
challenge, effective engineering methods are demanded. An effective engineering
method for service-based software modeling needs to supply definitive mech-
anisms for eliciting requirements, constructing precise specifications, selecting
appropriate services, and integrating these artifacts coherently into a system
model.

S. Liu and Z. Duan (Eds.): SOFL+MSVL 2013, LNCS 8332, pp. 89-103, 2014.
DOI: 10.1007/978-3-319-04915-1_7, © Springer International Publishing Switzerland 2014



90 W. Miao and S. Liu

Many research efforts have been advanced service-based software modeling
from different perspectives, including business process modeling and implemen-
tation [1,2,5,18] and service discovery and selection [6,11]. Unfortunately, as
summarized by the authors of work [16], almost no approach supports service
discovery and selection as part of system modeling. That is, service discovery
and selection activities are not coherently integrated into the system modeling
phase. Therefore, services may not be effectively and efficiently adopted in the
system architecture.

To tackle the above challenge, we have proposed a new approach called For-
mal Engineering Framework for Service-based Software Modeling (FEFSSM) as
a solution [12]. FEFSSM integrates service discovery and selection into the entire
modeling procedure, aiming to provide a unified engineering approach to con-
structing precise, comprehensible, and satisfactory specifications of service-based
software.

To facilitate the application of FEFSSM in practice, in this paper we describe
a supporting tool of the FEFSSM approach. The tool implements the fundamen-
tal principle underlying the FEFSSM, offering basic functions that support the
involved engineering activities. The practitioner can construct the formal speci-
fication gradually through the interaction with the tool.

The rest of this paper is organized as follows. Basic theory of the FEFSSM
approach underlying the tool is presented in Sect. 2. Design and implementation
of the tool is described in Sect. 3. Section4 describes an example of modeling a
travel agency system to demonstrate the usability of the tool. Section 5 gives the
comparison with the related work. Finally, we conclude the paper and point out
future research directions in Sect. 6.

2 The FEFSSM Approach

The principle of FEFSSM inherits from the well-established SOFL (Structured
Object-oriented Formal Language) formal engineering method [7,9,14,15] but
emphasizes the interleaving and interaction of software modeling and service
adoption in building service-based software. The main principle of FEFSSM is
illustrated in Fig. 1.

Web service discovery, filtering, and selection activities are carried out sequen-
tially in coupling with the corresponding specification construction activities in a
three-step modeling process through the informal, semi-formal and formal stages
of specification construction. The rational and technical details of each step are
described below.

(1) Informal specification construction

The goal of informal specification construction is to acquire requirements
as completely as possible at an informal level and discover sufficient candidate
services based on the informal requirements. Requirements acquisition is usually
achieved through communication between the client and the developer. Since
requirements are imprecise at this stage, candidate services are preliminarily
explored and filtered using keywords that abstract the corresponding informal



Prototype Tool for Supporting a Formal Engineering Approach 91

Informal
Specification

Semi-formal Specification
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1.3 W ¢ df*SZ nat0 Formal Specification
/* can be associated extwr
to services post f,i;;falt‘:—ffjl’ =f1 process a_s
S1 and S3 */ and d=~d+/_ (f 0: string) f_1: nat0

orf 1<=0and S o
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(f 2: nat0 ) f 4: nat0 evolution | (f_1: nat0) £ _3: nat0
service requirements ex;rd d - extwr d: nat0
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end_process; J3=f_ 1 and d=~d+tf_I
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oV 1 analysis requirements end_process;
reformulation - ’
specification-
based testing
i - T T T —=———T" 777
filtering | | incorporating
| 1 services into the
! | system architecture

Fig. 1. The FEFSSM approach

requirements. The derived keywords are used to either partially or completely
match with the service names or informal descriptions stored in the service
repositories. A precise criterion for associating a service as a candidate service
to an expected function is defined below.

Criterion 1. Let K, = {a1,as,...,a,} be a set of keywords derived from func-
tion F in the informal specification and Ks = {b1,ba,...,b} be a set of key-
words derived from the name and informal descriptions of a service S. Then,
S is accepted as a candidate service to be associated with F if and only if the
following condition holds:

Jack, Ivek, - is_substring(a,b)

This criterion states that if there exists a keyword derived from a function
F' in the specification that is a substring (case insensitive) of a keyword derived
from the name and informal descriptions of a service S, S is accepted as a
candidate service to be associated with F'.
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In FEFSSM, service searching is in parallel with the functional decompo-
sition. For example, since the developer does not find any candidate service
for function A, then A is decomposed into several sub-functions. For each sub-
function, the developer tries to explore candidate services. As the result, the
sub-function W is associated to two candidate services S1 and S3. Detailed
algorithm that encompasses the procedure of service discovery and functional
decomposition is proposed in our previous work [12].

The ultimate informal specification contains three sections: functions, data
resources, and constraints. The functions section briefly describes the desired
functions of the target system, which are usually organized in a hierarchical struc-
ture. The data resources section presents the necessary data items for building
the system function. The constraints section documents the required constraints
on either the functions or the data resources.

(2) Semi-formal specification construction

The purpose of semi-formal specification construction is to evolve the infor-
mal specification into a more precise, complete, and well structured specification
that encompasses accurately selecting services as some of its functional compo-
nents; meanwhile, the services can be used for reformulating the specification.
In regard to service selection, services are accurately selected through static
behavior analysis and specification-based conformance testing.

— Static behavior analysis

The essential idea of the static behavior analysis is to judge which candidate
service is most suitable for implementing each service-associated function.
Specifically, the developer extracts potential functions of the services by ana-
lyzing their descriptions files (e.g., WSDL file) and finally identify the most
relevant services for each service-associated function. The relevance of each
candidate service to its associated function is represented by a ranking score.
The service with the highest ranking score is selected as the most relevant
service of its associated function. The ranking procedure can be referred to
the corresponding algorithm in our work [12].

As pointed out by Guideline 1 [12], if function F' is associated to its most
relevant service S, then F' is refined into a set of sub-functions { f1, ..., fn} (n >
1) where each sub-function f; is associated to the corresponding operation
provided by S. These sub-functions are then transformed into formal processes
that specify the intended functions precisely. A formal process is written in the
SOFL specification language [14], which includes a signature, a pre-condition
and a post-condition. The signature includes the input, output, and external
variables (or state variables); the pre-condition imposes a constraint on the
input variables before executing the process; and the post-condition describes
a condition that must be satisfied by the output and external variables after
the execution of the process.

After analyzing the descriptions of two candidate services S1 and S8 of
function W, the developer identifies S71 as the most relevant service. Then
function W is refined into two sub-functions W_1 and W_2. These two sub-
functions are further formalized as formal processes W_1 and W_2.
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— Specification-based testing

The specification-based conformance testing is aimed at dynamically checking
whether a service satisfies the required functions defined by the corresponding
formal processes. Test cases are generated from the pre- and post-conditions
of the processes and the final decision to accept or reject the service is made
by the developer based upon test results analysis and engineering judgements.
To facilitate a rigorous testing, each process is converted into an equivalent
disjunction of functional scenarios, each describing an independent function
in terms of the input and output relation [8].

Definition 1. Let P denote a process and its post-condition P,,s = (C1 A
D1)V (Ca AD3) V...V (Cy A Dy,), where each C; (i =1,...,n) is a predicate
called a guard condition that contains no output variable and D; a defining
condition that contains at least one output variable but no guard condition.
Then, each Ppre A C; A D; is called a functional scenario.

Functional scenarios are used as the foundation of test data derivation and
also the test oracles. One intuitive way to test each service operation is to
generate test cases that cover every functional scenario of the associated for-
mal process. To test stateless service operations (i.e. execution results are
determined by only the input values), test cases are directly derived from
single functional scenarios. To sufficiently test stateful service operations (i.e.
executions results are determined by both the input values and internal state-
ful variables that cannot be directly monitored from the user-end), all pairs
of functional scenarios produced by the inter-related processes (i.e. processes
that share the same data stores) are adopted for generating test sequences of
the corresponding service operations [12].

When services are determined via the conformance testing, the specification
can be transformed into a semi-formal specification. All of the related functions,
data resources, and constraints in the informal specification are grouped into
SOFL modules, each containing declarations of types, state variables, invariants,
and processes. In each module, all of the declarations of types and variables are
expressed formally but the logic-related parts such as invariants and processes
are expressed informally to represent the expected functions (except service-
associated functions, as explained below).

(3) Formal specification construction

The final stage of modeling is to transform the semi-formal specification
into a formal design specification. The transformation is achieved by formally
defining the system architecture into a hierarchical structure and formalizing
the pre- and post-conditions of all the processes. The key point is that service-
associated processes in the semi-formal specification are used as the foundation
for gradually formalizing the entire specification since they have been determined
to be part of the target system at the previous modeling stage.

In the formal specification shown in Fig.1, all the processes including the
service-associated process W_1 and process a_s that is not associated to any
service, are formally defined.
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3 Design and Implementation of the FEFSSM Tool

3.1 Tool Design

The tool is designed and implemented to facilitate the usability of the FEF-
SSM. It guides the practitioner to follow the entire engineering process of the
FEFSSM approach and support the automation of some specific activities such
as the service discovery, service ranking and functional scenario pairs genera-
tion. Meanwhile, it also offers appropriate interfaces to handle the interactions
between the practitioner and the specification components.

The tool is designed as a three-layered system which provides the major
functionalities supporting the application of the FEFSSM. The architecture of
this supporting tool is described by Fig. 2.

Graphical User Interface ‘
Functions
| [ [ ':
! Web Service Discovery I ' Functional Scenario
| [ i i i | |
| and Analysis I: Specification Construction :: Matrix Establishment :
[
i :: ’: |
Tree—Navigator Specification |! Matrix |
| DL Anal ' 0
: L nalyzer :: of Functions Workplace :: Generator :
) ] ] |
o ——— I__________JL ___________ I_ ___________'L______I ______ |
Infrastucture
Web Service Repositories XML Files of Functional
Specifications Scenario
Matrix File

Fig. 2. Architecture of the FEFSSM tool

The infrastructure layer refers to the necessary documents and artifacts that
support specification construction and service selection. These artifacts mainly
consist of the service repositories information, the specification files and the files
of functional scenario matrices. Usually service repositories information docu-
ments basic descriptions of the available web services. Specifications are docu-
mented in XML files. We use the XML files since the they are machine-readable,
platform-independent and can easily represent the hierarchical structures of the
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processes and other SOFL components. To store the functional scenario pairs for
web service testing, functional scenario pairs are organized as functional scenario
matrix that is saved as a functional scenario matrix file. Each row of the matrix
is a functional scenario pair that can be read by the tool for further test sequence
generation.

The function layer consists of three modules: service discovery and analy-
sis module, specification construction module, and functional scenario matrix
module. Service discovery and analysis module supports the keyword-based web
service discovery and the static behavior analysis, which is performed by a
WSDL Analyzer. The analyzer can extract detailed interface information from
the WSDL files of the available web services.

The module of specification construction is responsible for documenting the
specifications. Specifically, we provide a graphical tree-navigator as a short-cut
for function decomposition and documentation. The practitioner can directly
manage the hierarchy structures of expected functions rather than manually
typing them. Specification workplace performs the basic functions for editing
specifications in different modeling phases.

Functional scenario matrix module contains a matrix generator for construct-
ing the functional scenario matrices for test sequence generation.

3.2 Tool Implementation

The tool is implemented in Java language under the Eclipse environment.Figure 3
gives a screenshot of the main interface of the tool.

The text edition area located in the left-side is the workplace for specifica-
tion construction. The practitioner can shift the three tabs on the top of the text
edition area to edit the specifications in different stages. This screenshot shows
the interface of informal specification construction. The tree-navigator is in the
middle part, which is labelled as “hierarchical”. A tree structure of expected
functions is described by the navigator in which each node is an expected func-
tion. By right-clicking the node, the practitioner can decompose, delete, edit the
function or search candidate services. Discovered services are listed in the area
labelled as “Discovered Services of Function”. The right-side of this interface
lists all the available services in the service repositories.

Specification Construction. Specification construction is implemented by the
specification workplace and the tree-navigator.

Specification workplace offers the basic functions for constructing specifi-
cations, focusing on the writing and reading operations on the XML files of
the potential informal, semi-formal and formal specifications. Figure 4 shows an
example of the informal specification stored as an XML file.

In this XML file, hierarchical structures of the functions are represented by
the hierarchy of the XML elements. For example, function Lowest_1 is the child
node of function Function_1_Child_1 that is the child node of its higher-level
function Function_1. Associated services of each function are also documented
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Fig. 3. The screenshot of the main interface of the tool

in the XML file. In this example, after the keyword-based service searching,
basic information of a discovered service JTHotel is recorded and associated to
function Lowest_1. As one advantage of the XML format, we can easily locate
any element of the specification using XPath commands.

The tool provides the practitioner with a tree-navigator to directly decom-
pose, delete or edit the expected functions. Service discovery can also be carried
out by this navigator. In the navigator shown in Fig. 3, function AirTest and its
sub-function airTicket and function Point are displayed in a consistent hierar-
chical structure of the textual specification. By right-clicking any function in the
navigator, the practitioner can decide to modify the function (i.e. decompose,
delete or rename the function) or start the keyword-based service searching for
the function.

3.3 Service Discovery and Analysis

Criterion 1 of the keyword-based service discovery is implemented by a matching
algorithm. A set of keywords stored in array key are splitted into single key-
words. Each keyword is then compared with each service name stored in array
allServices. The discovered services are collected as candidate services that are
associated to the specified function in the informal specification. The associations
between candidate services and the expected function are added into the XML
file of the specification. For example, service JTHotel is associated to function
Lowest_1, which is described in Fig. 4.



Prototype Tool for Supporting a Formal Engineering Approach 97

<?xml version="1.0" encoding="UTF-8"?>
<informal_spec lid="0" name="AnExample">
- <functionalDescription>
<functions>
<functionltem content="Function_1">
- <functionalDescription>
- «<functions=
- <functionitem content="Function_1_cChild_1">
<functionalDescription>
- <functions>
<functionltem content="Lowest_1">
<service name="JTHotel" score="0" wsdi=

Fig. 4. XML file of informal specification

Following the FEFSSM approach, the practitioner needs to analyze the can-
didate services based on their interface descriptions to extract the potential
functional behaviors and then identify the most relevant services for further
conformance testing. The analysis is realized by the Service Analyzer through
analyzing the WSDL files of the services. Figure 5 describes the kernel operations
of this analyzer.

public Opr[] getOperations(String wsdl) {
List oprlist = XPath. selectNodes (doc, ”//wsdl:portType//wsdl:operation”);
} o

public parameterModel[] singleTypeAnalysis(String analysisName, String wsdl) {
// extract parameter information from WSDL

List listl = XPath. selectNodes (doc, ”//xs:schema/xs:element [@name=""+analysisName+”’ ]/xs:complexType//xs:element”) ;

}

Fig. 5. Operations for analyzing WSDL file

The interface information, including the available operations and their input/
output parameters of each service, is extracted from the WSDL files by two
methods getOperations and single TypeAnalysis. The tool also offers a graphical
interface for dealing with the relevance score ranking, which will be demonstrated
in the next section.

3.4 Functional Scenario Matrix Establishment

Functional scenario matrix is constructed by the tool for conformance testing.
The code shown in Fig. 6 implements the matrix generation.

For N functional scenarios accepted by method matrizOperation, array result
records the N2 functional scenario pairs. Each element of this array is a pair of
functional scenarios, which is established by the two for loop statements.
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public static String[] matrixOperation(String[] scenarios) {
Stringl] result = new String[scenarios. length*scenarios. length];
int index=0;
for(int i = 0; i < scenarios. length; i++) {
for(int j = 0; j < scenarios. length; j++) {
String temp=(String)scenarios[i]+”, "+ (String)scenarios[j];
result[index]=temp;
indext+;

Fig. 6. Operation of functional scenario matrix generation

4 An Example

To demonstrate the usability of the tool, we have conducted an example of mod-
eling a Travel Agency System (TAS) using this prototype tool. Some students
in our research group act as the practitioner to model the TAS.

TAS modeling starts from the informal specification construction. The prac-
titioner records the expected functions using the tree-navigator of the tool. In
the navigator, the practitioner defines a function Hotel Operation and then tries
to discover available web services to implement this functions. Meanwhile, cor-
responding textual informal specification is updated in the specification edition
area. A set of keywords is then given by the practitioner to search candidate
services. The service discovery procedure is described by Fig. 7.

Hierachical Disc
3 5YS_TOF
[} Hatel Operations Hie ac hical Discovered Services of Funcion:  Hotel Oper... ~

2 8Ys_ToP =) svs
[ Hotel Operaions

z‘ please input the keywor ds_..spifling by comma

1), room, reservation

Tk AL

Fig. 7. Keyword-based service discovery

In the left part of Fig. 7, three keywords “hotel”, “rooms” and “reservation”
are decided. As the result of service searching, six candidate services, for example,
service JTHotel, are listed in the interface, which is shown by the right part of
this figure. Names of all the discovered services match the keyword “hotel”.
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Fig. 8. Static behavior analysis of services

When the informal specification is finished, by shifting the “semi-formal
stage” tab, the practitioner can start the semi-formal specification construc-
tion. The first step of this stage is to carry out the static behavior analysis of
the candidate services. Figure 8 shows the interface for static behavior analysis
of candidate services.

Static behavior analysis is invoked when the practitioner clicks the button
“Service Analysis”. The interface information, including the service names, oper-
ations, and input/output messages of all the candidate services associated to the
corresponding function, are listed in a table. For example, service FasyHotel has
an operation checkVacancy. The input message of this operation is also named
as checkVacancy. The practitioner can select this message and check its detailed
variables by clicking the button “Check”. For instance, six variables (e.g., hotel-
Code, roomType, rooms and etc.) constitute the message checkVacancy. Based
on the detailed descriptions of each service operation, the practitioner can judge
which operation is necessary for implementing the expected function and then
assign the ranking scores for the operations. The practitioner accepts operation
checkVacancy of service FasyHotel after a thorough understanding of its input
and output variables, then this operation gets one point as its ranking score.
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Similarly, ranking scores of all the services can be assigned and sorted. Finally,
these ranking scores are displayed the right-side of this interface. In this case
study, the most relevant service is FasyHotel since its gets the highest ranking
score of four points.

By clicking the button “Filtering” on the interface of static behavior analysis,
only the most relevant service will be reserved for conformance testing. The tool
automatically generates the corresponding framework of SOFL processes that
associated to the most relevant service, which is described by Fig. 9.

Service Analysis | Single Service Analysis | Service Testing |
Editing Service-Associated Process Most Relevant Service
Service | Operation Input Parameter |Output Paramet..
MO EasyHob! EasyHotel |showResenvatl...|showResenvall.. [showResenvati...
i \reserveRoom  [reserveRoom  reserveRoom
e L |cancelReserva.. [cancelReserva... [cancelResenva...
|checkacancy  |checkVacancy |checkVacancy..

process showReservation { showReservation) shi
end_process;

process reserveRoom { resenveRoom ) reserveRo
end_process;

Detailed Type !thecWacancy | Inguire
process cancelResenvation ( cancelReservation) ¢ | Variable Type
end_process; lhotelCode string

roomType int
process checkVacancy (checkVacancy) checkVaci |check_inDate string
end_process; check_outDate string

days Int

rooms int
a i | D
Contruct Functional Sceanrios Proce... Add to Semi-forml Specification >>

Fig. 9. Formalizing the processes associated to the most relevant service

For the most relevant service FasyHotel, the tool automatically generates
four processes that correspond to its four operations. The input and output
structures are also constructed. For example, process checkVacancy which takes
variable checkVacancy as its input data is generated. The practitioner can further
clarify the data types referring to the corresponding parameters of the service
operations. When the data structures of the processes are determined, formal
functional scenarios of these processes can be defined. Once all the functional
scenarios of the processes are constructed, functional scenario matrix can then
be generated. Figure 10 describes the procedure of defining formal functional
scenarios of the processes and the generated functional matrix.

Each functional scenario is assigned with an identifier. For instance, func-
tional scenario f 1 stands for the functional scenario of a successful inquiry of
reservation. In our example, for the four processes associated to the candidate
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Fig. 10. Interface of functional scenarios construction

service FasyHotel, eight functional scenarios are constructed. As the result, a
64*2 functional scenario matrix is generated. For example, the fourth row in the
matrix is functional scenario pair (f-1, f4).

Based on the functional scenario matrix, test sequences are derived for the
conformance testing of services. Currently, test data generation cannot be fully
supported by the prototype tool. Another testing tool developed by our group
can be exploited to finish the testing [10]. As an important task of our future
research, we will make efforts to integrate the functionalities of the previous
testing tool into the FEFSSM tool so that the conformance testing can be more
effective and efficient.

Assume the services are determined, the practitioner can proceed to con-
struct the semi-formal and formal specifications, which are supported by the
corresponding specification editing areas.

5 Related Work

Various tools have been developed to support service-based software modeling
from different perspectives. One category of them focuses on service-based soft-
ware modeling based on business process modeling techniques (e.g., BPMN).
A CASE tool called WebRatio is extended to support model-driven services inte-
gration [4]. The extended tool supports the high-level business process modeling
of BPMN notations and detailed services mashup application modeling using
WebML language. A service-oriented business process modeling tool is proposed
in work [3]. It supports the generation of business process model from BPMN-
based business process meta-model with highlighted web service characteristic
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and automatic translation and deployment features. The authors of work [5]
report a prototype tool that provides the functionality of graphically modeling a
BPEL process and running static validation. The methodology underlying this
tool is using the graphical aspect of BPMN in order to facilitate modeling of
executable BPEL service orchestrations. However, since BPMN notation is lack
of formal semantics, these BPMN-based modeling methodologies and their sup-
porting tools do not support precise specification construction of service-based
software. In the work [18], the authors propose a formal semantics of BPMN
defined in terms of a mapping to YAWL nets, for which efficient analysis tech-
niques exists. The proposed mapping has been implemented as a supporting
tool. In the work [17], the authors also propose formal semantics of the BPMN
notation. These approaches and tools contribute to the service-based software
modeling, especially from the perspective of modeling notations while appropri-
ate service-based software modeling methodology is not addressed. Practitioners
are demanding engineering methodologies to guide them effectively exploit these
techniques.

Moreover, web services selection is not considered by these modeling
approaches or techniques. As the authors of work [16] summarize, few approaches
support service discovery and selection as part of the design process of service-
based systems. Work [16] proposes a method that is relevant to our FEFSSM,
in which services discovery and selection are integrated into the entire service-
based software modeling process. Specifically, the service discovery in work [16]
is carried out through semantics-based matching. Services are not required to
be dynamically invoked through the matching process. Service selection in our
FEFSSM methodology is realized via formal specification-based conformance
testing in which services are dynamically tested after a preliminary keyword-
based matching and a static analysis procedures.

6 Conclusion

To facilitate service-based software modeling, we present an interactive tool that
supports the FEFSSM approach. We illustrate the theory of FEFSSM underlying
the tool and describe its design and implementation. An example of modeling a
travel agency system (TAS) is illustrated to demonstrate the usability of the tool.

At present, the tool supports the engineering process and most activities of
the FEFSSM while the conformance testing of service selection has not been fully
realized. In our future research, we will complete the tool so that the FEFSSM
approach can be applied more effectively in practice. We are also interested in
the techniques of constructing high-quality service-based software system.
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Abstract. SOFL formal specifications have been proved to be useful and
expressive enough in describing functional requirements for software devel-
opment. And based on SOFL formal specifications, many techniques have been
proposed to provide us with effective solutions for software verification and
validation. To support these techniques, a tool support for analysis of specifi-
cations is necessary. However, such a tool is still not available. In this paper,
we present our work on a supporting tool. This tool supplies two fundamental
functions: syntactic analysis of SOFL formal specifications and automatic
generation of functional scenarios. By syntactic analysis, we can get syntactic
information of SOFL formal specifications. The tool creates an xml file for
storing and reusing this syntactic information. Functional scenarios are well-
structured predicate expressions, which could be derived from formal specifi-
cations. Many formal specification-based techniques require the generation of
functional scenarios. Our tool also supports automatic generation of functional
scenarios on the basis of the syntactic information.

Keywords: SOFL - Formal specifications * Syntactic analysis *+ Functional
scenarios

1 Introduction

SOFL formal specifications generally consist of two parts: modules and corresponding
CDFDs (Control Data Flow Diagram). Modules are responsible for precisely defining
the requirements and CDFDs provide a graphic explanation of the cooperation of
processes in each module. Because SOFL benefits both the advantages of formal
notations and graphic expressions, SOFL has the “talent” to describe both functional
requirements and the architecture of software. In additional, based on SOFL formal
specification, many techniques have been proposed to provide us with effective
solutions for software verification and validation. SOFL could be used practically in
real software development.

However, compared with some other formal language, SOFL is restricted by tool
supporting, especially for some fundamental functions. In order to make it more
practical, we hence implemented a supporting tool for SOFL. This tool supplies two

S. Liu and Z. Duan (Eds.): SOFL+MSVL 2013, LNCS 8332, pp. 104-117, 2014.
DOI: 10.1007/978-3-319-04915-1_8, © Springer International Publishing Switzerland 2014
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fundamental functions: syntactic analysis of SOFL formal specifications and auto-
matic generation of functional scenarios. By syntactic analysis, we can get syntactic
information of SOFL formal specifications. The tool creates an xml file for storing and
reusing this syntax information. Functional scenarios are well-structured predicate
expressions, which could be derived from formal specifications. Many formal speci-
fication based techniques require the generation of functional scenarios [1, 2]. In our
tool, we also realized automatic generation of functional scenarios on the basis of
syntax information. Our work is expected to be effective in reducing time and budget
by a large margin in applying SOFL to a real software development.

The remainder of this paper is organized as follows. Section 2 talks about the
background of our work including features of SOFL, definition of functional scenarios
and brief introduction to strategy design. Section 3 describes in details about our tool,
which includes two core components: a parser for SOFL and a processor for gener-
ating functional scenarios. Section 4 mentions some related work. Section 5 makes a
conclusion of our current work and points out how it could support future research.

2 Background

SOFL is short for Structured Object-Oriented Formal Language, which was proposed
in Liu’s paper [3]. In order to make it more adaptable for practical software devel-
opment, the designer considered overall the advantages of formal notation, structured
methods and object-oriented method, and successfully found out a complementary
approach to integrate these three ideas into one formal language. Formal specifications
written in SOFL should be encapsulated in a series of modules. Each module repre-
sents a high-level system or low-level sub-system and one module also could be
decomposed further to lower-level modules. In each module, we should abstract all
involved resources, declare them by classifications and define the main processes
(operations) to complete the functionality. For each process, it uses pre-condition to
describe the assumed initial state and post-condition to clarify the expected final state.
Pre- and post-conditions are common predicate expressions, in which sub-predicate
clauses could be connected by logic connectors without no regular pattern.

As mentioned before, SOFL formal specifications are synthesis of many kinds of
descriptions, including description for resources’ definition and declaration, descrip-
tion for operations, while functional scenarios are predicate expressions which have
been well classified and partitioned according to information mainly extracted from
operations.

In order to generate functional scenarios from formal specifications, firstly we
need to clarify the format of an operation specification and the concept of functional
scenario. Here for simplicity, we adopt Liu’s notation in [4] for operations of SOFL
formal specifications.

Definition 1: Let OP(OP;,; OP,, )[OP,,.; OP,,] denotes an operation of SOFL formal
specifications, in which OP;, represents set of input variables whose values should not
be changed by this operation, and OP,,, represents set of output variables whose values
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could be newly produced or updated by this operation, and OP,,,, OP,, represent pre-
and post-conditions of OP respectively.
Then we define functional scenarios based on the criterion 1.

Definition 2: Functional scenarios are predicate expressions matched with specific
pattern. Let ~ OP,, A C; A D; denotes one function scenario, and each function
scenario serves as one disjunctive clause of the following disjunction: (~ OPp. A
CiAD)V(~OPpe NCy A D)V ...V (~OPpy, NC, A D,). This disjunction is
called a functional scenario form. In one functional scenario, C; is called “guard
condition”, which contains no output variables and satisfies C; A C; = false(i # j); D;
is called “defining condition”, which involves at least one output variable, and defines
the expected final state of output variables. Guard conditions and defining conditions
come from OP,,; both of them are a collection of sub-predicates of OP,,.

The algorithm, for generating function scenarios from formal specifications, has
been discussed in Liu’s paper [5]. In order to describe the algorithm, we also need
notations below:

Voe(OP, E): denotes the set of variables from OP,,, which occur in the predicate E.

[1...n] : denotes the set of integers {1,2,...,n}.

A = B : means that A is the same with B both syntactically and semantically.

Algorithm:

Step 1: Convert the post-condition OP,,, to disjunctive normal form: P,V P, V
...V Py, where each P,(t € [l...n]) is a conjunction of atomic predicates or the
negation of atomic predicates. An atomic predicate could be a relation (saying
x > y* 5+ 7), aboolean variable, a truth value, or a strict quantified expression. Here
if OP,,sx = true or OP,,,, = false, go to step 8; else go to next.

Step 2: Foreach P, = Ry A Ry A ... AR, (m > 1), construct the partition {B;, B,} for
the set {R|,R,,...,R,,} that satisfies the conditions:

(1) Ri € By = V,.(OP,R;)) = J,i € [l...m]
(2) Ri S BQ = VUE(OP, Rl> 7é @,1 S [1 . m]

Step 3: For each predicate set B; where k € {1,2}, if By # (J, then form the con-
junction Qf = AjesR;, where s = {i € [1...m]|R; € B;}; otherwise, let Q = rrue.
Step 4: Express P, as the conjunction of every such Qf : P, = Q) A Q5. Here Q]
corresponds to the guard condition, which involves no output variables in OP,,. 05
corresponds to the defining condition, which contains at least one output variable.

Step 5: Construct the partition {A4, Ay, ..., A, } for the set {P;,P,,...,P,} obtained
from No 4 that satisfies the condition: P;,P; € Ay = Q’i = { assuming P; =
Q'NQsand Pj=Q{ AQb, i je(l...n],k€[l...w].

Step 6: For each A, form a predicate Py, = ~ OP,e A Q1 A (\/,e[lmu] le), assuming

Py, P, ..., P, are members of A;, u # n, and each P, = Q; A Q’z, where Q; is the
common guard condition and le is a defining condition. The decorated pre-condition
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~OP,, = OP,,[~x/x] denotes the predicate by substituting the initial state ~ x for
the final state X in OP,,..

Step 7: Form the disjunction P4, V P4, V ...V P4, which is the functional scenarios
form (FSF) for OP, where each P4, denotes a functional scenario. Then go to Step 9.

Step 8: Form the conjunction ~ OP,,, A OP,. as the functional scenarios form
(FSF) for OP.

Step 9: The end.

3 Our Work on the Supporting Tool

The tool consists of two core components. One is a parser for SOFL formal specifi-
cations, and the other is a processor in charge of automatic transformation. The parser
is designed to parse SOFL formal specifications and store syntax tree information in
an xml file for reuse. In the xml file, each tag corresponds to one grammar node of
SOFL. The processor will take the syntax tree information (xml file) as input, generate
functional scenario forms, and store these functional scenario forms back into the xml
file. We have defined the format of functional scenario form in the xml file, based on
the definition of functional scenarios as we talked in Sect. 2. Figure 1 shows an
overview constitution of the tool.

3.1 Parser for SOFL Formal Specification

When we are to develop a parser for a specific language, generally the first task is to
know what kind of lexical symbols are legal and how they are arranged in a reasonable
way, defined by the grammar. The two questions determine the design of strategy for
the most important parts of the parser.

OQutline of
The Tool

y Syntax Tree
Parser fol.— Processor

et (xml file) ‘

For SOFL a For

Formal i fuectis | Functional
Specification Se o0s Scenario

(xml file)

Fig. 1. This figure shows the two core components of the tool. The parser produces the syntax
tree information and creates an xml file to store it. After this, the processor will run the
algorithm for generating functional scenarios, and store functional scenario forms back into the
xml file.
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Table 1. The chart shows all legal classifications of symbols in SOFL.

Key value 1 2 3 4
Classification Enumeration Character String Number
Key value 5 6 7 8
Classification Identifier Reserved word Comment Separator

We have made a summary about all legal classifications of symbols that could be
accepted by SOFL. They are listed as follows in Table 1.

We pick the “identifier” to explain that identifiers in SOFL should maintain what
kind of features and how we construct the acceptor to receive an identifier from the
texture stream. The “identifier” should start with an English letter and after that could
consist of letters and digits (from O to 9). This rule can be described in an alternative
way, which is more intuitive. We build a finite state machine for accepting “identi-
fier” in SOFL as figured in Fig. 2.

For the grammar of SOFL, also could referred to Liu’s publication, we find that it
is defined by top-down architecture. In the most top level, the formal specification is
abstracted in one grammar node, which is called “specification”. The “specification”
is decomposed to some grammar nodes in the lower level, which are restricted to list
in order. Continuously, all grammar nodes could be decomposed further and at last
reach the terminal node, which are symbols that could be accepted directly by lexical
analyzer. We pick up one part of the grammar to give a straightforward image.

One part of the grammar defining the module of SOFL:

Module ::=

“module” Identifier [ “/” ( Identifier | “SYSTEM_ "Identifier) | *;”
Module_body

“end_module”

Module_body ::=
[“const” Const_declaration “;” ]
[“type” Type_declaration ;" |
[“var” Var_declaration “;” ]
[“inv” Inv_definition “;” ]
[“behav” Behavior “;” ]
Process_function_specifications

Here we use some notations, in which double quotation marks quote a terminal
node (a symbol), brackets mean the content is optional, round brackets and vertical

Fig. 2. The figure shows finite state machine for identifier in SOFL.
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bars cooperate to imply a multiple selection. We can find that this kind of description
is easy to understand for readers, but not suitable for syntactic analysis program. So
the first work for us is to rewrite the grammar to make it adaptable for realization. The
translation is like the following.

Module -> “module” Identifier S1 “;” Module_body “end_module”

S1 -> epsilon | “/” S2

S2 -> Identifier | “SYSTEM_” Identifier

Module_body -> S3 S4 S5 S6 S7 Process_function_specifications

[ 1)

S3 -> epsilon | “const” Const_declaration “;

6,9

S4 -> epsilon | “type” Type_declaration “;

@,

S5 -> epsilon | “var” Var_declaration “;

@,

S6 -> epsilon | “inv” Inv_definition “;

S7 -> epsilon | “behav” Behavior “;”

Notations used here is almost the same with the ahead. Each line of these sen-
tences is called “grammar deduction formula”. In each formula, it contains only
nonterminal grammar nodes and terminal nodes. Terminal nodes are symbols which
could be accepted by lexical analyzer and nonterminal nodes are able to be coded as
methods which are responsible for the syntactic analysis of according units.

So far, we have got an overview about the question domain of the parser. The next
step is to design for the implementation. If we view the parser as a software project,
We need to decompose the whole task and depict the architecture of the software.
Figure 3 shows the architecture of the parser.

The parser includes four components, lexical analyzer, syntactic analyzer, type
generator, and xml file constructor. Each component could be decomposed to the third
level, of which these are able to be implemented by program units. The core function
of a parser is syntactic analysis. As we explained before, the feature of SOFL’s
grammar determines that top-down analysis strategy is convenient. During the
approach of syntactic analysis, we also need to register all symbols and make a
symbol table for potential semantic analysis to some extent. Beside of these, we need
to design a robust mechanism for exception handling and recovery. We use Fig. 4 to
explain the main procedure of top-down syntax analysis.

Parser
4L " L 4
Lexical Syntactic Type XML File
Analyzer Analyzer Generator Constructor
X v r ] 3

Psilr:ll: Exception | T;p:f::n [ Symbol Exception Type Type Make

T Handling ¥ ¥ |Register Handling Check Generate | | XmlNode
Machine Analysis |

Fig. 3. The figure shows the whole architecture of the parser.
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Fig. 4. The figure shows how top-down syntactic analysis works.

Because terminal nodes could be directly provided by lexical analyzer, terminal
grammar nodes usually are easy to deal with, and do not need to make methods for
them. In Fig. 5, we focus on how to deal with nonterminal grammar nodes. As we
mentioned previously, nonterminal grammar nodes should be realize as methods,
according to the grammar deduction formulae. So when we are faced with multiple
selections about which formula to use and cannot recognize it based on the left-most
symbol, we choose to look forward more symbols for help.

After we have figured out the strategy for both lexical and syntactic analysis, we
need to consider how to record useful information. The corresponding function is
supplied by symbol register. We build a specific data structure named “symbol table”
for SOFL. In the symbol table, symbol’s information, such as namespace, value, type
and so on, will be recorded well. The following table shows this data structure.

Table 2. This chart shows data structure of symbol table.

Field 1 Field 2 Field 3 Field 4 Field 5
Namespace VariableList ~ BasicTypeList SetTypeList SeqTypeList
Field 6 Field 7 Field 8 Field 9 Field 10

MapTypeList ComTypeList ProdTypeList SignTypeList UnionTypeList
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Table 3. This chart shows data structure of SetType.

Field 1 Field 2
SymbolName ElementTypeName

All These lists mean array lists of variables and types. We have also defined data
structure for them. We take SetType for example.

3.2 Processor for Generating Functional Scenarios

After the work of parser, an xml file is created for the storage of syntax tree infor-
mation. Each section, in the formal specifications, could be extracted separately from
this file. As we have analyzed before, functional scenarios are corresponding directly
to the section of process in one module. At this stage, we are able to visit all well-
classified information that may help for generating functional scenarios.

The processor will take this kind of xml file as input and generate functional
scenarios for each process. At last, we shall organize the functional scenarios into
functional scenario forms (FSF), and append FSF to its’ appropriate position in the
xml file. In this way, we can get access to both information of each process and its
correlated FSF.

So far we have been clear about the input and output of this processor. Considering
about the algorithm which has been explained in Sect. 2, the first task should be
transforming post-condition into disjunctive normal form (DNF). From now on, we
are willing to take a predicate ((aVb) Ac) < (d = e) as example to demonstrate
how we implement the algorithm. The predicate stands for post-condition of a process,

Fig. 5. The figure shows the syntax tree of the example post-condition.
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in which a, b, ¢, d and e are atomic predicates. It may seem simple, but we think it is
fine and enough to represents general situations when we face with this matter.
First of all, we shall build a syntax tree from what is stored in xml file. In this case,
the syntax tree should look like Fig. 5.
The algorithm for transforming post-condition to DNF is arranged as following:

Step 1: Search nodes of the syntax tree in root-first order, and for each node if the value
of currently visited node is “<=>", replace the node with sub-tree like following

leftChild rightChild

Step 2: Search nodes of the syntax tree in root-first order, and for each node if the
value of current node is “=>", replace the node with sub-tree like the following

ightChild

leftChild

Step 3: Search nodes of the syntax tree in root-first order, and for each node if there
exists “not” disorder, that means “not” node’s child is not atomic predicate, replace
the node with sub-tree like the following
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Step 4: Search nodes of the syntax tree in root-first order, and for each node if there
exists “and/or” disorder, that means “or” node becomes the child of “and”, replace

the node with sub-tree like the following

lefiChild  rightChild
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Fig. 6. The figure shows DNF of the example post-condition.

Since the post-condition has been transformed into DNF, considering of the data
structure we used, we have got a binary tree, in which “or” nodes are ancestors of
“and” nodes and “not” nodes should be connected directly with atomic predicate
nodes. In case of the example we mentioned before, the Fig. 6 give a view.

We can easily find out each conjunction clause, which is a sub-tree whose root is
the first “and” node. There exist six conjunction clauses in the DNF. They are a A
cN=d,bNcN —-d,aNcNebNche—-a-bNdN—-e and -c ANd N —e.

According to the algorithm of generating functional scenarios, for each conjunc-
tion clause, we need to make a partition for separating atomic predicates by whether
they contain output variables. If “a” and “c” contain no output variable, they are
called “guard condition”. On the other side, “b”, “d” and “e” are called “defining
condition”. The next step we shall do is to rearrange these conjunction clauses. The
six conjunction clauses should be rewrite to be a A ¢ A ~d,c A bA-d,aN cA
e,cANbANe,—~aN—bANdN —e,and -c Ad N —e.

The last step is to combine conjunction clauses of which the defining conditions
are the same. Because guard condition and defining condition of a conjunction clause
are stored in an array list, by searching each node in this array list, we can judge
whether one defining condition is covering the other and at the same time the other is
also covering the original one. If A C B A B C A, we can make a conclusion two set
of defining conditions are same. If there exist any two conjunction clauses whose
defining conditions is the same, we shall combine them by merging the guard con-
ditions of them by connector of logic “or”. In case of this example, the conjunction
clauses should keep themselves, because of the defining conditions of each one are
unique among them.

So we can finally generate functional scenarios in this form ~ OP,., A C; A D;.
All guard conditions and defining conditions of the example are listed in Table 4.
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Table 4. This chart shows guard condition and defining condition of each functional scenario

for the example.

C (guard condition)

D (defining condition)

Functional scenario 1 aic —d
Functional scenario 2 C bA—-d
Functional scenario 3 aic E
Functional scenario 4 C bAe
Functional scenario 5 -a -bANdN—e
Functional scenario 6 —c d A —e

We have tested this tool by several SOFL formal specifications, one of which
defines the requirements of a goods delivery system. We are willing to take that as an
example input to show the main interface of our tool in Fig. 7.

The central textural area demonstrates the SOFL formal specification. If there exist
some syntactic errors, the tool will collect information for the position where error
happens and report them in the below frame. Key words are highlighted in blue and
the character where error is located is highlighted in red in Tables 2, 3 and 4.

After parsing, an xml file storing both syntax tree information and functional
scenario forms is created. For this test case, corresponding xml file is showed in
Fig. 8.

forallg1 : BackupGList] | #([Compare Datefoday g 1. accept_day)>720)
then Deletaig) else a = b

end_process;

function Deletelgoods : Goods) : bocl
post len{BackupGList) = len(™BackupGList) - 1 and
fnrdh - BackupGlist] g.goods_No <> goods goods_No

Fig. 7. The figure shows main interface of this tool.
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File Edit Format View Help
<?xml version="1.0" encoding="utf-8"?>
<module id="1" name="Delivery_System">
<constDef id="2">
<const id="3" name="max_register_goods" classification="number" value="10000" />
<const id="4" name="max" classification="number" value="10" />
</constDef>
<typeDef id="5">
<typeDec id="6" name="PriceType">
<simpleType id="7" classification="compositeType" elementType="">
<field id="8" name="goods_type">
<simpleType id="9" classification="referedType" elementType="GoodsType" />
</field>
<field id="10" name="pt">
<simpleType id="11" classification="referedType" elementType="PriceTable" />
</field>
</simpleType>
</typeDec>
<typeDec id="12" name="Goods">
<simpleType id="13" classification="compositeType" elementType="">
<field id="14" name="goods_No">
<simpleType id="15" classification="basicType" elementType="nat0" />
</field>
<field id="16" name="sender">
<simpleType id="17" classification="referedType" elementType="CustomerInf" />
</field> =

Fig. 8. The figure shows the main output of this tool: xml file storing syntax information and
functional scenarios.

4 Related Work

Tool support is significantly important for applying formal methods into practice.
There are many formal languages with powerful tool. One famous example is VDM.
As introduced in [6], “Overture” is developed to be a common open-source platform
integrating a range of tools for constructing and analyzing formal models of systems
using VDM. Nowadays, “Overture” has been updated to be a stable and mature
platform, but restricted by features of VDM, it could not support effectively on
describing the architecture of whole software. There are also other tools supporting
formal language like JML and Alloy. They are introduced in [7, 8].

Functional scenario-based techniques also gain more and more attentions in
research. Reference [1] proposes an automated functional scenario-based formal
specification animation method. Reference [2] talks about their work on an experiment
for assessment of a functional scenario-based test case generation method, which is
improved from FSBT (functional scenario-based testing) proposed in [9]. For func-
tional scenarios’ generation, a method for automatic generation of functional scenarios
from SOFL CDFD has been talked in [10].

5 Conclusion and Future Work

In this paper, we implemented a tool for automatically generating functional scenarios
from SOFL formal specifications. Based on the algorithm proposed in Liu’s paper, we
explained the construction of the tool and how it works by a simple but fine example.
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We also used several SOFL formal specifications as test cases to test the tool. The test
result shows the expected functionalities are well-realized and this tool is able to
effectively support functional scenario based research.

In the future, we intend to develop and improve a support environment for con-
structing system by using SOFL formal specification. This tool is just a prototype tool,
but it completes some fundamental requirements. On the basis of this tool, we are
looking forward to searching a reasonable way to support “functional scenario- based
test case generation” and “functional scenario-based formal specification translation”.

Acknowledgments. This work has been conducted as a part of “Research Initiative on
Advanced Software Engineering in 2012” supported by Software Reliability Enhancement
Center (SEC), Information Technology Promotion Agency Japan (IPA).
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Abstract. Formal specification animation is a very useful technique for
verification and validation. It provides the end users and field experts
with an intuitive way to observe the operational behaviour of software
system described by the formal specification. Several tools have already
been built to support animations of specifications written in different
formal languages. In this paper, we describe the design of a tool that
can support the animation of specification written in Structure Object-
oriented Formal Language (SOFL). The animation strategy underlying
the tool uses system functional scenario as a unit and data as connec-
tion among independent operations involved in one system functional
scenario. A system functional scenario defines a behaviour that trans-
forms input data into the output data through a sequential execution of
operations. It is the target of animation. In the animation, data is used
to connect each operation in a specific scenario. The data can be pro-
vided by the user or generated automatically. It will help the user and
the developer to understand the system. We explain the whole animation
process step by step and present a prototype at the end of the paper.

Keywords: Formal method - Specification - Animation + Tool

1 Introduction

Formal specification animation is an effective technique for specifications verifi-
cation and validation. The purpose of animation is to provide an intuitive way
for the end user and domain expert to monitor the states of a behaviour so that
they do not need to read the formal specification which is fulfilled with mathe-
matical or logical formulas. Usually, a tool is required to support the animation
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process since it faces a lot of challenges in practice and one of the challenge is
that formal specification is complex and difficult to understand. A tool is needed
to hide the complexity and derive the intuitive information for the user. Several
tools have been built to support animation of specification written in different
formal languages, such as ANGOR [1], B-Model animator [2], and ZAL anima-
tion system [3]. Most of them require a translation from a formal specification
language to an executable programming language, so that the animation can
be done automatically. But the translation may imposes many restrictions to
the style of the specifications written in a formal notation and this would bring
inconvenience to the developer.

In this paper, we describe the design of a tool for SOFL [4] specification ani-
mation. There is no further restrictions to the language or style of specification.
In the tool, the end user or field expert can animate the specification on the Con-
ditional Data Flow Diagram (CDFD, a part of SOFL specification) directly, and
we think it is a very good way to connect user, developer and formal specifica-
tion. The animation strategy underlying the tool uses system functional scenario
as a unit and data as connection among independent operations involved in one
system functional scenario. System functional scenario is used as unit of an ani-
mation since it presents a specific behaviour of the system, and the behaviour is
the target or object of animation. In order to animate the entire specification, all
of the potential behaviours, or system functional scenarios, should be animated.
Usually, a system functional scenario is defined as a sequence of operations that
process a group of input data to a group of output data. Each operation in sce-
nario is connected by intermediate data, and it is the reason why we use data
as connection in animation.

One of the advantages of using data for animation is that the end user can
observe each behaviour by monitoring the states of it. The states of behaviours
are presented as the input and output data of each operation involved. The
tool allows users to select providing the data themselves or letting the data
generated automatically. If users select to provide the data for animation, they
usually provide the most typical data of the system. Meanwhile, the users need
to guarantee that the data they provide satisfies the pre- and post-conditions. If
users want to let the data generated automatically, the data generation method
would generate the data that satisfies the pre- and post-conditions. But the
generated data may not present the specific circumstance users want to animate.
We will introduce how to animate a scenario step by step in Sects. 2 and 3.

The prototype is implemented on the bases of a framework that is built
to help developers specifying SOFL specification. The framework includes the
editors of informal specification, formal specification, and CDFD, etc. All the
specifications are well organized and stored in the well formatted files under
this framework. It provides a fundamental to further utilization of the formal
specifications. The prototype is now a part of the framework, and it contains
functions of deriving system functional scenario and animating a specific sce-
nario. Section 4 describes the framework and prototype in details.
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The remainder of this paper is organized as fellows. Section 2 describes the
animation strategy and the animation process. Section 3 briefly introduces the
specific methods of system functional scenarios derivation and data generation
used in the tool. The framework for specifying SOFL specifications and the
prototype is described in Sect. 4. Section 5 gives a brief overview of related work.
Finally, in Sect. 6 we conclude the paper and point out future research directions.

2 Animation Strategy and Process

As mentioned previously, we use the system functional scenario as the basic
unit in animation. Fach system scenario presents a specific function of the
system. Since the goal of a formal specification animation is to validate the
potential behaviours of the specification, we suggest that every possible system
functional scenario defined in the specification should be animated. A system
scenario defines a specific kind of operational behaviour of the system through
a sequential executions of operations. And a specific operational behaviour is
usually presented to end users as a pair of input and output, that is, given an
input, the result of a behaviour of the system results in a certain output. The
definition of a system functional scenario is detailed in Definition 1.

Definition 1. A system functional scenario, or system scenario for short,
of a specification is a sequence of operations d;[OPy,OP,,...,OP,]d,, where d;
1s the set of input variables of the behaviour, d, is the set of output variables,
and each OP;(i € {1,2,...,n}) is an operation.

The system scenario d;[OP;,OPs, ...,OP,]d, defines a behaviour that trans-
forms input data item d; into the output data item d, through a sequential
execution of operations OP;, OPs, ..., OP,. Actually, other data items are used
or produced within the process of executing the entire system scenario but not
being presented. For example, the first operation OP; in the system scenario
receives the input data item d; and produces a data item, which is the input
data item of operation OP,. Operation OP, cannot be executed without the
output data item of OP;. We call these data items implicit data items. In order
to show the behaviour of system step by step in an animation, the implicit data
items in system scenario should be presented explicitly. When presenting implicit
data items explicitly is necessary, we use [d;, OPy,dy,OPs,ds, ...,dp—1,0P,,d,)
to present a system scenario, where d; indicates the output data item of OP; or
input data item of OP;.

For example, Fig.1 shows the CDFD of a simplified ATM. There are only
to functions included in this simple specification: withdraw and show balance.
Based on the definition of system functional scenario, five scenarios defined in
the specification is listed as follows:

— {withdraw-com} [Receive_Command, Check_Password, Withdraw/{cash}
— {withdraw_com} [Receive_Command, Check_Password, Withdraw/{err2}
— {withdraw_com} [Receive_Command, Check_Password]{err1}
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Fig. 1. CDFD of a simple ATM

— {balance_com} [Receive_Command, Check-Password]{errl}
— {balance_com} [Receive_Command, Check_Password, Show_Balance[{balance}

Such a system functional scenario clearly describes how the final output data
is produced by a sequence of processes based on the input data. Note that the
input data and output data indicate the sets of variables when talking about the
concept of system scenario or a specific system scenario of an behaviour. Under
the context of animation, the input and output data are instances rather than
concepts. They indicate sets of values of the input and output variables.

To animate a specific system scenario, the data is used to connect each oper-
ation involved in the scenario. Since the data is restricted by the pre- and post-
conditions of process, the data present a real environment of the behaviour. The
user and experts can observe the behaviour by monitoring the data. There are
two ways to collect the data for animation. The first way is to let the user pro-
viding the data. The advantage of this way is that the data provided by user
is usually the most typical data. The provided data presents the circumstance
that the user cares about. Meanwhile, the user have to guarantee that the data
satisfies the pre- and post-condition, otherwise the data would be meaningless.
The alternative way of collecting data is to generate data automatically. The
generation method does not require translating the formal specification to any
executable program. One of the obvious disadvantage of the method is that the
generated data may not present the specific circumstance users want to animate.
No matter which way the user use, the data provide a concrete point of views of
the behaviour.

When collecting input and output data for a single process, the operation
functional scenarios of the process have to be extracted first. By operation func-
tional scenario, we mean an predicate expression derived from the pre- and post-
condition of a process, which precisely defines the relation of a set of input and
output data. Liu first gives a formal definition of operation functional scenario
[5] and we repeat it here to help the reader understand the rest of this paper.
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process Check_Password(id: nat0, sel’ bool, pass’ nat0)
accl: Account | errl: string | ace2! Account
ext rd Account_file
pre true
post (exists![x: Account_file] | ((x.id = id and

x.password = pass) and

(sel = true and accl =x or
sel = false and acc2 = x)))
or
not(exists![x: Account_file] | (x.id = id and

x.password = pass)) and

errl = "Reenter your password or insert

the correct card”

end process

Fig. 2. Specification of process “Check_Password”

Definition 2. Let OP(OP;,, OP,,)[OPyre, OPpost| denote the formal specifi-
cation of an operation OP, where OP;, is the set of all input variables whose
values are not changed by the operation, OP,, is the set of all output variables
whose values are produced or updated by the operation, and OFpy.. and OPpoqt
are the pre and post-condition of operation OP, respectively.

Definition 3. Let OP, st = (C1 A D1) V (Ca A Do) V...V (Cy, A Dy,), where
each C;(i € {1,...,n}) is a predicate called a “guard condition” that contains
no output variable in OPyy and V; jeq1,..ny @ # J = Ci NCj = false ; D; a
“defining condition” that contains at least one output variable in OP,, but no
guard condition. Then, a formal specification of an operation can be expressed as
a disjunction (~OPpre N\C1AD1)V (~OPprc NCoAD3)V ...V (~OP,.. NCy,, ADy,).
A conjunction ~OPp.. ANC; A D; is called an operation functional scenario,
or operation scenario for short.

Note that we use ~x and x to represent the initial value before the operation
and the final value after the operation of external variable x, respectively. The
decorated pre-condition ~OP,,. = OP,,.[~z/x] denotes the predicate resulting
from substituting the initial state ~x for the final state x in pre-condition O P,..
We treat a conjunction ~OP,.. A C; A D; as an operation functional scenario
because it defines an independent behaviour: when ~OP,,. A C; is satisfied by
the initial state (or intuitively by the input data), the final state (or the output
data) is defined by the defining condition D;.

The reason why we need the operation functional scenario is that the
definition of SOFL allows the process to receive more than one exclusive input
or output data. In a specific system functional scenario, only one pair of input
and output data of each process is involved. For instance, the process
“Check_Passwork” of the simple ATM system in Fig.1 is formally defined in
the specification shown in Fig. 2. There are three operation functional scenario
contained in this specification.



SOFL Specification Animation with Tool Support 123

1. (3z € Account_file-x.id = id A x.password = pass) A sel = true A accl = x

2. (3x € Account_file-x.id = id A z.password = pass) A sel = false A acc2 = x

3. =(Jx € Account_file-x.id = id A x.password = pass) Aerrl = “Reenter your
password or insert the correct card”

If the system functional scenario {balance_com}[Receive_Command, Check_
Password, Show_Balance]{balance} is under animation, there is no doubt that
the second operation functional scenario should be selected to collect input and
output data for the process “Check_Passwork”.

After the introduction of our animation strategy, we would describe how to
apply the strategy in practice. For a given formal specification, the following
stages supply a procedure for systematically performing the animation.

Stage 1. Derive all possible system scenarios from the formal specification.

Different methods are used to derived system functional scenario from formal
specification written in different formal languages. For example, for a formal
specification language containing graphic specification, the system scenarios can
be derived based on the topology of the graph. On the other hand, for a formal
specification language that does not contain graphic specification, the system
scenarios can be derived based on the data dependency among operations. For
SOFL specification, we derive system functional scenarios from the topology of
the CDFD. We will introduce the specific automatic approach for deriving all
possible system scenarios in next section.

Stage 2. Let d;[P1, Ps, ..., P,]d, be a selected system scenario. Derive related
operation scenarios of each P;(i € {1,2,...,n}) from its specification and get
a set of operation scenarios {0S1,08,...,0S,}, where OS; is the related
operation scenario of P;.

According to our animation strategy, only one system scenario should be
selected to animate each time. For any selected system scenario, the related
operation scenario of each operation involved should be derived from the formal
specification. Since an operation scenario of an operation defines an indepen-
dent relation between its input and output under a certain condition, only one
operation scenario of an operation can be involved in the selected system sce-
nario. Therefore, the second stage of entire animation process should be deriving
related operation scenarios.

As the start point of a system functional scenario, the input data of the first
process in the system scenario should be collected first. Actually, the input data
of the first process is the only input that need to be collected from the user or
generated by data generation method. The input data of the following processes
is the output data of the previous processes.

Stage 3. Let ~S} . A C} A D} be the related operation scenario of the first
operation Py in the selected system scenario. The input data should be collected

and satisfy the predicate expression ~S, . A C;}.



124 M. Li and S. Liu

The input data generated in Stage3 is actually the input of the selected
system scenario. It can be used as bases to collect output data of P;. The output
data collected should satisfy the predicate expression NS;:E/\C}* AD}, which can
be created by applying the input data to predicate expression NS;re ACHA D}
The output data of P; then be used as input data of P; to collect output data
of P». Repeating this procedures, the output data of entire system scenario can

be generated eventually. This idea is reflected in Stage4.

Stage 4. Use the input data generated in Stage 3 and the operation scenarios
derived in Stage 2 to generate the output data for each operation and entire
system scenario.

So far, all of the data involved in a selected system scenario has been gener-
ated. And the behaviour can be simulated by using the data involved in it. The
end users and field experts can monitor the states of the behaviour during its
execution, and analyse whether the specification meets their requirement.

Stage 5. Repeat Stage 2 to Stage / until all the system scenarios derived in
Stage 1 are animated.

Animating all possible behaviours of the system is required by our animation
strategy. The process of animating a specific behaviour should be repeated until
all of the potential behaviours have been animated.

3 Design of the Tool

According to our animation strategy, there are two steps in the animation
process. The first step is to derive all possible system functional scenario, and
the second step is to collect input and output data for all involved processes of a
specific system functional scenario. In this section, we first introduce the method
of deriving system functional scenario briefly, and then describe how to collect
input and output data under the two ways mentioned above.

3.1 Deriving System Scenario

We choose deriving functional scenarios from a CDFD because it is extremely
difficult to automatically generate scenarios from a process specification directly.
Form the introduction of SOFL, we know that process specification uses mathe-
matical notation to define processes in a module, and it is not designed to present
the architecture or logic between different processes. If deriving functional sce-
narios from process specifications, it requires parsing the entire specification to
determine which two processes are connected. It is obviously not a cost-effective
approach. On the contrary, deriving scenarios from the CDFD will be more
cost-effective, because the CDFD is specifically designed to describe the rela-
tions among the processes, and we can derive functional scenarios based on the
topology of CDFD.
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H Process H

Fig. 3. The decomposition of a process

In order to generate all possible scenarios, the first step is to decompose the
CDFD. This can be realized by decomposing every process in the CDFD. Each
process can be decomposed into a corresponding graph. Figure 3 illustrates the
decomposition of a process. In the original CDFD, the port list on the left side
of a process is input port list, in which each input port is ordered from top to
bottom, we use a number to label each port. The output ports of a process are
labelled in the same way. In the corresponding graph, each node represents one
port of the process, one input port or output port.

Each node in the corresponding graph has a name, consisting of three parts:
the first character of the process’s name, the identification of input or output
port, and the port number. Different nodes are connected by two kinds of edges,
solid edges and dotted edges. The solid edge represents the data flow in origi-
nal CDFD and the dotted edge represents the mapping relationship inside the
process. Like the data flows connecting two different processes in CDFD, the
solid edges connect one input port node and one output port node that belong
to different processes. Contrasts to the solid edges, the dotted edges represent
the implicit relation in process. We use dotted edges to explicitly present this
kind of relation because the ports that belong to the same port list are exclusive.
If a process has more than one input port and output port, we need to find all
possible combinations between its input ports and output ports. So that we can
find all possible functional scenarios. The dotted edges represent such possible
combinations or relations. In practice, just one dotted edge in each process can
be valid each time. It means at each time process receiving and sending data from
the input port and output port which are concerned by the valid dotted edge.

By using the decomposition method, one CDFD can be decomposed to a
graph that contains only input port nodes and output port nodes. The nodes
in the decomposed graph is linked by solid and dotted edges. The process of
deriving all possible system functional scenarios can be realized as finding all
possible paths in the decomposed graph. For the space sake, we will not explain
this method further. The details of this method is included in [8].
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3.2 Collecting Data from Users

The process of collecting data from users is the easiest way of collecting data. It
can be separated into two steps. First is let the user provide data, and second
is to check whether the provided data satisfy the related operation functional
scenarios. The two steps are usually mixed in practice. For example, in the
beginning of an animation, users first provides the input data for the first process,
Py, in the selected system functional scenario. Then, the users should check
whether the input data they provide satisfy the predicate expression ~S}. AC},
a part of the related operation functional scenario of process P;. If the input data
satisfy the expression, the users can provide output data of P; based on the input
data. Otherwise, the users should provide the input data again. Once the users
provide the output data of P; successfully, the output data of P; will be used as
the input data of the second process, P». This procedure will continue until the
output of the entire system functional scenario are successfully provided.

To facilitate the users to check whether the data they provide satisfy a specific
predicate expression, we use fault tree in our tool to help the users to do the
judgement. We first apply the provided data to the predicate expression, and
than decompose the expression using a tree structure, Each node in this tree
presents an atomic expression. Since the fault tree technique is well known, we
do not do any further explanation here.

3.3 Generating Data Automatically

The automatic data generation method underlying our tool is first introduced in
[6]. The advantage of this method is that there is no need to translate the formal
specification to any executable program. Here we give a brief introduction of the
principle of the method.

As described previously, an operation scenario is expressed as a conjunction
~OP,.. N C; A D;. To derive input data based on the operation scenario, it
must be decomposed first. The decomposing process is divided into following
two steps:

— Step 1: Eliminate Defining condition. The defining condition D; is elimi-
nated first since the execution of program only requires input values. The input
data generation depends on the pre-condition and guard condition, and defin-
ing condition usually do not provide the main information for input data gen-
eration. The conjunction after eliminating defining condition is ~OP,;.. A C},
called “testing condition”.

— Step 2: Convert to disjunctive normal form. The remainder of the oper-
ation scenario is translated into an equivalent disjunctive normal form (DNF)
with form P,V P, V...V P,. A P; is a conjunction of atomic predicate expres-
sions, say QY A Q2 A ... A Q™.

Let Q(x1, 2, ..., T, ) be one of the atomic predicate expressions Q7 , Q2 ..., Q™"

mentioned previously. The variables x1,xo, ...,z is a subset of all the input
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variables. The values for the input variables involved in each atomic predicate
expression Q can be generated using a set of algorithms that deals with the
following three situations, respectively. Here we are using variables of numerical
types as examples for convenience.

Table 1. Input data generation algorithm

No. of Algorithms S Algorithms of test case generation for x1
1 = xr1 = E

2 > 1 =FE+ Az

3 < 1 =F— Ax

4 <>, # Similar to above

— Situation 1: If only one input variable is involved and Q(z1) has the format
x1 © E, where © € {=,<,>,<,>,#} is a relational operator and F is a
constant expression, using the algorithms listed in Table1 to generate test
cases for variable z7.

— Situation 2: If only one input variable is involved and @(x;) has the format
FE, 6 FE5, where Ey and Es are both arithmetic expressions which may involve
variable 1, it is first transformed to the format z; & F, and then apply
Situation 1.

— Situation 3: If more than one input variables are involved and Q(x1,xa, ...,
Zy ) has the format E; © Fy, where Eq and Es are both arithmetic expressions
possibly involving all the variables x1, zo, ..., T, first randomly assigning val-
ues from appropriate types to the input variables o, x3, ..., x, to transform
the format into the format £ © F5, and then apply Situation 2.

Note that if one input variable x appears in more than one atomic predicate
expression, it needs to satisfy all the expressions in which it is involved.

To define the generated input data precisely, we use a set of states of input
variables, called input case, to present the one-to-one correspondence between
each input variable and its value. The input case is denoted as I. and defined as
follows.

Definition 4. Let OP;, = {x1,2,...,x.} be the set of all input variables of
operation OP and Type(x;) denotes the type of x;(i € {1,2,...,r}). Then I. =
{(xs,v;)|z; € OPyy ANv; € Type(x;)}. If (zi,v;) € I, we write I.(x;) = v;.

After automatically collecting the input data, the next step is to generate
output data. The same algorithm can be used. The similar process is described
as follows.

— Step 1: Verify the given input data. For any given input case I.., evaluate
the predicate (~OPpe A C;)[Ic(x;)/x;), which is the result of substituting the
variable x; with the value of variable z; in the testing condition ~OP,,. A C;.
The result of true means that the given input data can be processed by the
operation, and the output data can be produced based on the input data.
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Fig. 4. Scenario explorer

— Step 2: Substitute input variables. Substitute the input variables in oper-
ation scenario with the corresponding values in I., and get a new predicate
~OP}.. NCf N Dj = (~OPpe N Ci A D;)[I(x;)/2;], which merely contains
output variables.

— Step 3: Convert to disjunctive normal form. Translate the conjunction
~OP;,.. AN Cf A DY into an equivalent disjunctive normal form (DNF) with
form PfV Py V..V P: A P} is a conjunction of atomic predicate expressions,

say QP A QP AL AQI™. ‘

— Step 4: Generate values for output. For each Q;’(j € {1,2,...,m}), use
the algorithms explained in previous subsection to generate values for output
variables.

Similar to the definition of input case, we define output case to present output
variables and their generated values formally.

Definition 5. Let OP,, = {y1,y2,...,Yr} be the set of all input variables of
operation OP and Type(y;) denotes the type of y;(i € {1,2,....,k}). Then O, =
{(Wi,vi)lyi € OPoy Nvi € Type(yi)}- If (yi, vi) € Oc, we write Oc(y:) = v;.

4 Framework and Prototype

The prototype is implemented on the bases of a framework that is built to help
developers specifying SOFL specification. The framework includes the editors of
informal specification, formal specification, and CDFD, etc. All the specifications
are well organized and stored in the well formatted files under this framework.
It provides a fundamental to further utilization of the formal specifications.
Now, the prototype has been a component of the framework. In this section, we
introduce some functions that related to the animation.

The implementation prototype is corresponding to the two steps. The first
step is to derive system functional scenario. Figure4 shows the snapshot of
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Fig. 5. Animation board

Table 2. Operation scenarios involved in the selected system scenario

Process Operation scenario

Received_Commandi1 withdraw = “withdraw” Asel = true
Check_Passwordi x.id = id A\ x.password = pass) N sel = true A accl = x
Withdrawi amount < ~x.balance N x.balance

= ~x.balance — amount A cash = amount

derivation. The CDFD is the system shown in Fig. 1. Here we chose the first sce-
nario {withdraw_com}[Receive_Command, Check_Password, Withdraw|{cash}
to animate. The corresponding operation functional scenario is listed in Table 2.
Figure5 shows the snapshot of animation. The data collected is listed at
the lower part of the window. Each row shows the input and output data for a
single process. For example, the first row list the input and output of process
“Receivecommandy;”. The CDFD in the center of the window shows the mid-
step of animation, and the process “Checkpassword;;” is under animated.

5 Related Work

Formal specification animation is an effective technique for the communication
between users and developers. Tool support animation can make such commu-
nication easier. In this section, we introduce some existing work on specification
animation.

Liu and Wang introduced an animation tool called SOFL Animator for SOFL
specification animation [7]. It provides syntactic level analysis and semantic level
analysis of a specification. When performing animation, the tool will automati-
cally translate the SOFL specification into Java program segments, and then use
some test case to execute the program. In order to provide reviewers a graphic
presentation of the animation, SOFL Animator uses Message Sequence Chart
(MSC) to present the simulation of the operational behaviours.



130 M. Li and S. Liu

MSC is also adopted in other animation approach as a framework to provide
a graphical user interface to represent animation. Stepien and Logrippo built
a toolset to translate LOTOS traces to MSC and provide a graphic animator
[9]. The translation is based on the mappings between the elements of LOTOS
and MSC. Combes and his colleagues described an open animation tool for
telecommunication systems in [1]. The tool is named as ANGOR, and it offers
an environment based on a flexible architecture. It allows animating different
animation sources, such as formal and executable language like SDL and scenario
languages like MSC.

6 Conclusions and Future Work

In this paper, we describe a tool to support SOFL specification animation. The
animation strategy is introduced first and then the prototype is presented. Com-
paring to other existing tool, the advantage of our work is that there is no require-
ment to translate formal specification to executable program. This means there
is no further request for the developers about the style of specification. We pro-
vide two ways for users to collect data for animation. Each way shows different
aspects of the system to users. We think the data can give the users a con-
crete point of view, and help them to understand the behaviours of the system.
But only the animation is not enough to validate the formal specification, in
the future, we hope to combine the inspection technique with animation. The
inspection contains a list of question and require the users to think rather than
observation only. We hope the combination of these two techniques can make
validation more effective and efficiency.
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Abstract. Data type declaration is an important activity in formal
specification construction, which results in a collection of custom types
for defining variables to be used in writing formal expressions such as
pre- and post-conditions. As the complexity of software products rises,
such a task will become more and more difficult to be handled by practi-
tioners. This paper proposes an approach to facilitate the declaration of
data types based on a set of function patterns, each designed for guiding
the description of one kind of function in formal expressions. During the
application of these patterns, necessary data types will be automatically
recognized and their definitions will be gradually refined. Meanwhile, for-
mal expressions will be modified to keep their consistency with the type
definitions. A case study on a banking system is presented to show the
validity of the approach in practice.

1 Introduction

Formal specification serves as the foundation of many software verification tech-
niques, such as formal specification-based testing and inspection. It documents
software behaviors in formal expressions, such as pre- and post-conditions, with
a set of state variables of the envisioned system. These state variables needs to
be formally defined with custom data types. Therefore, declaring appropriate
data types is the first and important step for formal specification construction.

As the complexity of software rises, data type declaration becomes more dif-
ficult to manage and more likely to result in defected data types. Type checking
technique and model transformation have been introduced to facilitate such an
activity [1-3]. The former detects static type errors to prevent erroneous formal
descriptions while the latter allows data to be described in certain intermedi-
ate language easier to use and provides a method for transforming the data
model into formal data types. Unfortunately, they fall short of meeting practi-
tioners’ demand. First, relations between types and functions to be described
is not considered, i.e., type definitions incapable of or unsuitable for describing
the intended functions are not able to be identified. Secondly, no guidance or
automated assistant is provided during the declaration process. Lastly, the con-
sistency between formal expressions and type definitions cannot be guaranteed.
In a formal specification f, if a type definition ¢ is changed into t’, all the formal

S. Liu and Z. Duan (Eds.): SOFL+MSVL 2013, LNCS 8332, pp. 135-153, 2014.
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expressions involving state variables defined with ¢ need to be manually modified
to be consistent with the new definition ¢'.

To deal with the above problems, this paper puts forward an approach to
supporting data type declarations for formal specifications. Its underlying prin-
ciple is that types should be defined to meet the need of correctly and concisely
describing related functions. Type definitions will evolve as function descrip-
tion proceeds until all the expected functions are properly represented in formal
expressions.

In this approach, function pattern is adopted to assist the writing of formal
expressions [4]. Each function pattern provides a framework for formalizing one
kind of function through interactions. Describing functions in formal expressions
is to select appropriate patterns and apply them. During the application process,
necessary data types can be automatically recognized and their definitions will be
refined. Specifically, when applying each selected pattern, we use function-related
declaration to guide the refinement of the related data types. It consists of two
steps for different stages of the application process: property-guided declaration
and priority-guided declaration.

We also give a method for updating formal expressions as their involved data
types are refined to keep the consistency. When a type definition is modified after
the application of a pattern, the formal expressions affected by such modification
will be fully explored. For each formal expression, the method first retrieves the
pattern applied for writing it and the application process of the pattern. Based on
the retrieved information and the modified type definition., the formal expression
is automatically updated.

Since we believe that object identification is an intelligent activity that cannot
be manipulated by machines, the approach is not expected to be total automatic
and requires human effort when creative decisions need to be made.

It should be noted that the proposed approach is language-independent. We
choose SOFL as an example formal notation to illustrate the approach because
of our expertise. A formal specification in SOFL comprises a set of modules in a
hierarchical structure where lower level modules describe the detailed behavior of
their upper level modules. Each module is an encapsulation of processes, which
describe functions in terms of pre- and post-conditions, within the specific speci-
fication context of the module. Relation between these processes are reflected by
a CDFD (Condition Data Flow Diagrams) which specifies interactions between
them via data flows and stores. The independency of each module allows us to
discuss the production approach on the module level and a complete set of data
types will be achieved after applying the approach to all the modules included
in the specification. For more details in SOFL, one can refer to [5,6].

The remainder of this article is organized as follows. Section 2 summarizes
the related work. To facilitate the understanding of the proposed approach, some
fundamental concepts are first introduced in Sect. 3, including data context and
function pattern. Based on these concepts, the declaration approach is explained
in detail in Sect.4 and a case study is presented in Sect.5 to illustrate the
approach. Finally, Sect. 6 concludes the pa