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ABSTRACT

In software engineering, complexity measurement is a quantitative approach to estimating
the degree of complication, organization and coding style of a computer program or system
specification. Existing complexity metrics are mostly for non-distributed systems. This thesis
extends them to distributed systems. It includes three contributions. Firstly, it proposes a Petri
net mode!, called Interacting Petri nets (I-PN), for representing the behavior of distributed
systems. This model provides a graph-based representation for LOTOS, which is necessary in
order to derive methods for estimating the complexity of LOTOS. Secondly, a metric, called
cyclomatic complexity, is proposed for measuring the complexity of I-NPs and LOTOS
specifications. Two approaches are proposed for calculating such complexity. In the first
approach, a LOTOS expression is first transformed to an I-PN and then Berge's formula in
graph theory is applied to determine the cyclomatic complexity of the I-PN and the corresponding
LOTOS specification. In the second approach, a set of formulas for calculating the cyclomatic
complexity of all the primitive LOTOS operations is derived. Based on them, the complexity of
any LOTOS expression can be calculated directly from the expression itself without going
through any transformation. Thirdly, as an application of our I-PN model and complexity
measure, a path-testing coverage criterion, called basis set coverage, is proposed. As an

illustration, the above results are applied to the Transport Protocol (Class 0).
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Chapter 1

INTRODUCTION

1.1 COMPLEXITY MEASURES IN SOFTWARE ENGINEERING

It is widely agreed that attaining high quality in software is an important goal of software
engineering. Two of the questions are then "what is software quality ?" and "how is it
measuted?" Various definitions of software quality have been proposed in the literature. For
example, Pressman {PRE87] defines software quality as: "Conformance to explicitly stated
functional and performance requirements, explicitly documented development standards, and
implicit characteristics that are expected of all professionally developed software.” In fact, many
properties, such as complexity, correctness, reliability, reusability, efficiency, integrity,
maintainability, testability, flexibility, etc., ali contribute to the quality of software. Besides
definitions, quantitative measurements are also important if we want to compare or improve the
quality of software. For example, we cannot say “This program needs more testing than the

other” unless we know how the quality of testing is defined and measured.

In this thesis, we investigate a particular software quality called "complexity”. In general,
it is quite impossible to give an exact definition of complexity. The complexity metrics used in
the literature often do not exactly or definitely reflect the specified characteristics of a program or
system. Very often, they are just a loosely-defined but practical measure used for the quantitative
evaluation of some of the design-related or programming-style-related characteristics of the
software. Though lacking a unified definition, however, a useful complexity metric should
satisfy the following requirements:

1). It can be calculated for all programs or specifications of a specific type (e.g., basic

1



LOTOS).
2). Adding some elements (e.g., instructions, storage, actions, ¢ic.) (0 a4 program or a
specification should never decrease the value of its complexity.

3). In practice, it should be efficient for computation,

The first requirement ensures a usable and objective measure. The second one is a
common property of most metrics. It is another way of saying that a program or specification is
at least as complex as any of its parts. The third one is concerned with the applicability of a

metric.
1.2 MOTIVATION AND CONTRIBUTION OF THE THESIS

In the last two decades, many complexity metrics for sofl iwarc measurement have been
developed in the literature. Some of them have been successfully applied for software quality
control and management (e.g., used as guidelines for limiting software program styles or sizes)
in big software houses [MCC76]. However, these complexily metrics have been developed
mainly for non-distributed software and specifications based on either sequential programming
languages or conventional flowgraphs. Though some of them can be extended quite casily, in
principle at least, to distributed software, their contents or meanings may have to be modified.
For example, Halstead's metrics, which involve the use of operators and operands, can be used
for distributed software in a straight forward manner. But, one should consider whether an
operator in a sequential programming language (e.g., addition) should have the same weight (as
far as complexity is concerned) as an operator in a language for distributed systems (e.g.,
multi-process rendezvous in LOTOS). Furthermore, in the same period of time, distribuied
software has become much more complicated and larger in scale because of the growing

demands for more sophisticated services to be provided by networks. Therefore, from the



viewpoint of both technical and application-oriented developments, complexity control for

distributed software will become an important area for software engineering research.

To start research in this direction, the first step is to look for some specification
technique(s) for describing distributed systems. After some careful investigation, we have
chosen LOTOS and Petri-nets as our first target, for the reasons described in the following few

paragraphs.

In response to the need of more powerful and rigorous means for the investigation of
distributed systems, the International Organization for Standardization (ISO) and the International
Consultative Committee for Telephony and Telegraphy (CCITT) have proposed a number of
formal description techniques (FDTs). Based on them many unambiguous specifications and
validation methods for distributed systems have been proposed in the literature. In particular,
LOTOS, the Language fOr Temporal Ordering Specification, was approved as an international

standard [ISO8807] in 1989.

For a complexity metric based on the structure of a system specification (i.e., structural
complexity), a graph-based model representing its behavior is required. In the case of distributed
systems, one of the well-developed models is Petri net. It includes the token-transition
mechanisms for explicitly describing the structure and behavior of a distributed system. Also,
several Petri-net-based models for representing LOTOS specifications have been developed in the

literature. A lot of experience in these representations have been gained.

In this thesis, the main objective is to develop a structural metric for measuring the
complexity of the control part of a LOTOS specification. As far as we know, this problem has

never been investigated in the literature. Since the existing Petri net representations for LOTOS



are not very suitable for this purpose, we have to propose a new one. Then, we derive a metric
for measwing the complexity of such Petri-nets and the corresponding LOTOS specifications,
Lastly, we introduce a path-testing criterion for the conformance testing of LOTOS

specifications.

The main contributions of this thesis are described in greater detail below:

(1). A Petri-net-based model is proposed for representing the behaviors of distributed systems

We have developed a Petri-net model, called /nteracting Petri nets (I-PN) for
representing the behavior of distributed systems. In this model, each process of the
system is represented by a Petri net. Interactions have more general meanings than just
inputs and outputs. For example, the LOTOS operations disable, interleaving, eic. are
considered as interactions between processes. To represent such an interaction , the Petri
nets representing operands are connected by 4 certain method base on the interaction. In
particular, we have developed a set of rules for constructing the Petri-nets representing

the primitive LOTOS operations.

A full LOTOS specification has essentially two parts: the control part which
consists of the operations, actions and processes and the data part which consists of data
types (BOL87]. In this thesis, I-PN can represent only basic LOTOS (i.c., the control
part of LOTOS).

(2). A metric is proposed for measuring the complexity of I-PNs and LOTOS specifications

Based on the I-PN model, a metric, called cyclomatic complexity, is proposed for

4



measuring the complexity of both I-PNs and LOTOS specifications. Two approaches are
proposed for obtaining such complexity for LOTOS expressions. The first approach
depends explicitly on their Petri-net representations. In the second approach, based on
their Petri-net representations, we derive a set of formulas for calculating the cyclomatic
complexity of all the primitive LOTOS operations. By means of these formulas, the
complexity of any LOTOS expression can be calculated directly from the expression itself

without referring to their Petri-net representations

(3). A path testing criterion is proposed for covering a LOTOS specification

Based on the I-PN model, a criterion for path-testing coverage, called basis set
coverage, is derived. It involves the concept of independent cycle paths in an I-PN. For a

" LOTOS specification, the maximum number of cycle paths in a basis set of its
corresponding I-PN is equal to the cyclomatic complexity of the I-PN or the LOTOS
specification. If we select a set of test sequences covering a basis set of cycle paths for
the I-PN of a LOTOS specification, this set of test sequences will cover all arcs and

nodes (places and transitions) of the I-PN at least once.

However, note that this thesis does not deal with the problems of test sequence

generation or enforcement. It only proposes a coverage criterion.

1.3 ORGANIZATION OF THE THESIS

The rest of the thesis is organized as follows. Chapter 2 contains a survey on complexity
measures for software engineering. It includes five well-known complexity metrics of three

types: linguistic, structural and hybrid metrics. This survey provides us with the background on



the complexity measurement of I-PNs and LOTOS specifications. In Chapter 3, as the basic
knowledge for our research, a brief review on both LOTOS and Petri nets is given. In Chapter 4,
a Petri-net-based model called Interacting Petri Net, is proposed as the first main contribution of
this thesis. By using I-PNs to represent LOTOS specifications, & set of rules rules for
constructing and simplifying I-PNs is described. Also, a formal description of the constructing
rules are included in this chapter. In Chapter 5, a complexity metric for both 1-PNs and LOTOS
specifications is presented. A formula for computing the complexity of an I-PN and LOTOS
expression is derived from graph theory. Then, a series of construction formulas for calculating
the complexity of primitive LOTOS operations is deduced from the general formula. Chapier 6
includes the third contribution of this thesis: a basis set coverage criterion. In Chapter 7, as an
illustration, we apply our results to the ISO Transport Protocol (Class 0). Lastly, Chapter 8

describes some conclusive remarks and possible works for future research.



Chapter 2

A SURVEY ON COMPLEXITY MEASURES
FOR SOFTWARE PROGRAMS AND SPECIFICATIONS

2.1 INTRODUCTION

One of the objectives of software engineering is to produce a controllable environment
for the development, understanding, testing, maintenance and extension of software. It would
be even better if the environment is measurable. A complexity metric may serve such a purpose.
It reflects certain characteristics of the software quantitatively. Once the complexity of a program

or specification exceeds a certain limit, management of the software may become very difficult

or even impossible.

In one way or another, a complexity metric is related to the following observables of a

program or specification:
o types of elements
+ number of elements

o relationships among elements

To develop a metric, one must decide what elements are to be involved according to the
characteristics to be measured. For example, if the syntactic complexity of a program is under
consideration, the entire program, subroutines, lines of code, operands, operators, etc., may be

included as elements. The selection of elements affects the structural relationships among them.



If large-sized elements, such as subroutines, are selected, the relationships among the operitors
and operands within the subroutines become internal elements, while the interfaces among
subroutines become a part of the relationships among the elements. Therefore, it is important to

first clearly define the participating elements.

Roughly, complexity metrics can be classified into three categories: linguistic metricy,

structural metrics, and hybrid metrics.

(a). Linguistic Metrics: Metrics that are directly based on the context of a program or
specification regardless of its actual meaning or the relationship among the elements in
the context. Examples: number of lines of code, number of statements, number of
operators, etc.

(b). Structural Metrics: Metrics that are based on the structural characteristics among the
objects of a program or specification. Such characteristic are usually expressed in the
form of a graph-related representation, such as control flowgraphs. Examples: number
of links, number of nodes, nesting depth, etc.

(c). Hybrid Metrics: Metrics that are based on some combination of the structural and

linguistic properties of a program or specification.
In the following sections, five different metrics are briefly reviewed. Among them,
Halstead's and McCabe's are the best known in the literature. Most of the subsequent

developments in complexity measures have been based on them.

2.2 HALSTEAD'S METRICS [HAL77]|

Halstead's software science complexity measures are probably the best-known and most



thoroughly studied linguistic metrics. Although Halstead's assumptions and analysis have been
under dispute in the last two decades, his metrics are considered as effective for estimating a
wide range of software characteristics. Under the assumption that the complexity of a program
increases with the number of operators and operands used in the program, these metrics are

based on the four primitive elements listed below:
n, = number of distinct operators
n, = number of distinct operands
N, = total number of occurrences of all operators

N, = total number of occurrences of all operands

Based on these quantities, measures for the length, volume, and effort of a program are

defined as follows:

Length: N =N;+N,

Volume: V=N X logy( ny+ny)
Effort: E =V/Vv*

where V* is the minimum volume of all possible programs that solve the same problem.

When solving a problem, different programmers may use different approaches in coding
their programs, resulting in different volumes. Theoretically, there exists a minimum volume V*
for any solvable problem. Since it is almost impossible to determine V*, Halstead approximates

his effort measure E by the following expression:

E=Vx|[(n;xNy) /(2 xny)]



Example 2.1

Consider the Pascal program as shown in Figure 2.1.

PROGRAM2(input, output);
YAR
a, b, d, m: integer;
BEGIN
readln(a, b, ¢, d);
IFa>bTHEN
IF b>¢ THEN
m:=a+b
ELSE
m:=b+c¢
ELSE
m:=b+c+d;
writeln(m)
END.

Figure 2.1 An illustration of Halstead's Metrics

This program has 11 different operators: "BEGIN END", "IF THEN ELSE",

“readln”, "writeln", "Q)", ",", ":=", "+", ">", ;" and ".". They are used a total of 22

L ] r

times. There are 5 distinct operands which are listed in the VAR statement. These
operands are used 19 times. Thus, n; = 11, ny = 5, Ny =22, and N, =19 Hence, the

length, volume and effort for this program have the following values:

N=22+19=41
V=41xlogy(11 +5) =164

E =164 x (11 x19)/(2 x 5) =3427.6

10



Though not having been proved mathematically, Halstead's metrics have been strongly
supported by experimental results ({ALB83], [BAS83], [CUR79], [CUR79B], [DUNS§2],
[FEU79A] and [FEU79B]).

2.3 McCABE'S METRIC [MCC76]

McCabe's cyclomatic complexity is a typical structural metric. Unlike Halstead’s
metrics, cyclomatic complexity does not depend on a program's operators and operands, but on

its decision branches.

Based on the flowgraph of a program or a specification, the nodes, edges, and
connected components are used as the basic elements in the cyclomatic complexity. It is
assumed that the flowgraph has a unique entry node and a unique exit node, and that each node
can be reached from the entry node and can reach the exit node. Hence, if the exit node is
connected to the entry node, the flowgraph becomes strongly connected. Borrowing the concept
of cyclomatic number from graph theory, McCabe's complexity measure is calculated by the

following formula:

viG)=e-n+2p

where G is the flowgraph of a program
n = number of nodes of G
e = number of edges of G

p = number of connected components of G

Example 2.2

Consider the flowgraph of a program as shown in Figure 2.2. We have: e = 11,

11



n =9 and p = 1. Thus, the cyclomatic complexity of the program is

v=e-n+2=11-9+2=4,

Figure 2.2 The cyclomatic complexity of a flowgraph

Besides measuring the cyclomatic complexity, McCabe's metric can also be used 10
control the number of testing paths. In graph theory {BER73], it is known that the cyclomatic
number is equal to the maximum number of linearly independent cycles existing in a strongly
connected graph. McCabe applies this fact to program flowgraphs. In order to make a
flowgraph strongly connected, the exit node is connected to the entry node. Instead of
independent cycles, he uses independent paths. By definition, a path starts at the entry node and
ends at the exit node. A set of paths is independent iff no path of the set can be expressed as a
simple linear combination of the other paths of the set. A basis set of a flowgraph is a set of

independent paths of the flowgraph such that any path in the flowgraph can be expressed as a

12



simple lincar combination of the paths of the set. In general, the basis set is not unique, though
the number of paths of a basis set is unique. Obviously, a basis set covers all the arcs and nodes
of the flowgraph. Therefore, if a basis set of independent paths is used as test sequences, the
cyclomatic complexity provides an upper bound on the number of the test sequences that cover
all statements and branches at least once. In software testing, this criterion is called basis set

coverage.

Example 2.3
A basis set of the flowgraph shown in Figure 2.2 is :
pl: 19
p2: 1-2-3-8-1-9
p3: 1-2-4-5-7-8-1-9
p4: 1-2-4-6-7-8-1-9

The number of the paths in the basis set is 4, which is equal to the cyclomatic
complexity of the flowgraph. Any other path can be linearly expressed by the basis set.
For instance, the path p5: 1-2-3-8-1-2-4-5-7-8-1-9 can be expressed as:

pS=p2 +p3-pl

As an alternative, we can use {p2, p3, p4, pS] as a basis set. Then, path pl
citn be expressed as:

pl=p2+p3-p5

McCabe also provides two other methods for calculating the cyclomatic complexity of a
plane flowgraph and a structured program, Thus, the cyclomatic complexity can be calculated by

one of the following 3 formulas:



« Based on the number of edges, nodes and components of a flowgraph G:
viG)=e-n+2p
« Based on the number of regions (r) of a plane flowgraph G:

vi@)=r
« Based on the number of predicate nodes (%) of a structurcd program:

v(G) =nt +1

Example 2.4

In Figure 2.2, there are 11 nodes, 9 edges, 4 regions (R, Ry, Ry, and R) and 3

predicate nodes (nodes 1, 2 and 4). Then,n=11,e=9,r=4,and © = 3. By the 3

formulas above:
ev(G)=e-n+2p=11-9+2=4
ev(G)=r=4

oviG)=n+1=4

2.4 WOODWARD'S METRIC {[WO(9]

Woodward's knot complexity is a structural metric. It is assumed that an unstructured
program has higher complexity than a structured one. The concept of "knots™ is introduced to

measure the complexity of an unstructured program.

Definition 2.1 Let jump(n, m) represent a jump from line n to line m. A knot is created iff

there exists a crossing between a pair of jump statements, jump(a,b) and jump(p,q).
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‘That is, one of following conditions is satisfied:
a) min(a, b) < min(p, q) < max(a, b) and max(p, q) > max(a, b)

b) min(a, b) < max{p, q) < max(a, b) and min(p, q) < min(a, b)

Woodward's knot complexity (C) of an unstructured program is defined as:

C = number of knots in a program.

Example 2.5
Consider the FORTRAN program in Figure 2.3,

20  CALLTPR
50 IF (ZR) 500, 500, 100
100  CALLTED
150 IF {Z3) 200, 200, 550
200 ZG=72G+1
220 ZC=0
250 CALLTCO
300 CALLTRA
400 GOTO 1000
500  CONTINUE
520 Z3=1
530 GOTO 150
550  CONTINUE
600 CALLTEC
700 ZB=ZB+1
800 ZC=ZC+1
900 GOTO 300
1000 RETURN
BD

Figure 2,3 The "knots" in a FORTRAN program

This program has 9 knots represented by the 9 cross points of the jump lines.

Hence, its "knots" complexity C is 9. In comparison with cyclomatic complexity, since
the. ¢ are 2 predicates (1 = 2) in the program, v(G) =+ 1=2+1=3,
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Obviously, the "knots" complexity of a program is related to the order of its statements.
The number of "knots" in a program may be reduced by reordering the statements, s shown in

the following example.

Example 2.6
Figure 2.4 (a) has 4 knots created by 4 pairs of jump statements: jump(l, 3) with
jump(4, 2), jump(l, 3) with jump(2, 5), jump(3, 5) with jump(4, 2), and jump(2, 5)
with jump(4, 2). After reordering, as shown in Figure 2.4 (b), there is only one knot
created by jump(1, 2) with jump(3, 5). Since the number of nodes and edges in these

two versions are not changed, the cyclomatic complexities of both versions are 3.

a) (1) b} (1)

After reordering
L (2

some statements

(3) i

(3)
O
(9 (2)
&)

Figure 2.4 An example of reducing knot complexity

by reordering the program statements

By the above example, it is obvious that McCabe's metric cannot reflect the changes in
the order of program statements. Woodward's metric gives a2 much clearer indication of program

readability, as well as a measure of unstructured programs. Because the ‘while’ and ‘until’
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looping structures can be implemented with zero knots, the knot complexity does not reflect the

complexity resulting from the loops in a program. This is a weakness of this metric.

2.5 RAMAMURTHY'S METRICS [RAMS8]

Ramamurthy's hybrid metrics, called weighted measures, are based on a combination of
structural and linguistic properties of a program. Since the length, volume and effort measures
in Halstead's metrics do not detect the complexity due to nonsequentiality of a structure,
Ramamurthy assigns weights to some of these operators and operands so to reflect such aspects

in the control flow.

Similar to Halstead's measures, Ramamurthy uses the following primitive elements (a

lower case subscript w stands for a weighted measure):

n, = number of distinct operators

n, = number of distinct operands

Nwj =Z . o[1+ 8(x) X 1(x)]

the set of operators

R: the set of operands
&(x): a function from TUR to {0,1}. 8(x) = 1, if x is within a control structure;

8(x) = 0, otherwise.

I(x): the nesting level of x. 1{x) = 0, if x is not within any control structure.
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When a nonsequential structure, such as “if", "while”, is added at level L,

for any x within this structure I(x) =L + 1.
Ramamurthy's weighted measures are:
Length: Nw= Nw;+Nw;y
Volume: Vw= Nwx logy( n;+ 1)

Effort: Ew=(Vw)V*

Ramamurthy approximates the weighted effort measure by

Ew =Vwx[(n;x Nwp)/(2x ny)]

Example 2.7

In Figure 2.1, the statements "readIn(a, b, c, d)" and "writeln(m)" are not within
any control structure, Thus, the nesting level for any operator or operand x within these
two statements is 1(x) = 0. Since the first "IF THEN ELSE" statement is added at level
0, the nesting level for any operator or operand x within this control structure is 1(x) = 1.
Since the second "IF THEN ELSE" statement is added at level 1, the nesting level for
any operator or operand x within this structure is I(x) = 2. At nesting level 0, 8 operators
"BEGIN END", "readln”, "Q", ", ";", "IF THEN ELSE", "writeln" and "." are used a

total of 11 times. 5 operands "a", “b", “c", "d" and "m" are used 5 times. They will be

assigned a weight [1+ 8(x) x 1(x)] = 1. At nesting level 1, 5 operators ">", "IF THEN

ELSE", ":=", "+" and ";" are used 6 times. The 5 operands are used 6 times. They will

be assigned a weight [1+ 8(x) x I{x)] = 2. At nesting level 2, 3 operators ">", ":=" and

"4 are used 5 times. The 5 operands are used 8 times. They will be assigned a weight
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[14 8(x) % I(x)] = 3. The weighted measures of the program are:

Nw1=11+6X2+5X3=38

Nwy=5+6x2+8x3=41

Nw =38+41=79
VYw =79 x logy(11 + 5) =316

Ew =316 [(11 x41)/ (2 x 5)] = 14251.6

By the formulas for length, volume and effort, the weighted measures are not only
related to the number of operators and operands and their number of occurrences, but also to
their nesting levels. The weighted measures reflect the complexity resulting from both the code
and control flow of a program, Since nesting occurs only in four structures: sequence, 'if,
'while', and :umil', and it is hard to determine the level of 'goto’ statement in an unstructured

program, these metrics ¢cannot be used to measure unstructured programs.
2.6 STEPHEN'S METRICS [STES88]

All of the metrics described in the previous sections are not related to data flow.
Stephen proposed some hybrid complexity measures, named review measures. They are
related to both the control flow and the data flow of a program. The basic element used in this

metric is 'chunk’, as defined below:
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Definition 2.2 A chunk is a sequence of contiguous progrium Stements (85, Si, 1. =« Sjp).
for which s, is the only entry point (that is, no statement in the cntire program transfers

control to any statement in this sequence except s;).

Stephen's metrics depend on two basic concepts: control dependency and dara
dependency. A control dependency exists between two chunks if there is a potential transfer of
control from one chunk to the other. A data dependency exists between two chunks it a
variable is defined in one chunk and potentially used in another. Stephen's review complexity

of a program is defined by the following formula:
#e 1G)
C=ZX I (23)ic(i)
i=0 j=0
where #c : total number of chunks in the program.
f(i): number of dependencies on Chunk i.

¢(i): the complexity of Chunk i.

By changing the definitions of c(i) and f(i), Stephen developed the following review
measures:
STDCPLA: f(i) = the number of both data and control dependencies
¢(i) = the number of statements in Chunk i
STDEQ:  f(i) = the number of both data and control dependencies
c(i) = 1 (consider all chunks with equal complexity)
CTLCPL: f(i) = the number of control flow dependencies
c(i) = the number of statements in Chuck i
CTLEQ: f{(i) = the number of control flow dependencies
ci)=1
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DATCPL: f(i) = the number of data dependencies
c(i) = the number of statements in Chuck i

DATEQ:  f(i) = the number of data dependencies
c(i}=1

The following measures are simply counts of dependencies or chucks:
DATFAN: Total number of data dependencies between chunks.
CTLFAN: Total number of control dependencies between chunks.

NUCHK: Total number of chunks.

Example 2.7

Consider the FORTRAN program shown in Figure 2.3. There are 6 chucks in the
program, which are Chunk 1: (20 - 100), Chunk 2: (150 - 250), Chunk 3: (300 - 500),
Chunk 4: (520 - 530), Chunk 5: (550 - 900) and Chunk 6: (1000). At Chunk 1, there
are 3 statements, 2 control dependencies (with Chunks 2 and 4) and no data
dependency. At Chunk 2, there are 4 statements, 4 control dependencies (with Chunks
1, 3, 4, and 5) and 2 data dependencies (with Chunks 4 and 5). At Chunk 3, there are 2
statements, 3 control dependencies (with Chunks 2, 5, and 6) and no data dependency.
At Chunk 4, there are 3 statements, 2 control dependencies (with Chunks 1 and 2) and 1
data dependency (with Chunk 2). At Chunk 5, there are 5 statements, 2 control
dependencies (with Chunks 2 and 3) and 1 data dependency. At Chunk 6, there are 1
statements, 1 control dependency (with Chunk 3) and no data dependency. Hence, the

review measures of the program are:

STDCPL:  C = 3(14+2/3+(2/3)2)+4(1 +2/3+(2/3Y2+ (2133 +(2/3Y+(2/3)5+(2/3)6)+
2(1+2/3+(2/3)2+2/3)3)+3(1+2/3+(2/3)2+ (2/3)%)+
5(14+2/3+(2/3)2+(2/3)3)+1(142/3)
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= 43.37
STDEQ:  C = (1+2/3+(2/3)D)+(142/3+(2/3)2+(2/33+(2/3Y14+(2/3)>+(2/3))+
(142/34(2/3)24(213)3)+(1+2/3+(2/3)2+(2/3))+
(142/34+2/372+(2/3)3)+(1+2/3)
= 13.82
CTLCPL:  C = 3(142/3+(2/3)2)+4(142/3+(2/3)2+(2/3P+ 213"+
2(14+2/3+2/3)24+2133)+3(1+2/3+(2/3)%)+
5(1+2/3+(2/3)2)+1(142/3)
= 40.12
CTLEQ:  C = (142/3+2/3))+(1+2/3+(2/3)2+(2/3+(2/3)%)+
(142/3+(2/3)24+(2/3)3)+(1+2/3+(2/3)2)+
(142/3+(2/3)D)+(1+2/3)

= 13.01

DATCPL: C =3+4(14+2/3+(2/3)2)+2+3(142/3)+5(142/3)+1
=27.78

DATEQ: C = 1+(14+2/3+(2/3)2)+1+(142/3)+(1+2/3)+1
= 8.44

DATFAN: C=0424+04+1+4+1+0=4
CTLFAN: C=2+4+3+2+2+1=14
NUCHK: C=6
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Chapter 3

A BRIEF INTRODUCTION TO LOTOS AND
ITS PETRI-NET-BASED REPRESENTATIONS

3.1 INTRODUCTION

In this thesis, a Petri net model called Interacting Petri net (I-PN) is proposed for
describing the behavior of a distributed system. The model get its motivation from and will be
used 1o represent busic LOTOS. Therefore, as background information, basic LOTOS is briefly
described and some of the Petri-net-based models for representing LOTOS are reviewed in this

chapter.

By means of a set of operations, such as enable, disable, parallel, etc., basic LOTOS, the
control part of full LOTOS, can be used to describe the control behavior of the processes of a
system. Its semantics is based on a modification of Milner's Calculus of Communicating

Systemns [MIL80] and Hoare's Communicating Sequential Processes [HOA85).

A Petri net is a well-known model used for the specification and validation of distributed
systems. In the literature, at least four Petri-net-based models have been proposed for the
representation and validation of LOTOS specifications. They are the Communicating System of
Petri Nets proposed by Cheung, et al. [CHES8], the Galileo net proposed by Marchena, et al.
[MAR89], the Place/Transition-net proposed by Barbeau, et al. [BAR90], and the Network
proposed by Garavel, et al. [GARY0].

The rest of this chapter is organized as follows. Section 3.2 gives an introduction to basic
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LOTOS. The four Petri-net-based representations of LOTOS mentioned above are briefly

reviewed in Section3.3.

3.2 SYNTAX OF BASIC LOTOS

In basic LOTOS, processes interact with one another without value passing. The syntax of
basic LOTOS expressions and their inference rules, which are used to explain the meanings of
the expressions, are listed in Figure 3.1. Refer to [BOL87] for details of the syntax und

semantics of full LOTOS.,

Notation used in Figure 3.1:
B, Bl, B2, ... represent processes,
g, gl, g2, ... represent actions;
G represents a set of actions;

i represents an internal action;

8 represents the successful termination action.
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Name Behavior expression  Axioms or inference rule
inaction s.0p no action
successful termination exit exit —0— stop
action prefix:
- unobservable B =i; Bl B-i— Bl
- observable B =g; Bl B -g— Bl
choice B=B1 (] B2 B1 —g— B1' implies B -g— Bl
B2 —g— B2'implies B ~g— B2'
parallel composition:
- general form B =B1IGI B2 Bl -g— Bl'and g ¢ G implies B —-g— Bl
B2 —g— B2'and g ¢ G implies B -g— B2'
Bl -g—» Bl'and B2-g—» B2'andge G
implies B —g— B1'IGI B2'
- full synchronization B =Bl B2 Bl -g— Bl'and B2 —-g— B2
implies B —g— B1' Il B2'
- pure interleaving B =B11IB2 Bl —g— B1' implies B —g— B1'lll B2
B2 —g— B2' implies B —g— B1 [il B2
sequential composition B =Bl >> B2 Bl —g— B1'implies B —g— B1'>> B2
B1 -3— B1l' implies B -8— B2
disabling B=BIl[>B2 Bl —-g— Bl'implies B—-g— Bl'[> B2

B2 —g— B2' implies B —g— B2’
B1-3— B1' implies B -§— B1'

e et S S, B S g . e e et St A et S e S " S S S S S T S—— — v — —
o T e o S o S S e e i i e i e S s B S e e B e B S o

Figure 3.1 Inference rules for basic LOTOS expressions
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3.3 PETRI-NET-BASED REPRESENTATIONS OF LOTOS

3.3.1 A Communicating System of Petri-Nets (by Checung and Zhu) | CHESS|

The mode], a Communicating System of Petri-nets (CSPN), is proposed by Cheung, ¢t
al. for the representation of the processes of a distributed system specified in full LOTOS
[CHES8S). Briefly, each LOTOS process is represented by a CSPN and each LOTOS operation
between two processes is represented by adding transitions and/or places to connect the relevant
CSPNs. This part of the model has been modified for data flow analysis of LOTOS |[HUA92).
The resulting CSPN preserves the modularity of a LOTOS specification.

CSPN uses two types of tokens: control-tokens (c-tokens) and data-tokens (d-tokens).
c-tokens are used to regulate the control flow of the system. d-tokens are vehicles for
transferring data values. Each d-token is associated with a data list carrying three kinds of
information: value-expressions, sorts and usage status (i.e., "has been defined” or "o be
defined"). In order to describe special actions, CSPN introduces four types of transitions:
assignment-transitions (a-transition), guarded-choice-transitions (g-transition), interactive-
transitions (i-transitions) and matched-transitions (m-transitions). a-transitions represent groups
of value-assignment statements. g-transitions represent guard-choice. i-transitions are primitives

for interprocess communication, m-transitions represents matched synchronizations.

3.3.2 Galileo Nets (by Marchena and Leon) [MARS9]

Galileo is an environment for a designer to model, analyze and simulate concurrent
systems by means of a Galileo net, which is a Petri net with the extension of data operations

based on Pascal data types [SAN86}. Data places associated with transitions are introduced into
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Galileo nets for the manipulation of data operations. The firing of transitions may depend on the

predicates of the data contained in the associated data places and may modify these data.

For analysis purpose, a LOTOQS specification is first transformed to a Galileo net and
analysis is done through the net [MARS89]. In this approach, only well-formed recursions are
considered, i.e., all recursions must be prefixed by the action prefix (;). Although Galileo
supports data operations, it cannot handle abstract data types in a formal way. Furthermore, the
net absorbs all the LOTOS processes and operations, i.e., the operational relationships among
the LOTOS processes do not remain as part of the characteristics of their Galileo net

representation.

3.3.3 Place/Transition-Nets (by Barbeau and Bochmann) [BARS0]

Barbeau and Bochmann introduce a Place/Transition net (P/T-net) semantics for LOTOS

[BAR90]. Basically, it is a Petri-net whose transitions may be labelled with a user-defined

action, a successful termination action (8) or an internal action (i). It can represent a subset of
basic LOTOS with the following constraints on recursions:
1) A process instantiation must be prefixed by an action prefix, or must be in the right
sub-expression of an enabling operator (>>) or a disabling operator ([>).

2) The general parallel operator ([ ]I) is not allowed within a recursive process definition.
Barbeau, et al. prove that every specification based on this subset of LOTOS can be

transformed to an equivalent P/T-net, and vice versa. However, P/T-net is lack of data handling

facilities. No validation application has been proposed.

27



3.3.4 Networks (by Garavel and Sifakis) [GAR90]

The network proposed by Garavel and Sifakis is a basic Petri-net with the extension of

data operations at the transitions and a partition of the places [GAR90]. Euch transition is

attached with three elements: 1) a visible gate, a hidden gate "t” or an invisible action "€"; 2)
an offer which is a list of value/variable declarations; and 3) an action which may be a null
action or a composition of an assignment, a condition and/or an iteration. The partition of
places is determined by a set of special components called units. Intuitively, each unit is a subsct
of places which represents a sequential behavior. A unit can also be hierarchically refined into
subunits to express that the corresponding behavior is composed of several concurrent

sub-behaviors. However, no details of units are given in that paper.

In Garavel's network, the inaction "stop” is represented as one place. An action is
represented as two places connected by a ransition. A process is represented as a set of places
and transitions connected according to the operators involved, Similar to other Petri-net-based
models, some constraints are imposed on recursive processes. For instance, no recursion is
allowed in the following cases:

1) the operand of a general parallel operator,
2) the operand of operator "par”, and

3) the left sub-expressions of the enable or disable operators.
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Chapter 4

INTERACTING PETRI-NETS (I-PN)
AND THEIR REPRESENTATION FOR LOTOS

4.1 INTRODUCTION

In this chapter, as the first major contribution of this thesis, we introduce a model called
Interacting Petri nets (1-PN) and use it to represent basic LOTOS. The underlying concept and
operations of this model are mainly based on LOTOS. Briefly, Petri nets representing different
processes can interact with one another. Conceptually, each interaction appears in the form of
an operation applicd on the participating Petri nets. For example, as in LOTOS, two Petri nets
may be executed in paratlel (as PARALLELISM in LOTOS), or in mutual exclusion (as
CHOICE in LOTOS), or one Petri net may interrupt the execution of another (as DISABLE in
LOTQOS).

At the present stage of our development, the meanings and types of operations adopted
in this Petri-net model are exactly the sume as those for LOTOS and hence will not be explicitly
denoted and defined here in detail (see Chapter 3 for the semantic meanings of these

operations). Instead, we shall tuke the following approach to describing our model:

a. For each of the three basic 1.LOTOS elements exit, stop and action, we propose an I-PN
representation,
b. For each of the primitive composite LOTOS operations, we describe how its I-PN

representation can be obtained by replacing the operator with places and/or transitions
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connecting the I-PN representutions of its operands.

Such an approach has three objectives:

a. To show that the exccution of [-PNs is, in principle at least, the same as ordinary Petri
nets.

b. To develop a new Petri-net representation of LOTOS.

c. To lay the ground work for the derivation of a metric for measuring the complexity of

an I-PN or a1 LOTOS specificaiion.

The rest of the chapter is organized as follows. In Section 4.2, we define the notations
to be used for the transformation, the basic elements of the I-PN model and the four types of
I-PNs. In Section 4.3, we define a set of graphical operations and use them to describe the
I-PN representations of LOTOS expressions. In Section 4.4, two rules for simplifying such
representations are described. Lastly, a formal description of the rules for transforming LOTOS

specifications to I-PNs is given in Section 4.5.

4,2 THE INTERACTING PETRI-NET MODEL

In this section, we describe the basic ingredients of the I-PN model and some special

operations used to describe the transformations of LOTOS specifications to I-PNs.

Definition 4.1 An /nteracting Petri-net 1-PN(S) representing a LOTOS expression S is an
8-tuple <P, T, E, L, 1, p;, py, s>, Where

P(S) : afinite set of places;

T(S) : a finite set of transitions;
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E(S): a setof arcs, i.e., E C (P(S) x T(S)) v (T(8) x P(8));

L(S): a set of transition labels for T(S), which is the set of event names of S;
1(S) : alabelling function I: T(S) — L(S);

p;: theinitial place;

p,: theexit place; and

ps: the stop place.

Besides the three basic types of elements: places, transitions and arcs, an I-PN has two
special types of elements. The first one is the 'stop’ place from which no arcs and hence no
tokens can come out, representing the deadlock status. The second one is the ‘exit’ place,

representing a successful termination.

The following notations and symbols will be used for the description of the transformation

rules and the complexity formulas.

Definition 4.2 The following notations denote some special components of I-PN(S):

T,(8) = ( tIte T(S), I(t) = ‘exit'}, i.e., the set of transitions in I-P(S) with the label

"exit";

T(8S) = { t1te T(S), I(t) = 'exit’ or I(t) = 'stop’}, i.e., the set of transitions in I-PN(S)

with the label "stop" or "exit";

T(G,S) = {t 1t e T(S), I(t) € G, where G is a set of gates}. i.e., the set of transitions

in I-PN(S) with labels in G.
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E,(8) = [{p,1), (t,p) | (p.1), (t,p) € E(8), t € T,(S)}, i.e., the set of arcs adjacent to one of

"exit" transitions in [I-PN(S).

E(G,S) = {(p,t), (1,@) | (p.1), (1,q) € E(S), I(t) € G, where G is a set of gates). i.e., the

set of arcs adjacent to one of transitions in T(G,S);

N(S) = P(S) U T(S), i.e., the set of nodes of I-PN(S)

Definition 4.3 The following symbols (Figure 4.1) are used for the graphical description of
an I-PN: )

O a place

. a stop place

a transition

o an arc

«4--d twoarcs, one in each direction

mm||||||llt-- a set of arcs starting from or ending at one place
=i a set of arcs ending at a stop place

the 'body’ of a process

Figure 4.1 Symbols used for describing an I-PN

A LOTOS expression is composed of operators and operands. An operand is itself a
LOTOS expression representing a single event or a composite behavior expression. In the [I-PN
model, an event is represented by a transition with a label. e.g., a transition with a special label

'‘exit'. The 'body' of a process is an abbreviation including all events in the process.

Symbolically, the I-PN of a behavior expression S begins with an initial place p;, follows with
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a rectangle representing all actions of S, and ends possibly with an exit place p, and/or a stop
place p,. p, and p, are called the outlet(s) of the I-PN(S). Figure 4.2 shows their graphical

abbreviations.

slop  stop slop
represents ~ssen

exit exit exit
represents cenen

Ol

Figure 4.2 Qutlet representation in an I-PN

Depending on its outlets, an [-PN(S) may be classified into four types (Figure 4.3):
Type 1: I-PN(S) has no outlet.

Type 2: I-PN(S) has only a stop outlet.

Type 3: I-PN(S) has only an exit outlet.

Type 4: I-PN(S) has both a stop outlet and an exit outlet.

type | type 2 type 3
P ' p; p;
O ok O
S S S
o q,

Figure 4.3 Four types of I-PNs
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4.3 GRAPHICAL CONSTRUCTION OF THE I-PN FOR A LOTOS SPECIFICATION

The following five graphical operations are needed for describing the rules for

transforming a LOTOS expression to its I-PN representation.

Definition 4.4: (graphical operations used in the construction of 1-PN)

In the following, p represents a place, t represents a transition, and ¢ represents a place

which actually does not exist.

Opn.1 Place or transition creation :
newp(pyy Pay « sDy) Or newt(ty, ty, ... ,t,)

This operation creates new places py, P, - Py OF NEW traNSItions iy, L3, ..., 4y,

Opn.2 Arc creation : p — tort = p ([P])
If predicate P is satisfied, this operation adds an arc from p to t or from t to p.

Otherwise, nothing is done.

Opn.3 Place merging : p =p'

If p or p' does not exist (i.c., §), nothing is done. Otherwise, place p' and its i

incoming and outgoing arcs are merged into place p.

Opn.4 Transition merging : t; = t;x t, [P]

In this operation, if the predicate P is satisfied, the pair of transitions t; and 1, are
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merged to form a new trinsition t;, and all the arcs adjacent to t; and y,become adjacent

arcs to t;,,. Nothing is done if P is not satisfied.

Opn.5 Label assignment : I(1) = 'a’

This operation assigns the lubel "a’ to transition t.

The rules for constructing the I-PN representation of a LOTOS expression is described

below.

Rules for Constructing an I-PN: Rules (a) and (b) are for constructing I-PN(stop) and
I-PN(exit) respectively. For a composite LOTOS expression S representing an operation
oh two sub-cxpressions A and 13, 1-PN(A) and I-PN(B) should be constructed first and
then 1-PN(S) can be constructed by combining I-PN(A) and I-PN(B) via one of following
Rules (¢) - (i) :

(a). Inaction stop (Figurc 4.4) :

I-PN(stop) is composed of an initial place py, a transition tg labelled with the special

symbol "stop” and a stop place p; which represents a deadlock status.

Construction procedure:
newp(p, Py), newi(t,);
I(t, ) = "stop’ 'stop’ Ly
Po =b ly o Py

Figure 4.4 I-PN(stop)
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(b). Successful Termination exit (Figure 4.5) :

I-PN(exit) is composed of an initial place pg, a transition tg labelled with the special

action "exit" and an exit place p, which represents a successful termination action.

Construction procedure: P
0
newp(po» P1)» newt(to); L
. exit to
I(ty) = 'exit’.
P

Pp— Gty RS

Figure 4.5 [-PN(exit)

(c). Action Prefix a; A (Figure 4.6)

I-PN(a; A) is constructed by adding 1-PN(A) an initial place py and a transition tg
with label "a". It means that action "a" must have been performed before the behavior

expression A is executed.

Construction procedure:

newp(py, newt(t,);
I(ty) = "a".

Po—)tO' [0 - Pia;

Figure 4.6 I-PN(a; A)
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(c). Choice A [] B (Figure 4.7) :

I-PN(A || B) is constructed by first creating an initial place py and two empty
transitions &; and €;, and then connecting them to the initial places of I-PN(A) and

[-PN(B). These two emply transitions represent ihe choice operator and correspond to no
action.
Construction procedure:

newp(py), Newt(€, € );

gy} =1, ) ="1I

Pooey Po-ogp
€0 Pias &= P

Rxa' Rb' psa‘ Eb'

Figure 4.7 I-PN(A [] B)
Example 4.1
Consider A [} B, where A =u; stop and B = b; exit

I-PN(A) 1-PN(B) I-PN(A [1 B) P,
R Ro

14
€

lal |bl pla %
‘'stop’ ‘exit’
'stop'
g Bb %

Figure 4.8 An example of I-PN(A [] B)

0

Ibl

'exit’

ovortor
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(e). Enabling A >> B (Figure 4.9) :

I-PN(A >> B) is constructed by first creating an empty transition €, which represents

the enable operator, and then connecting it to the exit place p,, of I-PN(A) and the initial

place py, of I-PN(B). If A has no exit (i.e., py, = $), then B can never be enabled and

I-PN(A >> B) is the same as 1-PN(A). By means of the empty transition g, I-PN(A >> B)

is able to express potential recursions of B.

Construction procedure:
newt(g);

l(‘;O ) ="\

pxa —E* € = plb;
Psa= Psp-

psaE psb O P

Figure 4.9 I-PN(A >> B)
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Example 4.2

Consider A >> B, where A = a; stop [] b; exitand B = ¢; exit

'stop’ ‘exit'
Ba
>> €

Psa™ Pgp &b

Figure 4.10 An example of I-PN(A >> B)

(f). Disabling A [> B (Figure 4.11) :

I-PN(A [> B) is constructed by first creating an initial place pg and an empty
transition €, which represents the disable operator, and connecting them to the initial places
of I-PN(A) and I-PN(B). Then the initial place of I-PN(B), is connected to every terminal
transition of A by an arc, and with every other non-empty transition of A by two arcs, one
in each direction. The semantics of the disable operator is reflected in the following way:

when the transition with label ‘[>' is fired, a token will be deposited into the initial places
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P;a and pip. Then, no transition in I-PN(A) can be fired unless a token is still in py,. Aflter
firing a transition in I-PN(A), a token will be returned 10 pyp. Once any transition in

I-PN(B) is fired, the token in p;y is taken away and the transitions in I-PN(A) can no

longer be fired. This disables any execution within A,

Construction procedure :

newp(pp), newt(g);

Po— & € Dip, € 3 Pipp;

Ie) = ">

pp—t [te T(A), t#e], t—py [te T(A) -T(A) t2E€];

Psa = Psb» Pxa = Pxb-

Figure 4.11 I-PN(A [> B)
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Example 4.3

Consider A [> B, where A =a; stop [] b; exitand B =c; exit

P = psb pxaE pxb

Figure 4.12 An example of I-PN(A [> B)

(g). Interleaving A ||| B (Figure 4.13) :

I-PN(A [Ii B) is constructed by first creating an initial place py and an empty
transition €, which represents the interleaving operator, and connecting it to the initial
places of I-PN(A) and I-PN(B). Then, depending on the outlet types of I-PN(A) and
I-PN(B), two cases should be considered. In Case 1, where both I-PN(A) and I-PN(B)
have an “exit" place, each pair of their exit transitions is merged to become an exit
transition of I-PN(A IIl B), and their "stop" places, if any, are merged into one stop place.
In Case 2, where either I-PN(A) or 1-PN(B) does not have any "exit" place, all exit
transitions will become stop transitions (i.e., deadlock status), and all stop places and exit

places will become a stop place.
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Construction procedure:
Case 1. (both p,, and p,; exist)

newp(pg), newt(e),

Po— &€, € 2 Pjp € 2 Py

1(e) = "lIl%

g = 4§ X U l(tj.k) = 'exit’ [V(tj. ) (tj e T,(A) and 1 € T (B)];

Psa = Pst» Pxo = Pxh

Case 2. (otherwise)
newp(py). newt(g);
Po = € € = Pjys € = Piy
i(e) ="l
1(t) = 'stop’, V te T,(A)u T (B)

Psa = Psb = Pxa = Pxb-

0 ]
r € ne £
P in P ih.
A B
p=ep p:n pxb psnii psb " pxui pxh
su ' sbh
Case 1 Case 2

Figure 4.13 I-PN(A Il B)
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Example 4.4
Consider A lll B, where A = a; stop [] b; exit and B =¢; exit

sn  sh xa xb

Figure 4,14 An example of Case 1 of LlPN(A [l B)

Example 4.5
Consider A ill B, where A = a; stop {] b; exit and B = ¢; stop

Aa

Eu! prg Pe pxb

Figure 4.15 An example of Case 2 of I-PN(A Il B)
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(h). Parallelism A [G| B, where G = [g;,82,..s8,] (Figure 4.16) :

The construction of I-PN(A |Gl B) is similar to that of I-PN(A #ll B). In order to
reprzsent the rendezvous between process A and process B, we have to merge the gate
transitions (in G) of I-PN(A) and I-PN(B).

Construction procedure:
Case 1. ( both p,, and p,y, exist )
newp(pg), newt(g);
Po— € € = Pjn € = Pty
1(e) = "IGI;
ik = b X b 1) = exit’ [V, 1) (& Ty(A) and yee Ty(BYI;
tnn = tm X by W) = 100) [V (g, ) b € T(A) and t € T(B), I(t,,) =1(,) e G|,

Psa = Dst»  Pxa =Pxb-

Case 2. (otherwise )

newp(po), newt(e);

0o oG

o
=
-
-

9
15
3
15

-
-
[

—

e

Mg

<§
{

e

n
oL

N O' i

Figure 4.16 I-PN(A IGI B)
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Po— € € 2 Pjw € = Pt

i(e) = 'IGI;

tmn =t X by W) = Kt IV (i 4 1 € T(A) and t, € T(B), I(t,) = I(t)) € G;
1(1) = 'stop’ , V1 e T, {(A) U T,(B)

Psa = Psb = Pxa =Pxb-

Example 4.6
Consider A lal B, where A = a; exit and B = (a; exit Il b; exit)

!exitt
P“B pxb
Figure 4.17 An example of Case 1 of I-PN(A ial B)

(i). Recursive process A := ..A... (Figure 4.18)

To construct I-PN(A), a recursive occurrence of process A is first represented by a
place p';, (Figure 4.18(a)), which is then merged with the initial place p;, of process A (Figure
4,18(b)).

Construction procedure:
Pia =Pa
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(a) P (b) p= pf=

z O-ll[ll"[lm.

P

sa

o

Figure 4,18 1-PN(A) with a recursive process

It should be pointed that, such an arrangement for representing recursions is just for the
purpose of obtaining the complexity measurement of an I-PN. Obviously, this is not precise
for representing a recursive execution. For such a purpose, each call 1o recursive process A
should introduce A new copy of I-PN(A) to work with, so that tokens at different levels of

calling will not be mixed up. However, detail of this is out of the scope of this thesis.

Example 4.7
A:=a A[]b;exit

1 R

ia

exit exil

Figure 4.19 An example of I-PN(A) with a recursive process
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4.4 SIMPLIFICATION OF THE 1-PN REPRESENTATIONS

Some of the places and empty transitions created in the procedures for constructing an
I-PN representation ars useless for representing the control flow and executing the I-PNs. In
this section, we introduce two rules for discarding them. Rule S1 can be used to simplify the

representations for enable (>>) and choice ([1) operators, and Rule S2 for the disable ([>),

interleaving (lll), and parallel (IGl) operators.

(2). Rule S1. If an empty transition £ that has a unique incoming place p and a unique

outgoing place p' where p' is not the initial place of a recursion process, then € and its

incident arcs can be discarded (Figure 4.20) by combining the places p’ and p.

simplified to

—

Ol
o

i

.U.

i,
il

Figure 4.20 Simplification Rule S1
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Example 4.9

Consider S = a; (A |] b; exit)

a
P
simplified to
&
P’ :
b
exit

Figure 4.21 An example of simplification by Rule S1

(b). Rule S2. If a place p is connected to a unigue incoming transition € and a unique outgoing

transition €', where £ and €' are empty transitions, then the place p and its incident arcs can

be discarded (Figure 4.22) by combining the transitions € and €',

simplified to

-

m
i
o

-

"W,

Figure 4.22 Simplification Rule 52
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Example 4.10

S = (a; exit Il b; exit) il c; exit

simplified to

—

exit

Figure 4.23 An example of simplification by Rule §2

4.5 FORMAL DEFINITION OF I-PN REPRESENTATIONS OF LOTOS EXPRESSIONS

This section includes the formal descriptions of the I-PN representations of the

elementary LOTOS expressions. In these descriptions, the symbol ¢ is used to denote the

non-existence of a terminal place.

(a). I-PN(stop) for Inaction stop :
P(stop) = (po. P}
T(stop) = (to}
E(stop) = ((po» to), (to» P1))
L(stop) = ("stop"})
I(tg) = 'stop’
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Pi=Po Px=¢. Ps=Pi1-

(b). I-PN(exit) for Successful Termination exit :
P(exit) = {po, P1}
T(exit) = {tp}
E(exit) = {(Po, to): (t: P1))
L(exit) = {"exit"}
1(tp) = 'exit’

Pi =Po» Px =Pn Ps=9¢.

(c). I-PN(a; A) for Action Prefix a; A :
P(a; A) =P(A) U (py)
T(a; A) = T(A) W (1p)
E(a; A) = E(A) W {(po. to ), (tg, Pia )}
L(a; A) =L(A) U ("2")

1(tg) =2’
P; = Po> Px = Pxar Ps = Psae

(d). I-PN(A [] B) for Choice A[] B :
P(A [1B) =P(A) U (P(B) - {px» Psp }) V (Po)
T(A (1 B) = T(A) U T(B) U {g,, &)
E(A [] B) = E(A) U E(B) U {(Po. &), (Po» Eg): (€g» Pias (€1, Pi))
LA [I1B)=L(A)VLB) v {"]")

I(gy) =1(e)) =TI
Pi =Po» Px = Pras Ps = Psue
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(e). I-PN(A >> B) for Enabling A >> B :

Case 1. pya=9
I-PN(A >> B) is the same as I-PN(A)

Case 2. p,, #9¢
P(A >> B) = (P(A) - (ps,}) v P(B)
T(A >> B) =T(A) U T(B) U {€]
E(A >>B) =E(A) U E(B) U ((pxus €): (& Pip))
L(A >> B) =L(A) W L(B) u {">>")

I(g) = ">>'
P; = Pia» Px = Pxbr Ps = Psar

(f). I-PN(A [> B) for Disabling A[>B:
P(A [> B) = P(A) U (P(B) - {pyw Psv}) VY {Po!
T(A [> B) = T(A) U T(B) L (€]}
E(A [> B) =E(A) UE(B) VE([>)
where E([>) = ((pip, 1) (t, pip) | V t € (T(A) - T,(A), 1(1) # elu
((pin 1V t € T(A)} U {(pg, €), (&, Pia)s (&, Pip )}
L(A[>B)=LA)VLB)uw {"[>")
1) = "[>'
Pi = Po» Px = Pxar Ps= Psa-

(g). I-PN(AIIB) for Interleaving A ||| B :
Case 1. (pya# O APp®$)
P(A Il B) = P(A) U (P(B) - {Pxw Psb)) Y {Po)
T(A Il B) = (T(A) - T,(A)) U (T(B) - T,(B)) U T(I) L {e],

where T(") = [tj.k |V (l’j, tk)’ tj € Tx(A), t € TX(B)]
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E(A Il B) = (E(A) - E,(A)) L (E(B) - E,(B)) W E(l),

where E() = {(p, t;3) | t; € T(N), Gp)(p, t)) & E(A) v (p, ) € E(B)) v
(0 P 1 4 € TAD, Gp)(Y;, P) € E(A) A (ki p) € E(BY L
{(Po, €): (&, Dio)s (€, Pip) )

L(A il B) = L(A) UL(B) U ("II")

I(g) = "I

l(tj'k) = 'exit', where tix € T(Il)

Pi=P0: Px =Pxa: Ps™ Psa
Case 2. (Pxa=¢ vV Pxp=9)
P(A Il B) = (P(A) - {pxa)) W (P(B) - (pxp}) V {Po)
T(A lll B) = T(A) U T(B) U (€}
E(A lll B) = E(A) V E(B) U {(pg, &), (&, Piy ) (€; Pn))
L(AlIB) = (L(A) VLB) L ("lII"} - {"exit"}
I(e) = "It
I(t) = 'stop' , where t € T, (A) v T,(B)
Pi=Po» Px =9, Ps=Pu-
(h). I-PN(A IG! B) for Parallel A |G| B, where G = [g, 83, -o» 8]
P(A IGIB) =P(A lll B)
T(A IGI B) = (T(A | B) - T,(G, A) - Ty(G, B)) v T(Gl)
where T(IGl) = [tj'kl Gk =X b, 1() = I(ty) e G,y € T(A), 1, € T(B)}
E(A IGIB) = (ECA I B) - ((py, 1), (t. pp) It € T(A) U T(B), I{t) e G)) v E(GH
where E(IGI) = {(p, ;) ty € T(GD, (p, t) € E(A) v (p, t,) € E(B)} U

(440 P} 4 € T(GY, @;, p) € E(A) v (4, p) € E(B))
L(A IG! B) =T(A Il B)

52



Pi = Po: Px = Pxas Ps = Psar

(i). I-PN(A) for Recursive Process A :=.. A ..:
Let I-PN(A") be the I-PN of process A before merging the place p';; to place py,.

Then,
P(A) = P(A") - {p'y}
T(A) =T(A")

E(A) = (E(A") - {(t, P')l t € T(A), (t, Pi) € E(A))) W

{t pi) te T(A), (t, pia) € E(A))
L(A) =L({A")
Pi = P'iwr Px = P'xar Ps = Psa-
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Chapter 5

CYCLOMATIC COMPLEXITY
OF INTERACTING PETRI NETS AND LOTOS EXPRESSIONS

5.1 INTRODUCTION

This chapter contains the mujor contribution of this thesis: a new cyclomatic complexity
metric for I-PNs and LOTOS expressions. Our results on this structural metric include two
parts: a general formula for computing the complexity of an I-PN and a set of constructive
formulas for calculating the complexity of the primitive LOTOS operations. The general
formula is derived from graph theory, and the constructive formulas are obtained by applying
the general formula to the individual LOTOS operations. To apply the general formula to a
LOTOS expression, one first transforms the expression to an I-PN and then counts its number
of places, transitions and arcs. By mceuns of the constructive formulas, one cun calculute the
cyclomatic complexity of a LOTOS expression directly from the expression itself, i.¢., without

the necessity of transforming the expression to an I-PN.

McCabe's cyclomatic complexity is the most well-known structural metric, which is
based on the control flowgraph of 4 non-distributed system. In order to apply it to a distributed
system, we have to find a graph-based representation for the system. In Chapter 4, we propose
the I-PN model for this purpose in the case of LOTOS. Similar to McCabe's approach, we use
the cyclomatic number of the I-PN as the structural complexity of the corresponding LOTOS

expression (Figure 5.1).
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Computer LOTOS

program specification
Flowgraph I-PN

Calculate cyclomatic number

of the flowgraph or the I-PN
Complexity of Complexity of
flowgraph or program I-PN or LOTOS spec.

Figure 5.1 The cyclomatic complexity of computer programs and LOTOS specifications

The rest of this chapter is organized as follows. Section 5.2 briefly reviews the
iormulas and theorems for the cyclomatic number and its application as a complexity measure.
In Section 5.3, we derive a general formula for calculating the cyclomatic complexity of an
I-PN and apply it to calculate the complexity of LOTOS expressions. However, to do so, we
have to generate the corresponding I-PN. For a complicated LOTOS expression, its
corresponding I-PN may be huge and complicated. In order to overcome this difficulty, in
Section 5.4, we introduce a series of constructive formulas, by which we can directly calculate
the complexity of a LOTOS expression from the expression itself. Lastly, consistence between

the constructive formulas and the general formula is proved in Section 5.5.
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5.2 CYCLOMATIC COMPLEXITY OF A FLOWGRAPH

The concept of a cyclomatic number originated from graph theory |BER73). For a
graph Q with n vertices, ¢ arcs and one connected component, Berge defines the cyclomatic
number of Q as

viQ=e-n+1

Generally, if Q has p connected components Qy, Qy, ..., Qp its cyclomatic number is
v(Q)=v(Q)) + v(Qp) +... +v(Q)
=(e;-n + D+ {eg-ng+ 1)+ +(ep-n,+ 1)
=(e;+ep+.. ke -{np+tmp+.tn)+(1+1 + .. +1)
=e¢-n+p
Definition 5.1: A cycle in a graph Q is a sequence of arcs { = (uy, Uy, ..., uy) such that
(1) arc uy.y is connected with arc uy, where k=1, 2, ..., nand ug = uy;

(2) u; * Uy, ifj #k.

Definition 5.2: An elementary cycle of a graph Q is a cycle containing no proper sub-cycles.
Definition 5.3: A set of cycles .y, Wy, ... » Hy in a graph Q is said 1o be dependent if

there exists a linear combination of the form ryjL; +rpply + ... + 1ty = 0, where ry, ry,

..., Ty are integers, not all zero. If the cycles are not dependent, they are said to be

independent.
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Definition 5.4: A cycle basis is a set of independent elementary cycles {H, Yo, .. » M)

such that any cycle  can be written as | =1y, + folly + ... + rylty where ry, I, .., Ty

are rational numbers. The cyclomatic number is the cardinality of a cycle basis. It does

not depend on the choice of the basis.

Theorem 5.1 [BER73]: Let Q be a graph with n vertices, ¢ arcs and p connected
components. The cardinality of a cycle basis is v(Q) = € - n + p. It is the maximum

number of independent cycles in Q.

McCabe developed the above theorem based on the flowgraph of a computer program.
He assumed that the flowgraph has 4 unique entry node and a unique exit node that each node
can be reached by the entry node und can reach the exit node. Then, a path in a flowgraph can
be defined as follows.

Definition 5.5: Let R be a flowgraph with a unique entry node and a unique exit node. A

path in R is a sequence of edges 6 = (uy, Uy, ..., Uy); such that
(1) uy starts at the entry node and u,, ends at the exit node,

(2) edge u_; is connected with edge uy, where 1 <k <n

In order to apply the Berge's formula to a flowgraph R, McCabe added an edge from
the exit place to the entry place of a flowgraph so that the new flowgraph R’ is a strongly
connected and any path from the entry node to the exit node can be represented by a circuit

through both the entry and the exit nodes. Suppose R has n nodes, ¢ edges, and one
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component. Then, the cyclomatic number of R’ is:

vR)=(e+1)-n+1l=e-n+2

By Theorem 5.1, v(R") is equal to the maximum number of independent cycles in R'.
When the added edge is removed from R, a cycle passing through both the entry and exit
nodes becomes a path from the entry node to the exit node. Therefore, v(R) = v(R’), which is

related to the control structure of the corresponding program. In general, il R has p

components Ry, Ry, ..., Ry, the cyclomatic complexity of R is:

V(R) = v(R)) + v(Ry) + ... + V(RP) =e-n+2p

Theorem 5.2 [MCC76): The cyclomatic complexity of a flowgraph R is equal 1o the

maximum number of independent paths in R.

5.3 CYCLOMATIC COMPLEXITY OF AN INTERACTING PETRI NET

In this section, we give a general formula for calculating the cyclomatic complexity of

an I-PN.

Theorem 5.3: Let S be a LOTOS specification. The cyclomatic number of [-PN(S) is given

by the following formula:
F  v(S)=IES)-IN@S)+qg+1

where IE(S)l is the number of arcs in I-PN(S), IN(S)! is the number of nodes

(places and transitions) in I-PN(S) and q is the number of outlets of I-PN(S).
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Proof: In Section 4.2, we classify I-PNs into four types, according to its number of outlets.

To derive formula F, we have to consider the folowing three cases (Figure 5.2).

case 1 case 2 case 3

:
w4 ’ 5;,

[ N

[]

[]
'QQJ
m"U

[]

[]

[]

[]
e}

Figure 5.2 Three cases of I-PN(S)

Case 1: I-PN(S) has no outlet. In this case, no arc is to be added to the I-PN(S). By
Berge's formula, we have

F1 v(S) =IE(S)I - IN(S)I + 1

Case 2: I-PN(S) has one outlet, p, or p,. In this case, an arc p;-p; or p,—p; is added

to connect the outlet to the initial place. By McCabe's formula, we have

F2 v(S) = (IE(S)I + 1) - IN(S)I + 1 = [E(S)| - IN(S) + 2

Case 3: I-PN(S) has two outlets, p, and p,. In this case, two arcs p;—p; and py—p;
are added to connect the outlets to the initial place. The cyclomatic complexity of
[-PN(S) is

F3 v(8) = (IE(S)I + 2) - IN(S)I + 1 = [E(S)I - IN(S)I + 3

By combining formulas F1, F2, and F3, we conclude that the cyclomatic
complexity v(S) of I-PN(S) is
F  v(S)=IE®S)-INS)+q+1
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where ( is the number of outlets of [-PN(S).

From Section 4.5, we notice that each simplification rule will result in discarding two
nodes (one place und one transition) and two arcs from the 1-PN. Hence, by the general

formula F, the complexity of the simplified I-PN remains unchanged.

5.4 CYCLOMATIC COMPLEXITY OF LOTOS EXPRESSIONS

In order 10 apply the general formula F to a LOTOS expression S, we have first
generate the corresponding 1-PN(S) and then count its number of nodes, arcs, and outlets.
However, by studying the basic LOTOS operations individually, we have developed a series of
constructive formulas for calculating the cyclomatic complexity dircctly from the primitive

LOTOS expressions without generating I-PN(S) (Figure 5.3).

No. S v{S)._(Cvclomatic Complexity of S)
CFl1 stop 1
CF2 exit H

CF3 aA v(A)

CF4 A[IB v(A)+v(B)

CF5 A>>B v(A)+1{p,,li(v(B)-1)

CF6 A[>B v(A)+ v(B) +2IT(A)I - IT(A)l

CE7 ANB  v(A) B+ p,, 1Py OE AT, (ANT(BY-1+(E,B)-T (BT (A)-1)]
CE8 AIGIB v(AlIB) + IE(G,AIGIB)! - IE(G,A) - IE(G,B)! - IT(G,AIGIB)! + IT(G,B)I + IT(G,A)l
CF9 S§' ] where: §' is a recursion of S.

_—__.-—_————_..--.-———_-—__.__—___.-_......-_——_—--—-_—__—.-.—_...—._—.__—-——————-.-....-—...__.......
____._-—.....—————.—————————_—-___—..--..—__——-....—-——_——.——-.-————_—-———_——.——.—.—_..._._—

Figure 5.3 Constructive fonnulus for the cyclomatic complexity of a LOTOS expression



The notations used in Figure 5.3 are defined as follows:

T'(S): the set of non-empty transitions in I-PN(S);

T(S): the setof "stop" and "exit" transitions in I-PN(S);

TL(S) = { tI1t e T(8), I(t) = 'exit'}, the set of "exit" transitions;

T(G, S) = [t 1 te T(S), I(t) € G, where G is a set of gates}, the set of transitions with

jubels in G.

E,(S) = [(p.t), (L,p) | (ps1). (t,p) € E(S), t € T,(S)), the set of all arcs adjacent to an

"exit" transition.

E(G, S) = [(p.t), (t.g) | (p.), (t,q) € E(S), 1(t) € G, where G is a set of gates}, the set

of all arcs adjucent to an transition in T(G,S);

The cardinality of tie above sets can be calculated by applying the following rules

repeatedly:

ITG, S) = £ IT((g), S)
ge G

[E(G, 8y = X IE({g), S);
peG
Exp.1 For S = stop (Figure 4.4) :

IT(S) =1, IT(S) =1, IT,(S) =0, E,(S) =0, IT(G,S)I =0, and IE(G, S$)| =0.

Exp.2 For § = exit (Figure 4.5) :

IT'(S) =1, ITAS) =1, IT(S) =1, IE,(S) =2, IT(G,S)l =0, and IE(G, 8)I =0.
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Exp.3 For S = u; A (Figure 4.6) :
IT'(S) = IT'(A) + 1, IT(S) =IT,(A), IT(S) =T (A)l, IE,(S) =1E(A)l.

IT((a},S)l = IT((a), A} + 1, and [E({a},S)| = [E({a}, A)l +2.

Exp.4 For $ = A || B (Figure 4.7) :

IT(SH = IT'(A) + IT'(B)l, IT(S)I = IT (A} +IT(B)I,

IT,(S)} = IT(A)l + IT,(B)l, IE,(S) = [E,(A)l +IE,(B)l,
IT(G,S)| = IT(G, A)l + IT(G, B)I, and IE(G, S)| = [E(G, A)l + |E(G, B).

Exp.5 For S = A >> B (Figure 4.9) :

Case 1. {pyu} =
IT'(S) =IT'(A)l, IT(S) =IT(A)l, IT,(S)l =T, (A)l, IE,(S)I = IE(A),
IT(G, ) = IT(G, A)), and IE(G, S)! = IE(G, A)l.

Case 2. (Pra) # 0.
IT(S) =IT'(A) + IT'(B)Y; IT(S) =T (A)l - IT,(A)l + IT(B)I,

IT,(S)! = IT,(B)l, |E(S)I = IE,(B),
IT(G, S)! = IT(G, A)l + IT(G, B)l, and IE(G, S)! = [E(G, A)l + [EG, B).

Exp.6 For S = A |> B (Figure 4.11)":
IT(S) =IT(A) + IT'(B), IT(S) =T (A)l + T (B),

IT(S) = IT,(A) + IT(B)], [E(S) = [E(A)l + [E((B)l + ITy(A)],
IT(G, S)l = IT(G, A)l +IT(G, B)l, and |E(G, S)| = [E(G, A)l + IE(G, B)l + 2IT(G, A).
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Exp.7 For S = A Il B (Figure 4.13) :
Case 1. If IT,(A)l = 0 and IT,(B)I # 0,
ITS) = IT(A) + [T(B)l + [T, (A)l IT,(B)l - IT(A)! - IT,(B),
ITS) = ITAAN + IT(B) + IT, (A) IT((B) - IT,(A)l - IT,(B)l,
IT,(S)! = T, (A)l IT,(B),
E(S)] = IE,(A)I IT,(B)l + IE,(B)I IT, (A)! - IT,(A)! IT,(B)l,

IT(G, S)I =IT(G, A)l + IT(G, B},
[E(G, S)I = IE(G, A)l + IE(G, B)I.

Case 2. If IT,(A)l =0 or [T (B)I =0,

IT'(S) = IT(A) + IT'B), IT(S) = IT(A)N + IT(B), IT,(8)i=0, IExS)=0,
IT(G, S)l = IT(G, A)l + IT(G, B)l, and [E(G, S)| = IE(G, A)l + IE(G, B)l.

Exp.8 For § = A IGI B (Figure 4.16) :
IT'(S) =IT(A ll B)I - IT(G, A)I - 'T(G, B)I + IT(G, A)l IT(G, B)l,
IT(S) =T LA I B)I, IT,(S)!=IT,(A I B)l, IE,(S) = E,(A Il B)I,
T({g), ANIT({g), B where g e G;
IT((g). S) = {
IT({e}, AY+IT({g}, B)i where g ¢ G;

IEC(lg}, AXIT({g), B)l+IE({g), B)I IT({g), A)] wherege G
IE({g), S} = {

IE({g), A)l + IE({g), B)I wherege G

Exp.9 For S =...S' where 8' is a recursive ocrrence of S (Figure 4.18) ©

IT(SY=0, IT(SH =0, IT,(8) =0, IE(S) =0, IT(G, S =0, and IE(G, §")| = 0.
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5.5 PROOF OF THE CONSTRUCTIVE FORMULAS

The constructive formulas in Table 5.1 can be derived from the general formula IF
(Section 5.3). Based on the general formula F, the following proofs will be discussed in terms
of the four types of I-PNs (Section 4.2). The corresponding figures of 1-PN(S) used in the

following proofs can be found in Section 4.3.

Proof CF1 and CF2 (Figure 4.4 and Figure 4.5) :
In both I-PN(stop) and I-PN(exit), IN(S)! =3, IE(S)I=2, q=1. Then,
v(stop) = v(exit) = [E(S)I - INS) +q+1=2-3+1+1=1

Proof of CF3 (Figure 4.6) :
Suppose that I-PN(A) has g outlets {(q =0, 1, 2). Then,
v(a; A) = (IE(A) +2) - (IN(A) + 2) +q +1
= [E(A)I - IN(A)l + q + | = v(A)

Proof of CF4 (Figure 4.7) :

Suppose that I-PN{A) has q, outlets, I-PN(B) has q, outlets, and I-PN(A[]B) has ¢

outlets. Then,
v(A [] B) =(IE(A)l + [E(B)I + 4) - (IN(A)| + IN(B)l +3 - (q, + 4 - @) +q + |

= (I[E(A)] - IN(A) +q, + 1) + (IE(B)I - IN(B)I +q, + 1)
=v(A) + v(B)

Proof of CF5 (Figure 4.9) :
Suppose that I-PN(A) has g, outlets, I-PN(B) has q; outlets, and I-PN(A>>B) has ¢
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outlets. Two cases should be considered:

Case 1. p,, = 0. i.e., {pyuli=0.
v(A >> B) =v(A)

Case 2. p,, #¢. i.c., l{py)l = 1.
v(A >> B) = (IE(A)} + IE(B)l + 2) - (INCA)| + IN(B)I + 1 - (q; +q2-q-1) ) +q+ 1

= (IE(A)! - IN(A)| +q; + 1) + (E(B)I - IN(B)} + g + 1) - 1
=v(A) +v(B) - |

Proof of CF6é (Figure 4.11) :
Suppose that I-PN(A) has g, outlets, I-PN(B) has g outlets, and I-PN(A[>B) has q
outlets. Then,
v(A [> B) =(IE(A)l + [E(B)! + 2IT'(A)! - IT (A} + 3)-(IN(A)t + IN(B)l + 2-(q; + q2-q))+q+1
=(IE(A) - IN(A) + ¢ + 1) + (E(B)! - IN(B)l + qo + 1) + 2IT'(A) - IT(A)l

=v(A) + v(B) + 2IT"(A)l - IT,(A)l

Proof of CF7 (Figure 4.13) :

Suppose that I-PN(A) has (; outlets, I-PN(B) has g outlets, and I-PN(A [l B) has g

outlets. Two cases should be considered.

Case 1. p,, =9 or p,, = ¢. Then, |{p,,}II{p )}l = 0.
v(All B) =(E(A) +IEB)I +3) - (IN(A)I + IN(B)I +2 - (q;+qz-q@)) +q + 1
= (E(A)! - IN(A)I + 1) + (IE(B)I - IN(B)I + 1)
=v(A) + v(B)
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Case 2. Pyq # § and pyp, = ¢. Then, I{py,) Py}l = 1.
V(A | B) = (IE(A)! + [E(B)! + IT, (A} IE(B)l + IT((B)l [E((A)] - IT,(A)l IT(B): -
IE,(A)l - IE(B)l + 3) - (INCA)| + IN(B)I - IT,(A)| - IT,(B)! +
IT,(ANT,(B) - (q1+ G- @) +2) +q + 1
= (IE(A)| - IN(A)i +qq + 1) + (E(B)I - IN(B)! + g3 + 1) +
(E(A)! - IT, (AT, (B) - 1) + (E(B)! - IT, (BT, (A - 1)

= v(A) + v(B) + (IE,(A)! - IT,(AM)(IT,(B)! - 1) + (IE(B)I - IT,(B))(IT, (Al - 1)

Proof of CF8 (Figure 4.16) :
Suppose that I-PN(A IGI B) has q outlets. Then,
v(A IGI B) = ([E(A Il B)l +E(G, AIGIB)! - [E(G,A)l - [E(G,B)I} -
(INCA fll B)I + IT(G, AIGIB)! - IT(G,B)! - IT(G,A)l )+ q + 1
= (IE(A ll B)l - IN(A Il B) + q + 1) + IE(G, AIGIB)! - [E(G,A)! - IE(G,B)! -
IT(G, AIGIB)! +IT(G,B)| +IT(G,A)
= v(AlIB)+E(G, AIGIB)I-IE(G, A)-E(G, B)-IT(G, AIGIB)IHT(G, B)I+IT(G, A)l

Proof of CF9 (Figure 4.18) :

In an I-PN, a recursive process $ :=...S... is represented by merging the inhtial place p;,

and the recursive place p' (i.e. p;s = p';s). This merging operation will result in deleting the

place p';s from the comesponding I-PN(S) ( i.e., v(S) will increase by one). Hence, we assign

the value 1 to each recursive occurrence.
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Chapter 6

A COVERAGE CRITERION FOR PATH TESTING OF LOTOS

6.1 INTRODUCTION

In this chapter, as another contribution of this thesis, a path testing coverage criterion for
the selection of test sequences from a LOTOS specification is proposed. Path testing is a
structural testing technique depending on a set of paths selected from a graph-based
representation of the program or specification. Hence in order to derive our criterion, an I-PN is
used to represent the control structure of a distributed system (i.e., functionality). The criterion

covers all the elements (i.e., transitions, places and arcs) of the I-PN.

The process of testing an implementation to determine its conformance with the
specification is known as conformance testing [1509646]. It involves applying test suites on the

implementation. Our coverage criterion may be used to assist in the selection of test suites.

At this stage of our research, similar to McCabe's cyclomatic complexity, the cyclomatic
complexity developed for I-PNs and LOTOS specifications can only be used to determine the
maximum number of cycle paths in a basis set that covers all the strategic elements of an I-PN. It

cannot be used to find these paths, Actual selection of these paths still depends on a human

walkthrough of the I-PN.

The rest of this chapter is organized as follows. In Section 6.2, we briefly describe the
basic concepts of path testing coverage criteria. In section 6.3, we introduce the concepts of cycle

paths and basis sets of cycle paths for an I-PN, and derive the relationship between the
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cyclomatic complexity and a basis set (Theorem 6.1). Lastly, in Section 6.4, we explain how to

apply the coverage criterion for path testing.

6.2 PATH TESTING CRITERIA

A path in a control flowgraph of a program is a sequence of nodes and links that starts
one node (process block, decision, or junction) and ends at another (possibly the same). A path
may go through some processes, decisions, or junctions one or more times, Hence, even a small

program may have millions of distinct paths.

A path testing criterion must include ail nodes or branches in all directions at least once.

For this purpose, the following three basic coverage criteria for path testing are explored:

1). Path Coverage (C..): Execute all possible control flow paths through the flowgraph.
Typically, this is restricted to all possible entry-to-exit paths. This is the strongest
criterion in the family of path testing (In practice, it is impossible to achieve in most
cases).

2). Node Coverage (C;): Execute all nodes in the flowgraph at least once. This is the

weakest criterion in the family of path testing. Testing less than this for new software is

unconscionable and should be criticized.

3). Branch Coverage (C,): Execute all branches in the flowgraph at least once. Enough tests

should be used to assure that every branch alternative is exercised at least once.

Criteria C; have been adopted by IEEE as a minimum testing requirement for unit test. If

a set of test sequences based on one criterion is a subset of that based on another criterion, the
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latter criterion is said to be stronger than the former one. Obviously, C, is a subset of C,. Thus,
we say that criterion C, is stronger than criterion C;. It must be noticed that there might be an

infinite number of coverage strategies between C; and C...

6.3 CYCLE PATHS IN AN I-PN

For a LOTOS specification of a system, its I-PN is used as a transaction flowgraph

expressing the behavior of the system. A path and a cycle path in I-PN(S) are defined as follows:

Definition 6.1 Let S be a LOTOS specification. A path ¢ in I-PN(S) is a sequence of arcs:

O = (T}, Tgs oo Top» Tyy) Where T, 1 = (P, ty) € E(S) and Tox = (tys Prs1) € E(8),

k=12, ..,n

Definition 6.2: A cycle path ¢ in I-PN(S) is a path, such that
(@). py=p;;
(b). pr € (Pis P Ps)s

(c)' Pke [Pi, Px- pg}; 1<k <n;

where p; is the initial place of I-PN(S), p, is the exit place of I-PN(S) and p; is the stop
place of I-PN(S)

According to this definition, a cycle path in an I-PN is either a path from the initial place

to a terminal place or a cycle that starts and ends at the initial place. By Condition (c), none of the
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special places (p;, P, or p,) appears between the first place and the last place.

Definition 6.3: A set of cycle paths 6,, G5, ... , Oy inthe I-PN(S) is said to be dependent if
there exists a linear combination of the form
1'10'1 -+ r20‘2 + ...+ rkO‘k =0

where 1y, Ty, ..., Iy, are integers, not all zero. If the set of cycle paths are not dependent,

itis said to be independent.

Definition 6.4: A basis set of cycle paths is a set of independent cycle paths {0}, Oy, ..., G, }

such that any other cycle path ¢ can be expressed in the form

where ry, 15, ..., Ty, are rational numbers.

Next, let us concern the relationship between a basis set and the cyclomatic complexity of
I-PN(S). Three cases have been considered in Theorem 5.3 for the calculation of the cyclomatic
complexity of I-PN(S). In Case 1, since there is no terminal place in I-PN(S), v(3) is equal 1o

the maximum number of independent cycles in I-PN(S). In Cases 2 and 3, v(8) is equal to the

maximum number of independent cycle paths, which start from the initial place p; and end at a

terminal place p, or py, in I-PN(S). These results lead to the following theorem.

Theorem 6.1: For a LOTOS expression S, the cyclomatic complexity of I-PN(8) is equal to
the maximum number of linearly independent cycle paths in I-PN(S).
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6.4 A PATH TESTING COVERAGE CRITERION

Definition 6.5. For a LOTOS specification S, a test sequence x of § is said to covers acycle
path ¢ in I-PN(S) iff the trace of x includes all the arcs of ¢ and these arcs appear in the

same order as that in ¢ regardless of other arcs among them.

Obviously, a basis set of cycle paths in an I-PN includes all nodes and arcs of the I-PN.

Therefore, we can use a basis set of cycle paths as a path testing coverage criterion (C,p,). Itis a
stronger criterion than C, and C,. If a set of test sequences covers all cycle paths of a basis set,

this set of test sequences is said to satisfy the criterion Cep,.

To apply this coverage criterion on a LOTOS specification S, we must first construct the
I-PN(S), then select a basis set of cycle paths, and finally generate a set of test sequences

covering the basis set. These steps are illustrated in the following example.

Example 6.1  Consider the LOTOS expression:

S:=A[>c;exit where A :=a;b; exit
Step 1. Construct I-PN(S) from S and calculate its cyclomatic complexity (Figure 6.1).

In Figure 6.1, e = 15, n = 11, m = 1. By the general formula F of Section 5.3, we have

viS)=e-n+m+1=15-11+1+1=6
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Figure 6.1 An example for generating test sequences of I-PN(S)

Step 2. Select a basis set of cycle paths from I-PN(S).
By Theorem 6.1, the maximum number of linearly independent cycle paths in

I-PN(S) is 6. One basis set of cycle paths in }-PN(S) shown below:
y: (T Ty Tgs Tgo Trge Tpy)
051 (T1, Tys T3 Ty3s Tgs Tgr Tyor Tp1)
G3: (Tys Tpr T3, T4 Tso Tyso Tgo Tor To0 T11)
04t (T1: Tpr Tas Tas Tss Tr T30 Ty30 Tgr Tgo Trgr T )
Os: (12 T3 Ty T30 Tg» Tor T100 T )

Og: (T1 T Tigs Tiso Tgo Tr T10 Ty )

By Definition 6.4, any other cycle path can be expressed as a lincar combination of

these cycle paths. For example,
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For 65: (), T3 Ty2: Tas Ts5s 150 Tg» Tgo Typo Tpp ) WE have
For Gy: (T, Ty, T35 Ty3s T1gs T T30 Ty30 T Toe Ty Ty ), we have

Step 3. Generate test sequences from the basis set.

Ty: (¢, exit) covers o,
T,: (a, ¢, exit) covers oy, ¢, and o3,
Ts: (a, b, ¢, exit) covers 6}, Oy, O3, G5 and G,

T4: (a, b, a, ¢, exit) covers G, Op O3, G4y O and o

In the test sequence generation, we try to use different sequences to cover different cycle

paths. The strategy of test sequence selection is left for our future research.
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Chapter 7

COMPLEXITY OF THE LOTOS SPECIFICATION
OF THE TRANSPORT PROTOCOL (CLASS 0)

7.1 INTRODUCTION

The applicability of a complexity metric is one of its important features. In this chapter,
by applying it to the ISO Transport Protocol (Class 0), we show that the complexity metric
proposed in this thesis and the related results can be easily adopted in practice. For comparison
and illustration purposes, the cyclomatic complexity of its LOTOS specification is calculated by
first by applying the general formula F on the I-PN representation and then by applying the
constructive formulas on the LOTOS specification. Also, a basis set of cycle paths is obtained

from the simplified I-PN.
7.2 THE CYCLOMATIC COMPLEXITY OF HANDLER

As shown in Figure 7.1, the LOTOS specification HANDLER of the Transport
Protocol (Class 0) [BOL87] has five processes: CONNECTION, CALLING, CALLED,
DATATRANS and TERMINATION. They include eight observable interactions: conrey,

conind, conres, concnf, datreq, datind, disreq and disind.

As illustration, we apply the two methods developed in Section 5.3 and Scction 5.4 to

calculate the cyclomatic complexity of the LOTOS specification of HANDLER.
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specification HANDLER:noexit

behavior
(CONNECTION >> (DATATRANS [> TERMINATION)) >> HANDLER

where
process CONNECTION := (i; CALLING) [} CALLED

where
process CALLING := conreq; (concnf; exit [] disind; CONNECTION)
endproc
process CALLED := conind; (i; conres; exit {] i; disreq; CONNECTION)
endproc

endproc
process DATATRANS:noexit := (i; datreq; DATATRANS) [] (datind; DATATRANS)
endproc
process TERMINATION := (i; disreq; exit) [] (disind; exit)
endproc
endproc

Figure 7.1 LOTOS specification HANDLER of the Transport Protocol

Method 1 (Based on an I-PN representation of the LOTOS specification, Section 5.3)

In order to apply the general formula F, we have to construct I-PN(HANDLER) by
using the transformation rules of Section 4.4. The result is shown in Figure 7.2. By formula

F, the cyclomatic complexity of the LOTOS specification of HANDLER is

v(HANDLER) = IE(HANDLER)! - IN(HANDLER)I +q + 1
=73-61+0+1
=13
Note that the number of outlet places in I-PN(HANDLER) is zero (i.e., =0).
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HANDLER/CONNECTIQ
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( ™
& 5
CALLED
conind
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disrey
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()
&
DATATRANS[>TERMINATION( )
£7
DATATRAN TERMINATION
o e
& £9 § . ega £11
. -. - .0. .0‘. .
i ¥ @
disind
. o . .
datiea flatind
) ()
exit
€12

Figure 7.2 I-PN(HANDLER)
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Method 2. (Based on the LOTOS specification, Section 5.4)

we apply the constructive formulas (Figure 5.3) constructing I-PN(HANDLER). To
calculate the cyclomatic complexity of the LOTOS specification HANDLER,

v(CALLING)

= v(conreq; (conenf; exit [] disind; CONNECTION))

= v(conenf; exit [] disind; CONNECTION) (CF3)
= v(concnf; exit) + v(disind; CONNECTION) (CF4)
= v{exit) + v(CONNECTION) (CF3)
=1 + v(CONNECTION) (CF1)
Similar to v(CALLING)

v (CALLED) = 1 + v(CONNECTION)

v(CONNECTION)

= v{(i; CALLING) {] CALLED)

= v(i; CALLING) + v(CALLED) (CF4)
= v(CALLING) + V(CALLED) (CF3)
= 1 + v(CONNECTION) + 1 + v(CONNECTION')

=14+1+1+1 (CF9)
=4

v(DATATRANS)
= v((i; datreq; DATATRANS) [] (datind; DATATRANS))
= v(i; datreq; DATATRANS) + v(datind; DATATRANS) (CF4)
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=v(DATATRANS")+v(DATATRANS") (CF3)
=2 (CFY)

v(TERMINATION)
= v((i; disreq; exit) [] (disind; exit))

= v(i; disreq; exit) + v(disind; exit) (CF4)
= v(exit) + v{exit) (CF3)
=2

From the above results, we obtain

v(HANDLER)
= v((CONNECTION >> (DATATRANS [> TERMINATION)) >> HANDLER)
= v(CONNECTION >> (DATATRANS [> TERMINATION)) + v(HANDLER") - I (CF3)

= y(CONNECTION >> (DATATRANS [> TERMINATION)) + 1 - 1 (CF9)
= v(CONNECTION) + v(DATATRANS [> TERMINATION) - | (CF5)
= y(CONNECTION) + v(DATATRANS) + v(TERMINATION) +2x 3 - 0 -1 (CF0)
= v(CONNECTION) + v(DATATRANS) + v(TERMINATION) + 5 (CF6)
=4+2+2+5=13

Note: ITMDATATRANS)! = 3; IT(DATATRANS)I=0
7.3 A BASIS OF CYCLE PATHS OF I-PN(HANDLER)

In this section, we obtain a basis set of cycle paths for I-°’N(HANDLER). Together, these

paths cover all transitions and places of I-PN(HANDLER). Though unnecessary, we first simplify
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I-PN(HANDLER) by applying Rule S1 on the empty transitions: €, €, €;, €3, &;, £s, &, €3, £g,

€,0» and &;,. The simplified I-PN(HANDLER) is shown in Figure 7.3.

HANDLER/CONNECTION
- O S
1 1
i conind
2 5
(U 16 AN 22 25
3
conreg i i
13 4 17 21
10 . 5 . .
; concnl 139 conres W 24
11 6 1
disind 12 7 g exit 20@ exit
8 . 21
9 &
3
DATATRANS 6 32 TERMINATION
0
disind
| !
42
exit
-

Figure 7.3 Simplified I-PN(HANDLER)

51

Then, we use an integer n to represent the arc 1, in the simplified -)PN(HANDLER). By

Theorem 6.1, the maximum number of independent cycle paths in I-PN(HANDLER) is 13. A
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possible basis of I-PN(HANDLER) includes the following cycle paths :

Py: (T4, Ty T Tg Ty Trpe Trze Tia)

Py ( Ty Tise Ta2r T2y T20 Tos)

P3: (T}, Tps T3 Tg» T2 Ter Tp» Tgs Tgr T30 Tas Tago Taz> Tage Tagr U500 Taar T51)

Pg: (Tyg Tyss Trer T170 Tige Tro0 Taor T210 Tgs Ta3s Taoe Tarr Tazo Taze Taar Tso)

Ps: (T}, Tr T3 Tar Tsr Tgr T7s T Tgo T332 Taor Tare Tars Taze Ta3» Taar Ts1)

Pg: (T}, T3y T30 T» 50 Ter T7s Tgr Tor 260 T27 Tags Ta0r Taro Tazs Tz Tar Ts1)

Py: (T}, Ty, T30 Tys Ts1 Ter Ty Tgs Tr 260 310 Ta7s Taor Tare a2 Va3 T Ts1)

Pg: (%5, Tys T3 Tgs Tss Tr 7o Tgs T Tage Ta7 Tago 20 Tage Tage T Tano a3 Taar Ts1)
Pg: (T}, Ty, T3, Tys T5s Tr T75 Tgs Tor Tagr Taze Tagr T290 Tagr Tapo T Taor Taro Taze Tazo Taar Ts)
P1o: (T4, Tgy T3s Tgs T5o To T3 Tgs Tor Tage T30 T320 V310 T390 Tapr Tap Tazr a3 Taas T5,)
Pyy: (T3, Ty T3 T Tss Vo Ty e Tgo Ta30 Taar T35 Taor Tar Tazo Taye Taso T )

P1: (T}, T T» Tas s To T Tgs Tos Ta30 T Taps Taor Tare Taze Taze Taae Ts1)

P13t (T, Ty T3s Ts Tss To Tps Tyr Tgr Ta30 Tagr T390 Taor Taro Tazo Taz Taar Vs )

Since the above cycle paths form a basis set, any other cycle path is a linear combination of
them. For example,

P: (134, 128, 129, '539) = Ps + Pll - P6

P: (Ty4s Ty5 Tige Tim Trgr 19 T20r T2p0 Tor Tazs Taso Tasr Taps Tagr Tarr Tapr Taar Ts)
= P3 + P4 - P5
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Chapter 8

CONCLUSION AND FURTHER RESEARCH

In the literature, complexity measures are mainly for non-distributed systems specified in
ordinary programming languages or flowgraphs. In this thesis, we embark on a new research
problem concerning cc;mp]exity measures for distributed systems specified in either LOTOS or
Petri-nets. Our research effort results in three contributions: (1) A new Petri net model, called
Interacting Petri nets (I-PNs), is proposed for representing the behavior of basic LOTOS; (2) a
metric for measuring the complexity of I-PNs and LOTOS specifications; and (3) a criterion for

path testing coverage.

(1) A new Petri net model for representing basic LOTOS.

In order to develop a structural metric for measuring LOTOS specifications, we
first propose a Petri-net representation (I-PN) of LOTOS. The reason is not only
because Petri-nets have a close relationship with CCS [MIL80], the underlying
semantics of LOTOS, but also because, in our model, composite I-PNs can be
composed from simple ones, exacﬂy in the same way as composite LOTOS expressions

can be constructed from simple ones.

(2) A metric for measuring the complexity of I-PNs and LOTOS specifications
Based on the I-PN representation of a LOTOS specification and the cyclomatic
numbers in graph theory, we have been able to develop two approaches for calculating

the cyclomatic complexity of a LOTOS expression:

a. Indirect approach: In this approach, one first transforms the LOTOS expression
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to an I-PN and then counts its number of places, transitions and arcs. Berge's
formula "v =¢ - n + p" is then applied to determine the cyclomatic complexity of
the I-PN and the corresponding LOTOS specification. Obviously, the shortcoming
of this approach is in the requirement of going through the transformation, which
is sometimes quite tedious, especially for large specifications.

b. Direct approach: In this approach, by means of the I-PN representation of LOTOS,
a set of formulas has been derived for calculating the cyclomatic complexity of
the primitive LOTOS operations. Based on them, the complexity of « LOTOS
expression can be calculated directly from the expression itself without going
through any transformation. Obviously, this approach is much more efficient than

the indirect approach.

(3) A criterion for path-testing coverage.

Based on the I-PN model and the cyclomatic complexity metric, we huve derived a
path testing coverage criterion, called basis set coverage. A basis set is a sct of linearly
independent cycle paths that cover all the places, transitions and arcs of an [-PN. This
means that if a set of test sequences is derived from a busis set, it will cover all the
operators and operands appearing in a LOTOS specification. The cyclomatic complexity

of an I-PN is the maximum possible number of such paths in a basis set.

This is probably the first research work concerning the complexity measure of formal
techniques and distributed systems, and certainly a lot more can be done in this area. In

particular, we plan to continue our research on the following problems:

(1). To apply other complexity measures to the specifications of distributed systems

In this thesis, we consider basic LOTOS only (i.e., LOTOS without t}  data par).
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If data is taken into consideration, several other complexity measures, which include

both operators and data (as operands), can be applied.

(2) To implement the cyclomatic complexity measure
We think constructive formulas for this task is quite straight forward. At present,
there exist several interpreters which can translate LOTOS to other formats, such as
graphical LOTOS [CHES8]. These interpreters can be used to scan through a LOTOS
specification. Hence, by making use of the constructive formulas obtained in this thesis,
one can quite easily implement a system for computing the cyclomatic complexity of any

LOTOS expression.

(3) To develop complexity measures for other formal description techniques
In the literature, application of complexity measures is mainly on sequential
programming languages or ordinary flowgraphs. In this thesis, we have extended it into
the area of Petri-nets and the formal description language LOTOS. If similar complexity
measures can be developed for other formal description techniques (SDL, ESTELLE)
and semi-formal techniques (e.g., TTCN), we would have a better reservoir of software
engineering techniques for comparing the different approaches for specifying distributed

systems.

(4) To find methods for determining the independent cycle paths of a basis set.

At present, for both our approach of using Petri-nets and McCabe's approach of
using flowgraphs, a cyclomatic number can only tell the maximum number of
independent cycle paths in the basis set. It cannot be used to determine these paths.
Hence, in order to find these sequences, other methods still have to be found. Note also

that a cycle path in an I-PN may not be feasible. We foresee that this is a difficult
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research problem.

(5) To compare the cyclomatic complexities of different LOTOS specification styles
A distributed system may be specified in LOTOS in different styles| VISY0]. While
these styles have different advantages with respect to different objectives, it is interesting

to compare their complexities.
{6) To improve some of the transformation rules

A possible improvement for the I-PN mode! is to refine the transformation rule lor

parallelism so that some useless combinations will be discarded.
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