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ABSTRACT

In this thesis we propose a requirement validation technique based on the Cause-
Effect Graphing (CEG) technique. Originally, the CEG technique, proposed by Elmendorf
[Elme73] as a black-box testing technique, was used to derive test cases from an informal
specification to test the corresponding implementation. The test cases obtained from this
method is correct only if the requirements are correct in the first place. Therefore, a
technique is required to validate the requirements themselves. The key contribution of this
thesis is a framework and methodology for employing the Cause-Effect Graphing approach
as a technique for validation of specifications especially in the context of distributed
systems.

This technique has also been extended to apply to distributed software. The
extension has given rise fo the Extended Cause-Effect Graphing (ECEG) technique where
we use scenarios as an effective means of checking network behaviors against customer
expectations. Our ECEG approach has been validated by case studies of telephony
features. In these case studies, we give some examples of instances of undesirable
scenarios, such as feature interactions, which were derived directly from customer
specifications, thus demonstrating that major problems in requirements definitions can be
detected and corrected even before software design begins.

This validation approach is based on heuristics which in turn are based on a limited
survey of the practices in the application domain. A key benefit of this approach is that
scenarios can be derived automatically from the CEG based on path sensitization, an idea
borrowed from the world of Integrated Circuits verification methods. A tool prototype has
also been developed on the Macintosh and Sun Workstation environments.
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Chapter 1

Introduction

1.1 Background

Today it is generally accepted that verification and validation activities should be
performed at each phase ~f the software life-cycle. It is also widely recognized (but not
necessarily widely adopted in practice) that the development of reliable software and systems
should proceed from precise, formalized specifications of the system requirements. In that
context, system validation appears to be of great importance already at the early stage of the
software life-cycle. Its main objective is to reveal specification, design, and implementation
errors in the system for the purpose of improving system quality. The validation activity is
composed of two separate activities, namely, verification and testing. During verification the
system is validated using formal and logical means while testing consists of executing the
system in a controlled environment over a finite set of tests. The testing activity can further
be decomposed into two major categories which relate either to black-box testing or white-
box testing. Test cases in black box testing are derived from the system specification and
they test for the features and external behaviors of the system. In white-box testing, the test
cases are derived from the internal logic of the design and implementation of the system.

One of the most difficult and error-prone phases of software engineering is the phase
in which customer requirements are captured and documented. Studies [Hall91, Glas81]
have shown that incomplete, inconsistent, and erroneous specifications of system
requirements are the cause of "persistent" errors, errors which escape verification and
validation during design and development, and which produce costly problems in the field.
Various authors, [Parn72, BaGo79, LiZi77, LiBe79, Meye85, TuMa87], have proposed
specification criteria in order to improve the specification phase. Among the criteria two that
are pertinent to the specification process are completeness (i.e capturing all the user
reguirements) and minimality (i.e capturing nothing but the user requirements). Many
Formal Description Techniques (FDTs) support model checking, a means of testing for these

1



properties on a mathematical basis (e.g [BoMi%0]). However, very few pragmatic guidelines
exist for deriving effective, precise specifications of reliable software, and for subjecting the
specifications to systematic testing.

The process wherein a formal description is constructed from the requirements of a
given system is not always documented and is usually “informal” in nature [Geha82]. This
phase is very important in the sense that the sooner defects are spotted in the system under
development the less-costly and the easier it will be to correct [Broo87]. User involvement is
required in this phase to promote understanding and validation of the specified system
[Haml88]. The test data generated during the validation phase should be presented in a
simple and attractive fashion to the user as he/she is more aware about the intended objectives
of the future system than the computer specialist.

1.2 Objective and Contributions of this Thesis

In this thesis we propose a requirement validation technique based on the Cause-
Effect Graphing technique. Originally, this biack-box testing technique, proposed by
Elmendorf [Elme73], was used to derive test cases from an informal specification to test the
corresponding implementation. The test cases obtained from this method will be correct only
if the requirements are correct in the first place. Therefore, a technique is required to validate
‘the requirements itself.

Ouc thesis contribution is twofold: first we present a framework and methodology for
employing the Cause-Effect Graphing approach as a technique for validation of specifications
especially in the context of distributed systems. Our second contribution presents some
drawbacks [Wals83, AdGr83, Arab86, Woit92] in Myers' Cause-Effect Graphing technique
as well as possible resolutions to them.

This technique has also been extended to apply to distributed software which can
be modelled by SDL (Specification Description Language), a CCITT Recommended language
for describing distributed (communications) systems, and validated by case studies of
telephony features. From these studies, we observed that communications systems require
particular CEG constructs; for example, some effects may need to be reused as causes,



leading to compound examples (called scenarios 1) of key interactions among subscribers
and network devices. These key scenariostt can be used as an effective means of
checking network behaviors against customer expectations. We give some cxamples of
instances of undesirable scenarios, such as feature interactions, which were derived directly
from customer specifications, thus demonstrating that major problems in requirements
definitions can be detected and corrected even before software design begins.

This validation approach is based on heuristics which in tumn are based on a limited
survey of the practices in the application domain. A key benefit of this approach is that key
scenarios can be derived automatically from the CEG based on path sensitization, an idea
borrowed from the world of Integrated Circuits verification methods. A tool prototype has
been developed on the Macintosh and Sun Workstation environments.

1.3 Organization of the Thesis

The rest of this thesis is organized as follows. Chapter 2 describes briefly Myers
Cause-Effect Graphing technique, its drawbacks, as well as possible resolution of these
drawbacks. Chapter 3 shows how the CEG technique can be adapted for telecommunications
requirements. In this chapter an analysis of natural language specifications of
telecommunications requirements is also given. Chapter 4 shows how telecommunications
features and services can be represented by using an extension of the CEG technique, while
chapter 5 presents a methodology for validating telecommunications features and services
whose representations are given as in chapter 4. The conclusion of this thesis along with
areas for further study follow in chapter 6. Appendix A illustrates the automatic derivation of
a decision table from an ECEG as well as the prototype tools which have been developed to
promote both the CEG and ECEG techniques.

T A scenario is a meaningful sequence of causes and effects used for testing purposes

1T Key scenarios denote a subset of scenarios more liable to find errors in the implementation
of the system o
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Chapter 2

Myers Cause-Effect Graphing (CEG) Technique : A
Review and Analysis

Cause-Effect Graphing is basically a hardware testing technique adopied for
software testing by Elmendorf [Elme73]. Since then, several researchers have further
developed this method [Elme74, Elme75, Myer76, Myer79, Howd80, Adgr83, Wals83,
Prob85, Arab86). A Cause-Effect Graph is a formal representation into which a natural
language specification of a system or subsystem's behavior is translated. The graph is
actually a Boolean logic circuit where a simple graphical notation is used.

In software testing, Cause-Effect Graphing (CEG) is classified as a black-box
testing technique (no explicit reference to code or design) where only the external
behavior of the implemented system is tested. In this technique a cause-effect graph is
traced to build a decision table which is later on converted into test cases. Myers
proposed an algorithm based on the CEG technique to obtain test cases that he claims will
select in a systematic way a high-yield t set of test cases [Myer79]. This technique has a
beneficial side effect in pointing out points of incompleteness and ambiguity in the
specification [Myer79]. Finally, this method is the only black-box testing technique that
handles the effects of combinations of causes while other black-box testing techniques
isolate the individual contribution of one cause at a time.

The chapter is organized as follows. Section 2.1 reviews how Myers uses the
CEG technique to derive test cases from natural language specifications. Section 2.2
gives an analysis of Myers' approach. Finally, possible solutions to drawbacks in Myers'
approach are presented in Section 2.3, and assessed in Section 2.4.

T High-yield set of test cases denote a set of test cases good enough to detect major errors
found in the implementation, '



2.1 Qverview of Mvers technique

2.1 iv

Myers uses the CEG technique to derive test cases from natural language
specifications. The following illustrates his test derivation process :

1.Large specifications should be broken down into "workable" parts. This is
necessary because CEGs become very large and difficult to manage when used on
large specifications. The size of the workable part is determined by the nature of the
specification and user convenience. For instance, when testing a time-sharing system,
a "workable part" might be the specification of an individual command. Even if such
decomposition means a loss of global representation, it appears to be the only method
which promotes user understanding [Myer79].

2. The causes and effects in the workable parts of the specification are identified. A
cause is a distinct input condition or an equivalence class of input conditions which
can be controllable. A cause can be interpreted as an entity which brings about an
internal change in the system. An effect is an output condition or a system
transformation which is observable. An effect can be a state or message resulting from
a combination of causes. Causes and effects are identified by reading the specification
word by word and underlining words or phrases that describe causes and effects.
Each cause and effect is assigned a unique identifier (formed by alphanumeric
characters, for example).

3. The semantic content of the specification is analyzed and transformed into a
Boolean graph linking causes and effects by means of and nodes, or riodes, and not
edges. This is the Cause-Effect Graph.

4. The graph is annotated with constraints describing dependencies between causes
and/or effects because of syntactic or environmental constraints.

5. By methodically tracing (manually or automatically) the CEG from effects to
causes, the CEG in converted into a limited-entry decision table. Each column in the
table represents a test case. .



6. The columns in the decision table are converted (manually) into test cases.

More details of each of these steps will be given in the following sections.
2.1.2 Cause-Effect Graph Basic Notation

The notation used in the CEG technique to relate causes to effects is shown in Figure
3.1. The Cause-Effect Graph is read from left to right. The graph consists of nodes
representing causes, effects and intermediate nodes (intermediate nodes are used to link
causes to effects when the graph becomes too complicated or when we cannot link causes to
effects directly). Causes are represented in the graph by the leftmost nodes, i.e nodes that do
not have nodes on their left connected to them. Conversely, the rightmost nodes, i.e nodes
that do not have nodes on their right connected to them, represent the effects. Nodes that are
connected both on their left and right to other nodes are intermediate nodes.

IDENTITY NOT
Onan O
(b=a) (b=a)

OR , AND

(d=a+b+c) c=a.b)

Figure 2.1 Cause-Effect Graph symbols relating causes to effects

Four Boolean functions (Identity, Not, Or and And ) determine how nodes are
linked in the CEG. The identity function states that if node a (Figure 2.1) is present (usually
denoted by the value 1) then node b is present: else node b is absent (usually denoted by the
value 0). The not function states that if node a is 1 then node b is 0; else node b is 1. The or
function states that if node a or b or ¢ is 1 then node d is 1; else node d is 0. The and
functions states that if both nodes a and b are 1 then node ¢ is 1; else node ¢ is 0. The first



two functions have only one input while the last two functions are allowed to have any
number of inputs. In Boolean notation "1" (present) is equivalent to "true” while "0"
(absent) is equivalent to "false”.

As an illustration of the above notation consider the following informal specification.
“A student can either be enrolled at University of Ottawa, at the University of Carleton, or at
the University of Québec in Hull. If helshe obtains grade A+ in Mathematics and helshe is at
University of Ottawa or at University of Quebec in Hull, then the computer system at the
university will allow him/her to take 1he skating course in winter. If helshe obtains grade A*
and helshe is ar University of Carleton then the system will allow him/her to take the skiing
course in winter. If histher grade is less than A* in any university the system will order
himlher to take the skate polishing course in winter."

From the above specification the following causes are obtained and identified by a
unique identification number:;

1. Student is enrolled at university of Ottawa

2. Student is enrolled at university of Quebec in Hull
3, Student is enrolled at university of Carleton

4. Student obtains A* in Mathematics

Note that there is no cause representing the absence of an event as this can be
represented using the not function. Moreover, each cause represents an atomic event.
Similarly, the following effects are obtained and identified by a unique identification number
{they should be different from the cause identification number t00):

100. Student may take the skating course in winter
101. Student may take the skiing course in winter
102, Student has to take skate polishing course in winter

Note that the effects are all observable because after taking into account the cause
conditions the system will display the effect on the computer screen for the student to know
the possible courses in which he/she may or has to register. Figure 2.2 shows the CEG
obtained from the lists of causes and effects. Intermediate nodes 10 and 11 have been added
to the graph to facilitate the construction of the CEG. The CEG in Figure 2.2, although a
correct representation of the specification does contain one impossible combination of causes



- causes 1, 2 and 3 cannot to be set to 1 (present) simultaneously. This situation is
represented on the CEG by using constraints, explained in the next section.

Figure 2.2 Example of a Cause-Effect Graph

2.1.3 The_ constraints
Exclusive . Inclusive

- ® -®
-~ S -
=< <2-®
~ ~
MO, >
O,
One and Only One Requires Masks

/® 0 O

/

o v

Figure 2.3 Constraints symbols

(014

In most specifications, certain combinations of causes are impossible in practice
because of syntactic or environmental consideraticns (e.g a student cannot obtain two grades



for the same course). To account for these, the notation in Figure 2.3 is used. The first four
constraints (E, I, O, R) apply to causes while the M constraint applies to effects. The E
constraint states that it must always be true that at most one of causes a andbcanbe 1 (aand
b cannot be 1 simultaneously). The I constraint states that at least one of causes @, b, and ¢
must be 1 (g, b, and ¢ cannot be 0 simultaneously). The O constraint states that orie, and only
one of causes @ and b must be one ( @ and b cannot be both simultaneously 1 or 0). The R
constraint states that, for cause a to be 1, cause b must be 1 (iL.eitis impossible forato be 1
and b to be 0). The M constraint (applicable to effects only) states that if effect a is 1, effect b
is forced to O (i.e the presence of one effect may mask the presence of another effect. This
usually happens when more than one effect is present simultaneously).

In the previous example it was stated that a student cannot be enrolled at more than
one university at a time. Therefore, the E constraint is applied to causes 1, 2, and 3. The
resulting CEG is given in Figure 2.4.

Figure 2.4 Cause-Effect Graph with the Exclusive constraint

4 Derivi isi .

The next step after having built the Cause-Effect Graph is to derive a decision table
from the graph. A decision table consists of two parts : the conditions and the actions. In
each column of the decision table, the first rows represent the conditions to be satisfied in
order to obtain the actions in the last rows. The presence of an action or a satisfied condition
is represented by "1" and the absence of an action or an unsatisfied condition is represented



by “0". Inthe decision table obtained from the CEG, each column represents the conditions
to be satisfied for a specific effect to cecur. Since the number of columns in & decision table
correspond to the number of derived test cases and our aim is obtain the fewest test cases
possible we should, therefore, have a well-designed procedure to obtain a minimal-entry
decision table. The procedure is as follows ;

1. Select an effect to be in the present (1) state.

2. Tracing back through the graph, find a set of combinations of causes (subject to the
constraints) that will set this effect to 1 (this step is expanded below).

3. Create a column in the decision table for each combination of causes (This step is
given in detail on page 11)

4. For each combination, determine the states of all other effects and place these in each
column.

In performing step two, three considerations are

1. When tracing back through an or node whose output should be 1, never set more
than one input to the or to 1 simultaneously. This is called path sensitizing. Its
objective is to avoid not detecting certain errors because of one cause masking another
cause.

2. When tracing back through an and node whose output should be 0, all combinations
of inputs leading to a 0 output must, of course, be enumerated. However, if one is
exploring the situation where one input is 0 and one or more of the others are 1, it is
not necessary to enumerate all conditions under which the other inputs can be 1.

3. When tracing back through an and node whose output should be 0 only one
condition where all inputs are 0 need be enumerated. (If the and is in the middle of the
graph such that its inputs come from other intermediate nodes, there may be an
excessively large number of situations under which all of its inputs are 0) [Myer79]

Figure 2.5 summarizes the above considerations. According to Myers these
considerations have an important purpose : to lessen the combinatorics of the graph. They
eliminate situations that tend to be low-yield 1 test cases. If low-yield test cases are not

- » . .
T Low-yield test cases denote test cases least probable to detect major errors in the
implementation,
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Situati

a « If x is to be 1, do not bother with the situation
where a = b = 1 (consideration 1).

« If x is to be 0, enumerate all situations where
a=b=0.

« If x is to be 1, enumerate all situations where
a=b=c=1.

« If x is to be 0, include only one situation where
a=b =c =0 (consideration 3). For the states
001, 010, 011, 100, 101, and 110 of a, b, and c,

c include only one situation each (consideration

2). °

Figure 2.5 Considerations used when tracing a Cause-Effect graph

eliminated, a large CEG will produce an astronomical number of test cases. If the number of
test cases is too large to be practical, one will select some subset, but there is no guarantee

Cawse 1 11]olo]ofo]n
2 lo|1]|oflof1]o0
3 [olol1|1]o]o0
4 |1|1]|1}{ofofo0
Effect

o

100111101010
101|o0lo}1[0}l0]0
1210|001 1]}1

Table 2.1 Decision Table from above example
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that the low-yield test cases will be the ones eliminated. Hence it is better to eliinate them
during the analysis of the graph. Table 2.1 gives the decision table obtaineu from the
example above by following the above procedure.

21,5 Deriving Test Cases from a Decision Table

Each column in the decision table corresponds to a test case. The following steps
have to be undertaken for each column in the decision table:
1. Consider the causes to be present and those that should be absent. Look for
appropriate data that corresponds to the presence and absence of the given causes.
2. Determine the actual expected output from the input data. Actual expected outputs are
the actual observable appearances of the required presence/absence of effects.
3. Give a unique identifier to the test case.

Test case no Input Expected output
1. Student at Ottawa university Student may take skating course
and

he/she obtains A+ in maths

2. Student at Quebec university in Hull Student may take skating course
and .
he/she obtains A+ in math

3. Student at Carleton university Student may take skiing course
and
he/she obtains A+ in maths
4, Student at Carleton university Student has to take skates
and polishing course

he/she does not obtain A+ in maths

5. Student at Quebec university in Hull Student has to take skates
and polishing course
he/she does not obtain A+ in maths

6. Student at Ottawa university Student has to take skates
and polishing course
he/she does not obtain A+ in maths

Figure 2.6 Test case requirements

12



When choosing the test data, the user may use black-box testing techniques like
boundary-interior 1 technique to obtain still higher high-yield test cases . Figure 2.6
shows the test cases that are obtained from the decision table of Table 2.1.

Afterwards, the test cases (consisting of the test case number, the input and expected
output) are placed as records in a file. The implementation of the system under test is
augmented with a test harness (test driver) which will take the input from the test case file and
submit it to the system. The output of the system is taken by the handler which compares it
with the expected output. If the obtained result is the same as the expected output then the test
is passed else the user is notified with this failure.

2.2 Analysis of Myers Approach to Cause-Effect Graphing

The process of deriving test cases from a natural language specification is composed
of several steps described by Myers and presented in the previous section. Several authors,
[Woit92, Wals83, Arab86, AdGr83], have pointed out inconsistencies in the CEG technique.
Some of these claims are well-founded while others are not when the scope of this technique
is considered. Two common arguments against the CEG technique are the difficulty in
identifying "causes” and "effects" because of their vague description, and the proneness to
error of creating a CEG because it involves examining the "semantics” of a natural language
specification. We agree with these claims because analyzing natural language specifications
is not an easy task. However, we do believe that someone familiar with the nature of the
system being specified will more likely spot "causes" and "effects” in a natural language
specification as well as its "semantics”". Furthermore, since a CEG is built directly from an
informal specification, this representation is likely to be closer tc the customer's
connotations, and therefore it would be much more easier to collaborate with the user in order
to spot ambiguities and incompleteness in the requirements than Formal Description
Techniques which usually are at a lower level and thus, further away from the customer.
Moreover, deriving test scenarios to test the specification itself, as will be seen in chapter 3,
makes this method less error-prone and hence, more attractive.

T Boundary-interior testing technique is a black-box testing technique where test data are
selected such that these data are found just within, on, and just beyond the borders of the
input.

13



Observation 1:

Many authors also argue that Myers process of deriving a decision table from a CEG
is inconsistent. We believe in the correctness of this claim in the sense that this phase is
described by Myers in an imprecise, difficult, and contradictory fashion. Myers starts by
stating three considerations (pp. 65 in [Myér’i9]) that should be followed when deriving a
decision table from a CEG, and then restates these considerations in a summary (pp. 67 in
[Myer79]). The two statements are contradictory. In consideration 2 Myers states that when
tracing back through an and node whose output should be 0, all combinations of inputs
leading to a ¢ output must, of course, be enumerated, except in the case where when one is
exploring the situation where one input is 0 and one or more of the others are 7, it is not
necessary to enumerate all conditions under which the other inputs can be I. In the
summary, where a similar situation occurs Myers states that we should enumerate only one
situation under which one of the inputs is 0, hence contradicting the previous statement. As
an illustration consider the CEG given in Figure 2.7(a). When deriving the decision table for

(a) An Example CEG

1{2|3]4]5 11213

Cause Cause
af0]1|0|0|1 aj0(1(0
b10]1]0120 b[0|1]0
c|01011j1|1 cl0]0}1

Effect Effect
e|0]0[{0|0|0 e|0]0]0

(b) When applying first statement (c) When applying second statement

Figure 2.7 Contradiction in Myers' rules

the CEG using Myers' consideration 2, when cause ¢ is set to I all the combinations of
causes a and b leading to output 0 at node d should be considered. The decision table in
Figure 2.7(b) is thus obtained. When using the rules given in Myers' summary, when cause
¢ is set to I only one situation where output 4 is set to 0 should be considered, thus giving
rise to the decision table in Figure 2.7(c). Two different decision tables are obtained when

14



applying Myers' statements. Such ambiguiry will surely mislead the user, thus complicating
the whole process.

Miyers claims that his considerations will eliminate situations that tend to be low-yield
test cases. However, his considerations allow the user to choose input combinations without
any proper guidance (for example, consideration 3 states that when tracing back through an
"and" node whose output should be 0, only one condition where all inputs are zero need be
enumerated). Clearly, the user may not have chosen the most "high-yield" combinations.
Hence, Myers' claim is not always true.

Observation 2:

When analyzing the rules given by Myers to derive a decision table it was observed
that if a CEG is written differently, i.e the syntax is different while the semantics is the same,
a different decision table could be obtained. This contradicts the requirement that equivalent
semantics be tested equivalently., For instance, suppose we want to construct a CEG
representing an effect e given by

e=(aandb)or(candd)  whereab,c, and d are causes

This effect could be represented by the CEG given in Figure 2.8(a). Now, one of the
other way of writing effect e, using De Morgan's law, is as follows.

e = not(not(e)) by the Involution axiom of Boolean logic

= not(not((a and b) or (c and d)))

=not(not(a and b) and not(c and d)) by De Morgan's Law

= not((not(a) or not(b)) and (not(c) or not(d)))

= not((not(a) and not(c)) or (not(a) and not(d)) or (not(b) and not(c)) or (not(b)
and not(d)))

= not(not(a) and not(c)) and not(not(z) and not(d)) and not(not(b) and not(c))
and not(not(b) and not(d))

= (aorc) and (a ord) and (b or ¢) and (b or d)

If the new formula of e is used the CEG given in Figure 2.8(b) will be obtained.
When Myers considerations to derive decision tables for the two CEGs the decision tables
given in Figure 2.8(c) and Figure 2.8(d) are obtained. As it can be noted, since the two
decision tables are different they will give rise to two different sets of test cases. Therefore,

15



with Myers considerations, the set of test cases obtained from a CEG will depend on how
effect e is formulated. This observation means that Myers considerations are not logically

consistent,

1121314(5]6

Causes
al1i1]1110]1]60
bl1]1|1]0]|0]|1
clol1]10|1]1]1
dlojoi1l1]1}1

Effects
e{l1 |1 |1]1|1]1

(¢) Decision Table from CEG in (a)

112
Causes
all110
bi110
c|O0 |1
d{0o|1
Effects
el l
(b} CEGofe=(aorc)and(aord) .
and (b or ¢) and (b or d) (d) Decision Table from CEG in (b)

Figure 2.8 Logical Inconsistency of Myers' rules

Observation 3:

When building a decision table, most of the time, some entries are left blank meaning
that they are irrelevant ior the presence/absence of a given effect. Myers propose to fill these
don't care causes before deriving the test cases . However, there is no obvious pattern to the
way in which Myers assigns states to don’r care. Again leaving this exercise to the user's
discretion may lead to low-yield test cases.

Observation 4:

One important aspect we believe is missing in Myers description of the CEG
technique is that nothing is said about the conformance of the CEG to its corresponding

16



natural language specifications. This lack of verification may lead to faulty and incomplete
test cases. For example, when deriving a decision table no considerations can be applied to
detect any constraint omission in the CEG. This example is illustrated in Figure 2.9. Itcan
be observed that the same decision table is obtained whether the One-and-only-one,
Inclusive, or Exclusive constraints are omitted or not. This may result in misleading the
designer at the design phase if he/she uses the CEG to obtain a good insight into the
specification.

(a) Example of a CEG with missing (b) Added constraints to CEG in (a)
constraints
112]13](4
Causes
al111]01}0
bi0Oj0]1]1
c|l1]10j110
d{fof[1]0}1
fl1]1]1]1
gl1l1]1]1
Effects
e|ll|1]1]1

(¢) Same decision tabie for both CEGs in (a) and (b)

Figure 2.9 Superfluous Constraints Analysis

Observation 5§ :

One of the other aspects that Myers does not consider when deriving test cases is the
forcing of effects to be absenr. He concentrates only on their presence. Setting an effect
explicitly to absent helps in determining if that effect is always present or always absent.
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Even if some ambiguities and incompleteness have been spotted in Myers approach,
the concepts of the CEG approach used in specifying the functional behavior of a system
make it attractive from a human usability perspective. The CEG technique is an advance over
informal, ad-hoc specifications of systems. It is more methodical even though subjective in
the first stage of constructing the CEG, and therefore more uniform, repeatable, and reliable.
It is semi-formally based on a graphical form of propositional logic which gives the user
some degree of confidence in the specification power of the graph [AdGr83]. The following
section will provide possible solutions to the above drawbacks in Myers approach.

2.3 Possible Solutions to Above Drawbacks in Myers Technique

In the previous section it was observed that Myers approach towards the CEG
technique consists of several drawbacks. This section presents possible solutions to these
drawbacks. Different methods used to derive test cases from a CEG will be considered.
Since all of the methods proposed make use of the Path Sensitization technique [Arms66],
we will start by presenting this technique. In the next section, we will compare and assess
these methods.

2.3.1 Path Sensitization Technique

Definition 1 [ Cause Set])
A Cause Set of an effect e is a the set of causes whose presence or absence
determine the presence or absence of effect e.

Figure 2.10 shows a Boolean logic network with a certain number of inputs and
outputs. As it can be observed presence or absence of effect e; (in bold) is determined by
presence or absence of inputs x1, X2, x5, and x¢ (shown in bold). Therefore we will say that
the Cause Set of effect e} is the set {x1, x2, X5, Xg). Similarly, the Cause Set of effect ez is
the set {X1,X3,X4.X6)-

Definition 2 {Sensitization}

Let C be the cause set of an effect e. By sensitizing effect e to a particular
cause cj (clement of C) we mean that we will have to set all the causes in C, except ¢j, t0
specific values (each cause will either be set to present or absent) so that presence or absence
of effect e will depend entirely on presence or absence of cause cj.

18



Figure 2.10 Example of a CEG

Consider again Figure 2.10. Suppose we want to sensitize effect e1 to cause x2. To
do so causes X1, X5, and xg should be set to specific values so that ej will be completely
dependant on x3. To know which values to give to x1, x5 and xg each intermediate node
(found on the path between x3 and e;) will have to be sensitized to the cause x3. Thus, for
node 1 to depend entirely on cause x3, causes x; and x5 have to be set to 1 ( meaning
present) and O (meaning absent) respectively. With this setting the value of node 1 to be
equal to the value of xo. Now, sensitizing effect e) to x2 has been reduced to sensitizing e
to node 1. For effect e; to depend entirely on node 1 node xg has to be set to 1 (present).
Hence, by setting x1 = xg = 1 and x5 = 0 effect e; = value of node 1 = value of x2. In other
words, with this setting, if cause x is present then effect e will be present else effect e will
be absent. Figure 2.11 shows the basic rules for path sensitization.

Definition 3 { Sensitized path )
When sensitizing an effect e to a particular cause c, the path leading from cause ¢ to

effect e in the Boolean logic network is cailed a sensitized path.

The bold lines from cause X2 to effect €1 in Figure 2.10 mark a sensitized path.
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When sensitizing the path from
node a to node n set b=c=0 and
N see whether whenagissetto 1l n
v P"e is also set to 1. Similarly see
whether when a is set to O n is
alsosetto 0.

When sensitizing the path from
node a to node n set b=c=1 and
see whether whenagissetto 1l n

l\ (n) is also set to 1. Similarly see
whether when a is set to O n is
also set to 0.

D @ & O @ O

Figure 2.11 Rules of path sensitization

Definition 4 { Path Sensitization Technique )

Path Sensitization Technigue is a testing technique where the specification of
the system is represented using a Boolean-logic network ( i.e a CEG) and combinations of
causes are derived from the network by sensitizing each effect of the system to each cause in
its corresponding cause set.

The combinations of causes obtained can be used to derive actual test data, when
testing the implementation of the system, or act as test scenarios that can be used to validate
the specification itself. Moreover, these combinations of causes can be used to see if the
CEG conforms to the specification. When deriving combinations of causes using the Path
Sensitization Technique each cause is checked individually to see if it is stuck_at_0 or
stuck_at_1 which are defined below.

Let c; be a cause in Cause Set C of effect e. After using the Path Sensitization
technique to sensitize effect e to ¢; all causes in C have been set to specific values (presence
or absence) and it is determined if (value of e = value of ¢;) or (value of e = not value of cj).
At this point it can be determined if cause c; is stuck_at_0 or is stuck_at_1.
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Definition 5 { Stuck_at_0, Stuck_at_1)

i) Suppose (value of e = value of ¢;). This means that if cause ¢ is present then effect ¢
is present, else effect ¢ is absent. Now, if cause cj is set io absent and presence of e
is observed then cause c; (or effect €) is said to be stuck_at_I. If cause cj is set to
present and absence of effect e is observed then cause c; (or effect ¢) is said to be
stuck_at_0.

ii) Suppose now that (value of e = not value of ¢;) . If cause ¢j is set to present and
presence of effect ¢ is observed then cause c; (or effect e) is said to be stuck_at_0.
If cause ¢j is set to absent and absence of effect e is observed then cause ¢; (or effect
¢) is said to be stuck_at_I.

The methods based on the path sensitization technique presented in the next section
are based on the Equivalent Form [Wals83], Arabatzis Test Case Design [Arab&6], and
finally, our own Basic Path Sensitization Technique. The methods are illustrated by
application to the Naur Text Reformatter problem, a well-known problem in the testing
research literature [Naur69], and summarized in Figure 2.12(a). A CEG based on this
specification is given in Figure 2.12(b).

Given an input text having the following properties :
1: It is a stream of characters, where the characters are classified as break and BL
(blank), NL (new line indicator), or ET (end-of-text indicator).
2: The final character in the textis ET.
3: A word is a nonempty sequence of non-break characters.
4: A break is a sequence of one or more break characters.

The program's output should be the same sequence of words as in the input with the
following properties:
1: A new line should start only between words and at the beginning of the output text, if
any;
2: A break in the input is reduced to a single break character in the output;
3: As many words as possible should be.placed on each line (i.e., between successive
NL characters);
4: No line may contain more than MAXPOS characters (words and BL's);
5: An oversize word (i.e., a2 word containing more than MAXPOS characters) should
%aﬁlé% an error exit from the program (i.c., a variable Alarm should have the value
)i

To understand the internal program logic, the following definition of program variables is
required:
MAXPOS - maximum number of characters allowed per line.
FILL - the number of characters printed on the line so far.
BUFFER - an internal work area for storing a word.
BUFPOS - the number of characters in the “vork area buffer. This is set to zero after the
word in BUFFER is printed. -

Figure 2.12(a) Specification of the Naur Text Reformatter Problem (TRP)[GoGe75]
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Pt 90

Figure 2.12(b) CEG for the Text Reformatter Problem [Naur69]
2.3.2 Equivalent Normal Form

Armstrong has proposed a method for deriving a nearly minimal set of fault-detection
tests, using the Equivalent Normal Form (abbreviated ENF), of the circuits [Arms66]. The
ENF of a circuit represents the dependence of the output on the inputs and the states of the
internal wires. However, some information about the type of fault that may be present on
each wire is omitted. The ENF of a circuit is obtained by expressing the output of each gate
as a function of its inputs and preserving the identity of each gate by a suitable subscript
[Arms66, FrtMe71). Thus, if the inputs to an AND gate are labeled a and b, and the output is
labeled ¢, we represent this by ¢ = (a.b)e. Applying this procedure to all gates in the circuit,
an expression (usually in a factored form) of the output in terms of the input variables is
obtained. This factored expression is then expanded into the sum-of-products * form in
the usual manner except that a pair of parentheses is removed, the subscript associated with it
is concatenated to the subscripts of the variables within the pair of parentheses. Each
subscripted input variable (e.g not 5/93]) in the ENF is referred to as a literal. If an input
variable appears in the ENF with different subscripts, they are considered to be distinct
literals. Literals connected by ANDs are called product terms.

An appearance of a literal in the ENF is usually tested for stuck-at-1 by assigning the
value of 0 to it, 1's to all other literals in the term and suitable values to additional variables

T Sum-of-products represent product terms join together by "or" or "+" operations.
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5o as to cause all other terms in the ENF to be 0. An appearance of a literal is tested for stuck-
at-0 by assigning the value of 1 to all literals in the term containing it and making all other
terms equal 10 0.

The Equivalent Normal Form was applied to software testing by representing the
program as a collection to hardware gates as is done in the CEG approach {Wals83]. The
ENE is developed by expressing the output conditions or intermediates states as a function of
the inputs and at the same time preserving the identity of each node. Figure 2.13 shows the
ENF of the effects derived from the CEG given in Figure 2.12(b) ( this graph was obtained
from [Wals83). It has been slightly modified to include all the constraints and one missing
"and" relation which we believe is a typing mistake).

The next step is to test each literal in an ENF for stuck-at-0 and stuck-at-1 using the
same principal as in circuit testing presented above. After applying these procedures we
obtain the set of cause combinations given'in Figure 2.14 [Wals83]. For instance, when
deriving the input conditions for ENF(93) the following is obtained:

» Literal 1 (* (3[20,21,93] and 6{21,93] and not 5[22,93] *)
- set 3[20,21,93] =1, 6[21,93] = 1, 5[22,93] = 0, 7[22,93] = 1, 4[20,21,93] = 0,
8[20,21,93]1 =0

» Literal 2 (* (4[20,21,93] and 6[21,93] and not 5[22,93] *)
- set 4[20,21,93] = 1, 6[21,93] = 1, 5[22,93] = 0, 7[22,93] = 1, 3(20,21,93]1 = 0,
8[20,21,931 =0

» Literal 3 (* (8[20,21,93] and 6[21,93] and not 5[22,93] *)
- set 8[20,21,93] = 1, 6[21,93] = 1, 5{22,93] = 0, 7[22,93] = 1, 3[20,21,93] = 0,
4120,21,931 =0

» Literal 4 (* (3[20,21,93] and 6{21,93] and not 7[22,93] *)
- set 3[20,21,93] = 1, 6[21,93] = 1, 5[22,93] = 1, 7[22,93] = 0, 4{20,21,93] = 0,
8[20,21,931 =0

« Literal 5 (* (4[20,21,93] and 6{21,93] and not 7[22,93] *)
- set 4[20,21,93] = 1, 6[21,93] = 1, 5[22,93] = 1, 7[22,93] = 0, 3[20,21,93] = 0,
8[20,21,93] =0

» Literal 6 (* (8[20,21,93] and 6[21,93] and not 7[22,93] *)
- set 8[20,21,93] = 1, 6[21,93] = 1, 5[22,93] = 1, 7[22,93] = 0, 3{20,21,93] = 0,
4[20,21,93] =0
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ENE(G0) = (1 and not 2)[90]
= 1[90] and not 2{%0]

ENF(91) =( 1 and 2) {91]
= 1[91] and 2[91]

ENF(92) = (21 and 22) [92] ’
= ((20 and 6)[21] and (5 and 7){22])[92]
= (((3 or 4 or 8)[20] and 6)[21] and (5 and 7)[22])[92]
= (3[20,21,92) and 6[21,92] and 5[22,92} and 7[22,92]) or
(4{20,21,92] and 6[21,92) and 5[22,92] and 7[22,92]) or
(8{20,21,92] and 6[21,92] and 5[22,92] and 7[22,92])

ENF(93) = (21 and not 22) [93]

= ((20 and 6)[21] and not (5 and 7)[22])[93]

= (((3 or 4 or 8)[20] and 6)[21] and (not 5 or not 7)[22])[93]

= (3[20,21,93] and 6{21,93] and not 5[22,93] or
(4[20,21,93] and 6{21,93] and not 5[22,93] or
(8[20,21,93] and 6[21,93] and not 5[22,93] or
(3[20,21,93] and 6[21,93] and not 7[22,93] or
(4[20,21,93] and 6[21,93] and not 7{22,93] or
(8[20,21,93] and 6[21,93] and not 7[22,93]

ENF(94) = (20 and not 6){94]}
= ((3 or 4 or 8)[20] and not 6)[94]
= (3[20,94] and not 6[94]) or
(4[20,94)] and not 6[94]) or
(8[20,94] and not 6[941)

Figure 2,13 ENF obtained from the CEG in Figure 2.12(b)

Input Conditions

11231451678
ENFol o Lol - ]-1-]-
90l 1tol-|-|-1-1-1-
gl -1 11!-1-10|-]-
9%l - [-1-11]-10]-1}-
941 - -|-|-|-10]|-11
2(-f|-Jo0joj11l1]|1
92 - | -(o]1f1f1]1}0
92 -|l.-|1|lof1]1]1]0
93[ - |-t1l0j011§1}0
93 - [-{1j0]1]1]010
931 --]Jofl1]0|1]1]0
93| -|-|o|1f1}11l0]0
9l--10jofof1]1{l
93-[-]ofof1]1f0]!1

Figure 2.14 ENF Conditions for Text Reformatter Problem
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2.3.3 Arabatzis Test Design Based on Path Sensitization

In his thesis [Arab86), Arabatzis proposed a new method to test case design approach
based on path sensitization. His approach consists of two steps. The first is the construction
of a standard Cause-Effect Combinational Network (CCN) representation of the system
under test. The standard CCN is equivalent to a CEG. The second step is to use path
sensitization techniques to generate a set of test requirements.

His second step consists of deriving for each effect its corresponding canonical
product-of-sum (PoS) form. Later on, he uses this new form to build the sum-of-product
form (SoP). The second step is algorithmic and therefore can be automated. Figure 2.15
shows the PoS and SoP representation for each effect derived from the CEG given in Figure
2.12(b).

Note that in Figure 2.15 ".", "+", and "' " have the same meaning as "and", "or",
and "not" respectively as used in the CEG technique. Just as in the case of Equivalent
Normal Form, the stuck-at-0 and stuck-at-1 test procedures are applied to the PoS and SoP
representation to derive test requirements. Each character (e.g. €', 3) is called a literal.
Literals connected by ANDs are called product-literals, while terms connected by ORs are
called sum-literals. An appearance of a product-literal in a SoP representation is usually
tested for stuck-at-0 by assigning the value of 1 to it, 0's to all other product-literals in the
SoP. An appearance of a sum-literal in a PoS is tested for stuck-at-1 by assigning the value
of 0 to it, 1' for all other sum-literals in the PoS.

When applying the above procedure to obtain the appropriate input conditions from
Figure 2.15 Figure 2.16 is obtained. For instance, when deriving the input conditions for
effect 93 the following is obtained:

« PoS(93) = 6.(3+4+8).(5'+7")
- to test if cause 6 is stuck-at-1 =>set6=0,3=1,4=0,8=0,5=0,7=1
- to test if sum-literal (3+4+8) is stuck-at-1 =>set6=1,3=0,4=0,8=0,5=0,

7=1
- to test if sum-literal (5'+7') is stuck-at-1=>set6=1,3=0,4=0,8=1,5=1,
7=1

« SOP(93) = 6.3.5' + 6.3.7"' + 6.4.5' + 6.4.7 + 68,5 + 6.8.7
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- to test if product-literal 6.3.5' is stuck-at-0 =>set6=1,3 =1, 5=0,4=0,8=

0,7=1
- to test if product-literal 6.3.7' is stuck-at-0 =>set6=1,3=1,7= 0,4=0,8=
0,5=1
- 10 test if product-literal 6.4.5' is stuck-at-0 =>set6=1,4=1,5=0,3 = 0,8=
0,7=1
- to test if product-literal 6.4.7' is stuck-at-O=>set6=1,4=1,7 = 0,3=0,8=
0,5=1 '
- to test if product-literal 6.8.5' is stuck-at-0 =>set6=1,8=1,5=0,3 = 0,4=
0,7=1
- to test if product-literal 6.8.7' is stuck-at-0 =>set 6=1,8=1,7=0,3=0,4=
0,5=1
Effect PoS representation’ SoP representation
90 =12 = (1.29
91 =12 = (1.2)
92 = (21.22) = 5.6.7.(3+4+48)
= ((6.20).(5.7)) = (6.3.5.7) + (6.4.5.7) +
= ((6.(3+4+8)).(5.7)) (6.8.5.7)
= 5.6.7.(3+4+8)
93 = (21.22) = 6.(3+4+8).(5'+7")
= ({(6.20).(5.7)") = 6.3.5' + 6.3.7 + 645" +
= ((6.(3+4+8)).(5'+7") 6.4.7'
= 6.(3+4+8).(5'+7) + 6.8.5' + 6.8.7°
94 |=(6'20) = 6'.(3+4+8)
= 6.(3+4+8) =63+64+6.8

Figure 2.15 PoS and SoP representation for the Text Reformatter Problem

In Figure 2.16 test requirements number 1 to 14 correspond to test for stuck-at-0
while the remaining requirements (number 15 to 22) correspond to test for stuck-at-1. The
input entries in bold represent the forcing conditions while the effect entries in bold
correspond to the target effect.
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Figure 2.16 Test requirements for the Text Reformatter Problem

2.3.4 A New Basic Path Sensitization Technique

In this section a more intuitive approach to derive 2 decision table from a CEG using
the path sensitization technique is presented. The basic sensitization rules given in Figure
2.11 are used. The path from each cause, say ¢, to an effect, say e, is traced to see how ¢ is
related to e { i.e. either presence of ¢ = presence of e, or presence of ¢ = absence of e) and at
the same time setting specific values to all other causes necessary 10 determine effect e. For
instance, to sensitize the path from cause x1 to effect e2 in Figure 2.10, first start at node x1
and assign cause x1 the value y (it will either be 0 or 1). Then go to the next node from x1,
namely intermediate node 2. To sensitize the path from node x1 to node 2, set x3 =1 and x4
= 0. With these values the output of node 2 will be y. To sensitize the path from node 2 to
node e2, set x6 = 0. The output of node 2 will be y. Thus, by having x3 =1, and x4 = x6
= 0, (presence of cause x1 = presence of effect €2) and similarly (absence of cause x1 =
absence of effect €2). By setting cause x1 to 0 (absent) and then to 1 (present) with the
appropriate values for x3, x4, and x6 it can be determined if effect e2 is sensitive to cause x1.
Section 2.3.4.1 presents an algorithm use to sensitize the effects to the causes in a given
CEG.

The benefit of this technique resides in the fact that the algorithm given is simple, easy
to implement, and it works for every CEGs. Besides, when applied to the same CEG, this
technique gives practically the same result as Arabatzis technique which is more complex and
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does not apply for all CEGs especially for CEGs where there exist an effect related to other
nodes by the "or" relation [Arab86).

2.3.4.1 Basic Path Sensitization Technique (PST) Algorithm

Step 1

Let g be a CEG.

For each effect ¢j in g do :
Backtrack g from ej to build the Cause Set of &;.
Name this Cause Set C;.
At the same time build a set Nj to indicate all the intermediate nodes found on the path
from e; to its causes.

endfor

Step 2
For each cause c;j in Cause Set Cj (*of effect ¢j*) do

(* we are sensitizing e;j to cause ¢j *)

Let the value of ¢; be X (*denote either presence or absence *)

Repeat

Repeat

Go to the forward node n  (* at first it is directly linked to cj, then it will be
linked to the previous n*)

If n ¢ Nj then retum to starting node (* from where we go to node n *) endif

until n € Nj
If relation at n is "and" then -
Set all incoming arcs to n (except the one from¢j) to 1
(* We should therefore backtrack each one of these arcs to set values to the
appropriate causes responsible for the arcs being setto 1. In this process two
special cases may occur : i) several combinations of the causes may set the arcs
10 1, ii) a given cause may be set to different values through separate routes *)
Else (* relation at node n is "or" *)
Set all incoming arcs to n {(except the one from ¢j) to 0
(* We should therefore backtrack each one of these arcs to set values to the
appropriate causes responsible for the arcs being set to 0. The same special
cases noted above can be found here *)
endif
If the sensitized link to node n is set to "not" then
{)f the input to n on this link before applying "not" is x then the output of n will
e x'
Else If the input is x' then the output of n will be x
endif
Else
If the input on this sensitized link is x then the output of n will be x
Else If the input is x' then the output of n will be x'
endif
endif
until n is effect ¢;
If the output ¢; is set to x then
value of ¢j = value of cause ¢;
Else
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value of ej = not value of cause ¢

endif
Create two combinations of causes, one with cause cj set to 0 (absent) and another one
with ¢ set to 1 (present). (* Note that each combination of causes will be represent by
a single column in the resulting Decision Table *)

endfor

Step 3

Repeat Step 2 for each effect ejin g

Remove any duplicate column in the decision table (DT)

Apply the constraints in the graph to each coiumn in the DT to see if it is a valid case

2.3.4.2 Analysis of the above Algorithm

Usually, the testing process is more cost-effective if the system under test is exercised
with the fewest number of test cases, especially in the case of large systems. It would be
interesting to do the worst-case analysis of the above algorithm. Suppose that we are
deriving test cases for an effect e that has n causes in its cause set. For each cause in the
cause set of e we should derive two test cases to sensitize this effect to that specific cause
(one for presence and one for absence of the effect). Hence, the maximum number of test
cases for effect e will be 2n. Since during sensitization two causes can yield the same test
case, hence the total number of test cases derived for that effect is equal or less than 2n.
Obviously, The number of test cases for all effects will depend on the number of effects as
well as the number of causes in the cause set of each effect.

The algorithm given is a direct implementation of the Path Sensitization Technique, i.e
the automatic procedure is the same as the manual procedure. It can be observed that when
backtracking from a node, say n, to set appropriate values to the causes responsible for an
input, say i, being set to a given value , X, two special cases may occur. The two cases are

as follows :

a) A given cause may be set to different values through separate backtracking
routes from node n

b) Several combinations of causes may set input i tox

To illustrate these special cases consider Figure 2.17 below. Suppose effect € is
sensitized to cause ¢ (shown in bold in the CEG in Figure 2. 17(2)).

a) Using the sensitization rule, at node p the input from node n has to be set to

1(present). Now, when setting node n to 1 three different combinations (Figure 2.17(b)) for
causes a and b are possible. This illustrates case b above. Now, suppose at this phase the
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combination a2 = 1 and b = 0 is chosen. When proceeding to effect ¢, it can be noticed that
node m has to be set to 1. To do so both causes b and d should be set to 1. At this point it
can be observed that cause b was already set to 0. This illustrate case a) above.

a b n
1 0 1
0 1 1
e = b.d.(c.(a+b)) ! ! !
(a) Example of a Cause-Effect Graph (b) Combinations of a & b

Figure 2,17 Example of sensitizing an effect to a cause

Consider in greater detail case a) where a given cause may be set to different values
through separate routes from a given node n. When this case occurs an appropriate
combination of causes that will satisfy all considerations can be selected. For example in
Figure 2.17 we can select a = 0, b = 1. However, this requires that one or more
combinations can satisfy the considerations, When this cannot be done, either there
is a mistake in the specification or in the CEG*. Figure 2.18 illustrates this case.

- Figure 2.18 is a slight modification of Figure 2.17 except that the relation at node n is
changed to and and a not has been placed on the link between node b and m. First the input
to node p from node n is set to 1. Then causes a and b should both be set to 1 for node n to
be 1. Now when proceeding to node e the input from node m has to be set to 1. To set
node m to 1 cause d should be set to 1 and cause b to 0. This goes in direct conflict with the
previous settings where a=b=1. At the same time the previous settings cannot be changed
because there is only one possible combination. Claim ; There is an error in either the CEG
or the specification.

o a catalogue of such symptoms of specific errors or logical inconsistencies 1s given 1in
hapter 5. ‘
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Figure 2.18 Deduction of Error in CEG or specification

b) Now, consider case b} above. When several cause combinations are possible any
one of them can be selected and if case a) also occurs then we can choose another
combination. When the contribution of a particular cause is sensitized to an effect, say e, it
would seem logical to say that taking any valid combination of the other causes in the Cause
Set of e would not affect the result. However, since our objective is to derive combinations
of causes that detect most of the faults found in the specification or the implementation one
should, therefore, choose the combination(s) of causes that seem will most probably satisfy
this objective. Choosing the appropriate combination(s) of causes would require knowledge
of the nature of the system under specification, i.e the combination(s) chosen for a
telecommunications system might be different from the combination(s) chosen for a database
management system. The best way would be to show all the possible combinations to
someone having some experience in the natre of the system and request that he/she choose.
However, the number of possible cases may be too large. Thus, guidance for the tester in
his/her choice is required. Two possible solutions dealing with this case are shown next.

Solution 1 of b) :

As a first solution suppose effect e is sensitized to cause ¢. With the algorithm above
two combinations of causes were derived: one for effect e to be absent and one for it to be
present. Consider the case where e is absent. If several combinations of causes {(except ¢) in
the Cause Set of e are possible, then it seems logical to choose a combination where the
maximum of the causes are set to 1 (present). This follows from the fact that usually when
some (atomic, positive) causes are present some effects are observed. Hence our choice is to
test for the most unusual case and hence the importance of the contribution of cause
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¢ has increased. By this we mean that if most of the causes in the cause set of e are present
and by setting cause ¢ to absent effect e is absent too, then it can be said that absence of
cause ¢ has overridden the presence of all the other causes. Hence the importance of the
contribution of cause ¢ is said to be increased. Similar when effect e is present, choose a
combination of causes where the maximum number of causes is absent. This follows from
the fact that usually absence of causes leads to absence of effects. Hence our choice is
another unusual case. To test more intensively, more than one combination of causes can be
chosen following the same concept. This way of selecting combinations of causes brings an
additional high-yield guideline to the Basic Path Sensitization Technique, i.e when
sensitizing an effect to a cause the combinations of causes that will increase
the importance of the contribution of that cause are chosen.

Solution 2 of b):
As another solution, instead of creating only two combinations of causes when
sensitizing each cause, more cause combinations can be created if case b occurs as above. In

States

+ If x is to be 1, enumerate all and only situations where
fori in1<i<n do
{seta,=1
forjinl€j<ndo
seta;=0if j#i

}
« If x is to be 0, enumerate all situations where
a;,=0forall iwherel €i<n

» If x is to be 1, enumerate all situations where
a,=1lforalliwhere1<i<n

» If x is to be 0, enumerate all and only situations where
foriinl1<i<n do
{seta;=0
forjin1<j<ndo
seta;=1ifj=i

Figure 2,19 Considerations used when tracing a Cause-Effect graph

that case, when backtracking the CEG to set appropriate values to some causes, the rules in
Figure 2.19 can be used to determine all the possible cause combinations. As can be
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observed, the rules given in Figure 2.19 are very similar to the considerations of Myers. The
only difference is that in this case these rules are secondary to our main objective, namely to
sensitize an effect to a particular cause, while in the case of Myers they were used as its
primary objective,namely deriving cause combinations. Also, we believe that the rules given
are more appropriate for sensitization concepts and they are expressed in a clearer fashion
than Myers' rules.

As it can be observed above, Path Sensitization Technique of test generation isolates
the individual contribution of one cause at a time. Due to the individual focus of the
technique, it is not always possible to test for any missing constraints among the causes,
particularly among causes that feed into an or node. For example, consider Figure 2.20(a)
and (b) below. Assume that Figure 2.20(a) shows a correctly derived CEG while Figure
2.20(b) shows an incorrectly derived one. We assume both graphs were obtained from the
same specification.

24 v >
~®

Figure 2.20(a) - Correct CEG Figure 2.20(b) - Incorrect CEG

Figure 2.20 Two different CEGs derived from the same specification
Table 2.2 gives the combinations of causes derived from both CEGs in Figure 2.20

using any of the above Path Sensitization Techniques. Thus, detecting the missing exclusive
constraint in the CEG given in Figure 2.20(b) is not possible.
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a b ¢ e
0 0 1 0
1 0 1 1
0 1 1 1
1 0 0 0

Table 2.2 Combinations of causes from Figure 2.20

When analyzing all the possible constraints that can be annotated to a CEG the
following observations can be made.
Heuristics for Detection of Missing Constraints:

o The exclusive constraint says that at most one out of a group of causes may be setto
1 at a given time. Therefore, if we derive a cause combination where we make most
of the causes in that group present we can detect from domain-specific knowledge
that the exclusive constraint is missing.

¢ The one-and-one-only constraint says that one and only one of a group of causes may
be set to 1 at a given time. Therefore, if we derive a cause combination where we
make most of the causes in that group present we can detect if the one-and-one-only
constraint is missing, Furthermore, if we derive a cause combination where all the
causes in that given group are absént then we can again detect omission of that
constraint.

o The inclusive constraint says that at least one out of a group of causes should be

present. Hence, if we make all of the causes in that group absent we will detect
omission of that constraint.

o The requires constraint says that for one cause to be setto 1 another cause should
also be set to 1. We believe that most Path Sensitization Techniques will likely detect
this kind of omission as it deals with causes on an individual basis. In addition,
using our high-yield guidelines should enable detection of this type of omission.

e The masks constraint says that when an effect is set to 1 it will mask the output of
another effect. Again, we believe that most Basic Path Sensitization Techniques will
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generate combinations of causes and from the cause combinations we can say for
each effect made present whether or not another effect will be observed.

From these general observations we can deduce that omissions of some constraints
can be detected by using the Path Sensitization Technique. Our strategy is to add two extra
combinations of causes (one with the maximum causes in the Cause Set of effect e absent and
the other one with the maximum causes in the Cause Set of effect e present) to the set of
combinations of causes obtained. For instance, in the case of the CEG in Figure 2.20, we
would have derived two combinations of causes where a=b=c=0 and a=b=c=1. This last
combination of causes would have detected omission of the exclusive constraint. Setting
most of the causes in a given Cause Set to 1 has a positive side-effect in the sense that this
combination of causes may capture any interference between causes*. In any case this
interference will only be captured if two or more interfering causes are both set to 1. Hence,

For each effect, ej, in a CEG g do
For each cause ¢; in the Cause Set C of effect ¢; do
->Apply the algorithm given to sensitize effect ¢; to cause ¢;
(* Whin backtracking a given node either use solution f or solution 2 given
above
->For each possible combinations create two cause combinations one with ¢;
set to 1 and another one with cjsetto 0
->Create a column in the decision table for each cause combination
->Use the values set to the causes in C and the constraints present in the CEG
to determine the values of the other causes in the cause effect graph
->Use the values set to the causes in C in order to determine the values of the
other effects in g for these two combinations
->Remove any redundant column
endfor
->If possible, create two additional cause combinations where in one most of the
causes in C are absent and in the other most of them are present.
->Create a column in the decision table for each cause combination
->Use the values set to the causes in C and the constraints present in the CEG to
determine the values of the other causes in the cause effect graph
_>Use the values set to the causes in C in order to determine the values of the
other effects in g for these two combinations
->Remove any redundant column
endfor
->Derive test scenarios from the decision table obtained

Figure 2.21 Test Scenario derivation using the Basic Path Sensitization Technique

* This means that when a cause is present it may interfere with the ability of another cause to
be present. This interference may or may not be intended.
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by adding a combination of causes where most of the causes are present we could detect most
of the interference. However, there is still another case where by setting a particular cause 10
1 it may hide the interference of two or more causes. But, we believe that even if this case
occurs the customer will deiect major cause interferences since the specification will later be
validated using test scenarios.

Since our goal is to validate the CEG against the specification and also to validate the
specification against the objectives of the customer test scenarios will be derived (section 3.3
in chapter 3) from the decision table obtained by the Basic Path Sensitization technique.
Later, test cases may also be derived from the decision table. "Don't-cares” can then be
assigned specific values and these assignments should be recorded and consistently used
whenever a fault is detected. Figure 2.21 summarizes the process of test scenario derivation
based on the Basic Path Sensitization Technique.

Figure 2.22 and Figure 2.23 below show the decision tables obtained when applying
solution 1 and solution 2 to the CEG in Figure 2.12 respectively. In both figures, the causes
in bold denote the causes in the Cause Set of the effect under consideration, while a cause
both in bold and underlined denotes the sensitized causes (when in one column there are
more than one sensitized cause this means that each one of the sensitized cause produces the
same column). An effect in bold denotes the target effect.

1234567891011121314151617181920
Causes
111000000000000090000
2!11000000000000000000
30010010011100110_{1!10_1
4000100100001000090!10
5--11111191---11-11--
6--11111111Q00ﬂﬂ-1101
7--111_00019---10-10--
800001001000010000!10.0
Effects
9010000000000000000000
9101000000000000000000
9200111000000000000000
9300000111110000000000
9400000000001111100000

Figure 2.22 Decision Table of the Text Reformatter Problem when using Solution 1
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In section 2.3.3 we have presented several techniques based on Path Sensitization in
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2.4 Comparison and Evaluation of the Above Path Sensitization

Techniques
order to eliminate the drawbacks inherent in Myers approach to CEG technique. The

techniques presented start from a CEG and then build a decision table representing the test
cases. We have concentrated our efforts on the derivation of the decision table since this is

where most of the drawbacks in Myers' approach occur.
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Among the drawbacks noted in Myers approach were a) ambiguous rules are given to
derive a decision table, b) only presence of effects are considered, c) the CEG is not validated
against the specification, d) no method is presented to assign don't cares in the decision table,
and e) two representations of the same CEG may yield different decision tables. Figure2.24
below gives a brief summary of how each of the above techniques presented addresses these
drawbacks in Myers' approach.

In Figure 2.24 the symbol "P/A" means that both presence and absence of effects are
tested while "Complexity" means the degree of difficulty that will be met by a tester to derive
test cases using these methods. It can be noticed that the Basic path sensitization technique is
the only one that validates a CEG against its specification and records any dont care
assignments in the decision table whenever test cases are derived. All the methods shown
above can be automated. Moreover, since they are all based on path sensitization we can say
that different representations of the same CEG will produce more or less the same decision
table from any of the methods. Some justification for this is that since each effect is
sensitized to each cause, whatever the representation of a CEG the Cause Set of each effect
will be the same and therefore the decision table should be quite similar for all

representations.
Ambiguous|Effect| Validating | Don'tcare | Complexity
rules - |CEG w.r.t spec| assignment
Equivalent Normal
Fgrm No P/A No No Small
Arabatzis Approach
No P/A No No Large

Basic path sensitization

Solution 1 No P/A Yes Yes Small

Solution 2 No P/A Yes Yes Medium

Figure 2.24 Comparison of various Path Sensitization Techniques

When each one of the above methods have been applied to the Text Reformatter
Problem we may observe the following :
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« The Equivalent Normal Form produces the same decision table as Myers' CEG
technique. However, the ENF technique does not show whether other effects may be
observed when we are expecting presence or absence of a particular effect and at the
same time it does not consider the case where constraints are present in the CEG. The
main advantage of this technique is that is it simple and shows exactly which path is
sensitized.

« Arabatzis' method produces more test cases than the ENF approach and explicitly
mentions which one is the target effect and the determining conditions. It also shows the
state of the other effects whenever we are sensitizing a particular effect. However, this
method does not consider the case where constraints are present in the CEG. Though
quite complex to implement, this method produces a good and well documented test
suite. One drawback in Arabatzis method is that his algorithm to derive the PoS form of
an effect works only in the case where an "AND" relation exists between that effect and
the other nodes (the algorithm will not work in the case of an "OR" relation.

« The Basic Path Sensitization technique is the only one that addresses all the drawbacks
in Myers technique. In this technique two solutions were proposed. In solution 1, a
decision table quite similar to Arabatzis' is produced while in solution 2 a much bigger
decision table is obtained. The advantage of this technique is that it is simple, easy to
implement, can be applied for all CEGs, and gives practically the same results as
Arabatzis when applied to the same CEG. Furthermore, in solution 1 we have an
upperbound on the number of cause combinations, thus on the number of test cases,
given as follows:

« If a CEG has m effects and each effect ¢; (I <i Sm) has n; causes in its
cause set then the upper bound to the number of cause combinations that can

be derived from the CEG is given by 2+ (2Zi=f"),

We can say that solution 1 gives a decision table that can be used to detect common
mistakes and omissions while solution 2 gives a decision table that will test most of the
faults that may be present in the CEG, in the specification, or later on, in the
implementation itself.
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As a conclusion to this chapter, we observe that several methods exist to derive a
decision table from a CEG. Each method has its advantage and disadvantage. Through
experience in specific systems, a tester can determine which method is most appropriate to do
a better job. For instance, if a system does not require intensive testing then the ENF
approach may be used. If the system requires high'rcliability then solution 2 in the Basic
path sensitization method will be most appropriate, while if the system requires a good level
of reliability, either solution 1 of the Basic path sensitization or Arabatzis method can be

used.
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Chapter 3

Extending Cause-Effect Graphing Technique for
Telecommunications Systems

In this chapter, we show how to extend the CEG approach discussed in the previous
chapter to take into account the key features of interactive systems, in particular, the ordering
of causes and events over time. A key application discussed here is to telecommunications
systems.

Today, there is a great need for reliable communications system software., Most
communications systems are made up of thousands, sometimes raillions lines of code.
Implementing and maintaining such systems are very costly. Therefore, these systems, when
implemented, should respond exactly and correctly to the customer's needs. One way to help
achieve this objective is to start from a valid, correct, unambiguous, and complete
specification of what the user wants in the first place.

Telecommunications specifications are very specific by nature in the sense that they
represent real-time systems which consist of a set of functionalities where some of the
functionalities may happen sequentially, others concurrently, and still others may occur only
for a given period of time. These specifications tend to be both large and complex,
consisting of several services and features. For a long time, in the telecommunications
industry, services and features were specified on an informal basis, i.e in natural language.
Owing to the fact that natural language is ambiguous by nature and cannot be manipulated
mathematically many researchers have searched for ways to represent formally
telecommunications features and services within a formal system where mathematical logic
and proofs can be applied. In doing so they have come up with Formal Description
Techniques (FDTs). The use of formal description technique makes it possible to analyze
and simulate alternative system solutions. Formal description techniques offer 2 well defined
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set of concepts for the user of the techniques, improving his/her capability to produce a
solution to a problem and to reason about the solution.

Among the formal description techniques that are used today to represent
telecommunications systems are SDL (Specification and Description Language)[BeHo89],
ESTELLE [BuDe87], and LOTOS (Language Of Temporal Ordering Specifications)
[BoBr87]. Whatever the FDT chosen to represent a feature or a service we always start from
its requirements which usually is informal. Therefore, in order to capture all the
functionalities and concepts in the informal requirement we need to understand and analyze
natural language representation of telecommunications features and services.

This chapter is organized as follows. The next section gives a brief description and
analysis of natural language telecommunications requirements and at the same time we show
how SDL is used to represent some of the constructs found in these requirements. Section
32 shows how the Cause-Effect Graphing technique extended to represent
telecommunications requirements and at the same time we show how some SDL constructs
for processes can be mapped onto the ECEG. It should be noted that SDL is a minor point of
motivation here because our objective is only to show that just as SDL constructs for
processes capture the basic concepts in telecommunications requirements so can the Extended
Cause-Effect Graphing technique. Section 3.3 shows how to derive telecommunications
scenarios from a decision table obtained through the Extended Cause-Effect Graphing
(ECEG) approach.

3.1 Analysis of Telecommunications Requirements from Natural
Language Descriptions.

Informal specifications, i.e specifications written in natural-language (English for
instance), are analyzed in this section. The objective is to derive the general structures of
telecommunications system requirements dnd to show how SDL captures these natural
language constructs. The specification language SDL was chosen among the FDTs because
it is a high-level language which seems to be the closest to informal specifications.

3.1.1 General Structure of Informal Telecommunications Requirements

Consider any informal telecommunications system specification. This specification is
usually written in English and is thus made up of sentences. In general, each sentence adds
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meaning and at the same time clarifies the specification. The number of sentences in a given
specification depends on the nature of the specification and on the needs of the customer.
Groups of sentences are used to specify a given functionality in the future system. It can be
thought that the more you have sentences describing a given functionality the more that
function becomes clear and complete. However, this is not always the case. This is because
some sentences may contradict others and thus introduce ambiguity into the specification.
Moreover, some sentences can be redundant and confer no additional meaning. Therefore a
good informal specification should contain only useful, clear, concise and unambiguous
sentences.

Depending on the nature of the system under specification sentences in a specification
can be classified into well-defined classes where each class conveys a specific meaning. It
often happens that a sentence contains several distinct information (conditions, actions,
events). In that case each information can be isolated from the sentence and classified into an
appropriate class. For instance, sentences in informal telecommunications system
specifications can be classified as follows (note that in this case a sentence is considered as a
group of words (subject, verb, prepositional phrase) that is grammatically correct, that can
stands on its own and that conveys a meaning):

Class 1 Sentences which define the communication environment. For
example these sentences may give the number and the names of the
communicating entities.

Class 2 Sentences denoting message transmission.

Class 3 Sentences denoting message reception.

Class 4 Sentences which describe the internal change when an entity

receives or sends a message.

Class § Sentences that establish chronology of events.

Class 6 Sentences that introduce constraints on the system.

Class 7 Sentences that give conditions to be satisfied for some events to
occur. .

Class 8 Sentences that introduce examples in the specification.
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The classification of sentences helps in analyzing an informal specification to spot
causes and effects (section 3.2). For instance, sentences that fall in classes 1 or 4 usually
show the presence of stafe causes or state effects respectively. Sentences inclass2 or 7 are
more likely to be event causes while those in class 3 wilt usuaily be event effects.
Sentences in class 5 introduce the semantics required to represent order of events in the
ECEG. Sentences in class 6 give the constraints to be annotated on the ECEG while those
in class 8 can actually be used as user-directed test scenarios.

3.1.2 Common mistakes in informal 'specifications

Since natural language is by nature ambiguous as different persons will understand
the same sentence differently, one is bound to make mistakes, have omissions and create
ambiguities when analyzing an informal specification.

One of the major defects present in informal specification is incompleteness.
Incompleteness means that the functionality requested by the customer is not fully defined.
Therefore, with such a specification, at the design phase the designer will have to make
certain assumptions that may or may not correspond to the customer's wish. Some examples
of incompleteness in telecommunications systems specifications are as follows :

« When a communicating entity sends a message m, nothing is said about reception
of that message

« The ordering of message transmission is not mentioned.

s Nothing is said about the number of times a message m can be sent before a
positive acknowledgement is received.

« Transmission errors are ignored.

Another major defect in natural language specifications is ambiguity. This type of
defect is very annoying and often may be dangerous. This arises when the functionality of
the system is not properly described i.e. contains sentences that have double-meaning.

For a long time, many of these defects were detected during the design phase or the

implementation phase of the software life-cycle. The later an error is found, the more costly
and the more difficult it is to correct it. Therefore, we need a technique that will help the
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specifier in making correct and complete specifications. Today FDTs allow validation of
specifications before the design phase. We believe that the same objective can be reached
when using the ECEG approach.

3.1.3 The Specification Description Language (SDL)

SDL is a standard language for the specification and description of systems. It has
been developed and standardized by CCITT (International Telegraph and Telephone
Consultive Committee). The development of SDL started in 1972 with its latest version in
1992. SDL has been designed to specify and describe the functional behavior of
telecommunications systems. Today SDL is mainly known within the telecommunications
field, but it has a broader application area.

SDL covers different levels of abstraction, from a broad overview down to detailed
design level. It has not been intended to be an implementation language. Automatic
translation of a SDL specification to a programming language is possible.

The behavior of a system in SDL is constituted by the combined behavior of a number
of processes in the system. A process isa finite state machine, that works autonomously
and concurrently with other processes. The cooperation between processes is performed
asynchronously by discrete messages, called signals. A process must always be contained
in a block , which is the main structuring concept. A system contains one or more blocks,
interconnected with each other and with the boundary of the system by channels . A channel
is a means of conveying signals. A block can be partitioned into (sub)-blocks and channels,
similarly to the partitioning of the system. Partitioned blocks do not contain any processes
while unpartitioned ones contain only processes. Since our aim is to show how SDL
captures natural language constructs, we will therefore limit our analysis of SDL to processes
only (process communication, procedure, dynamic creation and termination of processes,
and internal loops will not be addressed). We will use graphical SDL to illustrate the
constructs used in SDL to capture natural language constructs.

In SDL there are five basic constructs for the description of a process : start, stale,
input, output and nextstate. Figure 3.1 shows the SDL/GR (Graphical SDL) representation
of these constructs. The start is necessary to show the start of a process behavior. State is
used to represent the present state of the system, and nextstate represents the next state of the
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system after an action is done upon it. Input denotes the action made upon the system while
output denotes the reaction of the system to the input.

O o XK [

Start state input output nextstate

Figure 3.1 Basic constructs for the description of a process

A process may locally use and manipulate data stored in variables. During a transition
a process uses its local variables using the fask construct. A task construct is always an
assignment in SDL. Figure 3.2 gives an example of variables and their use.

Sometimes it is necessary to specify different actions in a process depending on some
conditions. This is done in SDL by using the decision construct. Different actions could be
taken depending on the value of some variables. In the decision symbol a question is asked.
The question may have various answers, but when interpreting the decision, one and only
one answer should be correct. By using the ELSE answer we can guarantee that one answer
is always correct. Figure 3.3 gives an example of the decision construct. In that example if
the value of variable v is less than 10 we will go to state s2, if v is between 10 and 20 then
we will go to state s3, else if v is greater than 20 then we will go to state s4.

PROCESS Example

DCL
Counter Integer := 0 -a— Variable declaration

A

B

Counter :=
Counter + 1

Figure 3.2 Manipulation of variable in SDL

-a—Task construct
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We have shown the concepts of input and output in connection with a transition.
They were only used to initiate a transition. However, they can also be used to carry data
from one process to another. In this case, the output construct includes one or more data
values. In the corresponding input construct, variables are specified which stored the
received data values. The types of the values sent in the output must be compatible to the
types of the variables in the corresponding input construct. In Figure 3.4 the values false
and JO are sent from process pl to process p2 using signal A. Process p2 owns variables

S1

A

(V<10) (1osv<20) (V>20)
( sz)( 33) (34)

Figure 3.3 Use of the decision construct

vl and v2 of type Boolean and Integer, respectively. When signal A is consumed by
process p2, the value false is assigned to vl and 10 is assigned to v2.

BLOCK Bl

SIGNAL
A(Bcolean, Integer)
Process Pi Process P2

DCL V1 Boolean,
V2 Integer;

A(vl.v2)<

A(fal@ -

Figure 3.4 Signal with data
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TIMER T;

|
Set
(Now+13,T)

wait

T<

Figure 3.5 Description and use of a timer

Usually, in some telecommunications systems certain time constraints must be
defined. In SDL the timer construct is usually used for this. The timer is an object, owned
by a process, that is able to generate a timer signal and put this signal into the input queue t
of the process. Figure 3.5 gives an example showing this construct.

The constructs in SDL shown above are limited to a subset of constructs in processes.
We believe that these constructs will capture most of the constructs found in
telecommunications requirements. In the next section we will show how the Extended
Cause-Effect Graphing technique can be used to represent these constructs.

3.2 Extended Cause-Effect graphing Technique (ECEG)

Simplistically, a telecommunication s'ystem may be viewed as a black box that reacts
to external stimuli (events) by producing at times some outputs (responses). At any given
moment the system may either be in a stable state (i.e it can stay in that state indefinitely) orin
an unstable state (i.e it will have to go to a stable state within some predefined amount of '
time). When an external event happens the system may change state and at the same time
may produce some outputs. The objective of the extended cause-effect graphing technique is
to represent a system (or part of it) in a graphical way, and then validate it by taking the
necessary information from its corresponding Natural-Language specification. Since this
approach is in essence a black box approach (no explicit reference to code or design), we will

T each process has an input FIFO queue where input events are queued
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look for external events, possible system states, and possible observable outputs from the
system specification. Later, this information will be converted into an Extended Cause-Effect
Graph before proceeding to the validation phase.

A Cause-Effect Graph consists of a set of nodes, called causes and effects, a set of
arcs with Boolean operators (and, or) between the nodes representing the relation between
causes and effects, and a set of constraints representing the environmental (realism)
constraints on the system. We extend this usual definition to yield Extended Cause-Effect
Graphs for telecommunications services.

3.2.1 Extended Cause-Effect Graph Constructs for Telecommunications
Services

We now will redefine causes, effects, and constraints as follows:
Causes

Causes implicit in a Natural-Language Specification of a telecommunications system
may fall into one of the following classes:

« Event - represents input to the system

» State - represents the state of the system

« Condition - Tepresents predicate of the system that is neither an event nor a state

In order to indicate the class of a cause the following notation should be used when an
identification number is given to & cause :

1. Precede the identification number of a cause with "ce." when that cause represents
an event.

2 Precede the identification number of a cause with "cs.” when that cause represents
a stable state. Replace s by s'if the state is unstable.

3. Precede the identification number of a cause with "ce." when that cause is a
condition.

4. An effect can become a subsequent cause (this will arise in Example 1 below).
This is a common aspect of telecommunications software specifications. Its
identification number is not affected.

5. Once the causes are placed into classes then we can initialize the identification
number of each class to "class_type.1", and then number them consequently.
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Example 1
Consider the following Three-Way Calling specification. "With Three-Way Calling, if

A is engaged in a call with B, and wishes to add C to the call, then A depresses the
switchhook button momentarily (an action called “flashhook") to put B on hold; the
switching node responds to the flashhook by sending A a dialtone; when A receives the
dialtone, A dials C's number; after C answers, A performs a second flashhook 1o remove B
from hold and begin the Three-Way Call. After the TWC has been established, A can
remove C from the call with a flashhook, or if either B or C hangs up, a standard two-party
call continues between A and the remaining party. Whenever A hangs up the call is
terminated. " {Came91]

Table 3.1 shows the causes that can be derived from the above specification (note that
we have indicated by a star causes that are effects too. Effects will be defined below).

Effects

As for the case of causes, we can also classify the effects observed from
telecommunications systems. However, causes need to be atomic while effects should
contain all outputs observed for that particular case. Hence, we are more tempted to place the
observable outputs and any system state change into the same effect, thus decreasing the
number of nodes in the corresponding cause-effect graph. But, in telecommunications
systems, effects are quite often reused as causes which in turn require an atomic nature.
Moreover, the system may reach the same state for different effects. Hence, we should make
a compromise between the size of a cause-effect graph and the reusability of effects. The
following seems to be the most appropriate compromise based on numerous case studies
performed on telecommunications requirements. Start by classifying effects into the

following classes:
» Event - represents an observable output of the system
+ State - represents a state reached by the system
+Eventand State - represents both output and state reached

Next perform the following operation for each effect ¢j in the "Event and State” class.
IF ((e; is reused) and (e; contains a state present in other effects too )) THEN

{ build two effects eje and ejs where.eje will represent the event in ¢j and
e;s will represent the state in ej
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}
ELSE

{ do not make any modification for that effect }

Causes Identification Number
*A is engaged in acall with B cs.1
A executes flashhook ce.l
A dials C's number ce.2
C answers phone ce.3
B hangs up ced
C hangs up ce.3
A hangs up ce.6

Table 3.1 Example of causes and corresponding identification numbers

In order to identify the class of a given effect the following notation should be used

when an effect identification number is assigned:

1. Precede the identification number of an effect with "ee." when that effect represents

an event.

2. Precede the identification number of an effect with "es.” when that effect represents

a stable state. Replace s by s' when the state is unstable.

3. Precede the identification number of an effect with "ees.” when that effect represent

both an event and a state.

4. Whenever a cause becomes an effect do not modify its identification number.

5. Once the effects are placed into classes then we can start the identification number

of each class with “class_type.1".

Example 2

Consider the same Natural-Language Specification given in Example 1. Then Table
3.2 shows the effects and their identification number that can be obtained from the
specification (here we have included the effects that are causes too - we have indicated them

by a star in the table).

Constraints
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In general constraints are used to show certain combination of causes and/or effects
that are impossible because of syntactic or environmental constraints. The ECEG approach
allows presence of five constraints : Requires, Exclusive, One-and-only-one, Inclusive, and
Mask. The first four apply to causes while the last one applies to effects. For example, in
example 1 we can observe easily that cause ce.3 (C answers phone) requires the presence of
cause ce.2 (A dials C's number).

These constraints can also be used to represent invariant in telecommunications
systems. Below we show an example of this. In the next section we will show how the
Requires constraint may be used to represent ordering of events.

Effects Identification Number

*B goes on hold. Switching node sends dialtone to A. ees.1
* A receives dialtone ee.l

C removed from call. | ee.2
*Connection between A and C established es.l
*B removed from hold. TWC established es.2

B removed from call. Std. two-party call for Aand C ees.2

Call is terminated ce.2

Table 3.2 Example of Effects and corresponding identification number

Example 3

We know that in telephony systems one of the invariant is that a subscriber A cannot
both be engaged in a call and be onhook. Hence, we will have to show this invariunt on the
ECEG. This can be shown as follows:

One-and-one-only (A engaged in a call with B, A is onhook)

However, it should be noted that whenever some invariant is this simple and easily
spotted we don't need to make it explicit and overioad the ECEG with it. In cases where the
invariant is not obvious, we should show it on the ECEG.

Event Sequencing
Usually in telecommunications systems events are partially ordered, i.e for a given
event to occur some other events have 1o occur first and so on. To illustrate this aspect we
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will give an example of a finite-state machine and an equivalent cause-effect graph where the
sequence of events is not made explicit.

iafo2

50

i1

iz

i3

ce.3

Its corresponding Extended Cause-Effect Graph

Figure 3.6 Example of FSM and its related (incomplete) ECEG

Example 4
From Figure 3.6 we can notice that from the ECEG we cannot deduce the order of

occurrence of events. In order to represent the order of events in ECEGs we have developed

s0

A Ges.]) Ol + st

11 (ce.l

@ i1/o1 i2f02 —
.—H @ = o

Ees.)

An example FSM Its corresponding Cause-Effect Graph

AT==Fes.2) 02 + 52

Figure 3.7 Example of reuse of effects method to represent ordered events
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two methods which complement each other. ‘One of the methods is reuse of effects while the
other one is use of the Requires constraint..

In the reuse of effects method, we recognize when a combination of causes produces
an intermediate event and subsequently the intermediate event with combination of some
other causes produces another effect. Thus, the intermediate event is first represented as an
effect and then used as a cause. By sequencing intermediate events, we can therefore
represent the order of events. This method is illustrated in Figure 3.7,

A

R! Event "ce.2" may occur R" Event "ce.1" may occur only
| only after event "ce.1" | when condition "cc.1" is satisfied
\

@ The system may enter state - ,7'@ Event "ce.1" may happen only

R "cs.1" only when condiion R s w1
\@ voc.1" is satisfied \\ when the system is in state "cs.1

Figure 3.8 Introduction of the Requires constraint

The reuse of effects method works as long as the intermediate events are observable.
Consider the case where they are not observable (e.g in Figure 2.3 in Chapter 2 if when
applying cause ce.l and ce.2 no observable effects are produced). In this case we will use
the second method, i.e. introduce corresponding Requires constraints into the Cause-Effect
Graph. The idea is simple and is well illustrated in Figure 3.3.

Figure 3.9 The complete ECEG from FSM in Figure 3.7
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Note that this type of requires constraint is different than the existing {CEG) method
usual which is used more to relate conditions rather than events . In the CEG case whenever
a cause (condition) requires another cause, both causes should be present at the same time.

In our new notation regarding events they may not be present at the same time. Figure 3.9
' gives an example of using the requires constraint to represent ordering of events.

3.2.2 Modification to the Decision Table in the ECEG Technique

The decision table is modified so that causes which are also effects can be easily
represented. Below we give the structure that the new decision table should have.

Column number

gld]o[0 |0

Causes

Causes — — — == T == 1T -] 1

Causes and
Effects

Causes and
Effects
Effects

|

As can be observed, the causes that are also effects appear twice in the decision table:
once considered as causes and once considered as effects. Note however that even if the
causes that are also effects appear twice in the decision table, this does not imply that both
occurrences will have the same value. To know which value should be assigned to each the
following notation should be used:

Let Cee represent a "cause and effect " in the cause part of the decision table.
Let E,, represent the same "cause and effect " which appears in the effect part of the decision
table.
IF (Cce issetto 1) THEN
{ IF ( presence of cause Cee produce effect Ece ) THEN
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setEeeto ]
ELSE
setEceto 0
}
ELSE IF (Ece is set to 1) THEN
{ IF (cause Cqe is required for the presence of Ege) THEN
set Ceeto 1
ELSE
set Cee 100

Avoiding Incompleteness in the Decision Table

When the entries of a decision table are being assigned most of the time what can be
observed is that there are some of the entries whose values are not important for the presence
of some effects. This in itself is not a mistake, but if properly analyzed may lead to some
faults in the natural language specification. But first of all we should try to fill most of the
entries by simple deductions. The following procedure may be found useful:

1. Use all the constraints in the ECEG to fill most of the missing entries.

2. Usually, the whole system should be in a single state at 2 given moment of time.
Therefore, whenever one cause (effect) state entry is set to 1 then set all other cause (
effect) state entries to 0.

3. If after applying 1 and 2 there are still missing entries ( these would most probably be
cause events and effects too), then for each column where there is one or more missing
entries we should argue if these particular cause events could occur concurrently with
those already present. If yes then set these entsies to 1, deduce the effects and see if
no mistake arise. Else set the missing entries to 0.

Note the following invariant in any decision table :

IF all cause entries (causes + causes and effects) are set eitherto O or 1 THEN
All the effect entries (effects + causes and effects) are set either to Qorl
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The same methods given in chapter 2 to derive a decision table from its corresponding
cause-effect graph can also be used in the case of extended cause-effect graph without any
major modifications.

3.2.3 Rules for constructing and interpreting a Telecommunications ECEG

In order to properly represent telecommunications systems using the Extended Cause-
Effect Graphing Technique some rules have to be observed in the construction and analysis
of an ECEG. Below we give some of the rules that have to be observed.

1. Always start with 2 cause node (of state type) that represents the starting system state.

2. Since we are mostly interested in representing the functionality of telecommunications
features, we will not consider all possible situations whereby this given feature could be
activated. We will therefore disregard all the past histories of the system before that
feature is activated. Moreover, we assume for now that only the events mentioned in the
specification actually happen and nothing else during operation of that feature. Later,
when we tackle the feature interaction probiem, we will consider the possible contexts,
possible external events, and histories.

3. Cause events happens during a small time period (i.e. are more or less spontaneous),
while cause states and conditions may remain at a certain value for a longer period of time
depending when events will occur t0 change their values.

4. When a cause event,ce, issetto 1 (present), if that cause contributes to the presence of a
given effect is determined, after presence of that effect the cause event (ce) will be reset to
0 (absent).

5. From 4 and 3, if the presence of a cause event, ce, brings about the presence of an effect,
e1, which is rensed along with ce to produce another effect, €2, then cause ce has to occur
twice, once to produce €, and another one to produce e2.

6. We assume that the delay between the causes and the effects is practically zero. Obviously
in some cases, especially when tackling the feature interaction problem (its definition is
given in Chapter 4), we will have 1o consider ail the possible cases where delay may
become important.
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The rules are general enough to take into consideration most of telecommunications
systems. In chapter 4 we will modify and enhance these rules in order to apply them
specificaily to telephony systems.

3.2.4 Mapping SDL constructs onto Extended Cause-Effect Graphing
Technique

In this section we will show how the SDL constructs shown in section 3.1.3 can be
represented using the ECEG constructs. It should be noted that SDL is a minor point of
motivation here because our objective is only to show that just as the SDL constructs shown
in section 3.1.3 capture the basic concepts in telecommunications requirements so can the
Extended Cause-Effect Graphing technique, hence supporting the generality of the ECEG
technique. Figure 3.13 illustrates this mapping. .

SDL representation Corresponding ECEG representation
1. The start
T S,
( Represented by a starting cause state )
2. State representation @
CD Either a cause or an effect state (or both)
3. Input
K¢
( Cause event)
4. Output
o > |
( Effect event )

Figure 3.10(a) Mapping SDL onto ECEG
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SDL representation

Corresponding ECEG representation

5. Choice of actions

D)
2

1

6. Local variables

DCL
Counter Integer :=0;

—

Counter :=
Counter + 1;

Var
Counter : integer :=0;

B is output,
increment
counter is
incremented
byl,

new state is
S2

AL

7. Decisions

counter < 3

Figure 3.10(b) Mapping SDL onto ECEG




SDL representation Corresponding ECEG representation
8. Value passing by signals
Signal
A(Integer, Boolean)
Process P1 Process P2 Cegl Ceg2
DCL Var vl : integer
V1 :integer vZ : Boolean
V2: Boolean
send i%n;ﬂ 2
signal vV
A(S,truc)> A(VLV2)< A%;l,true) @ received
to Ceg2 from
Cegl
9 The Timer
Timer T; Si .
I ‘ ’ Wait
| set timer A ’@ -
SET Tto
(Now+13,T) . Now+13
( Wait @
A >.
. Timeout @
T g fromT
Figure 3.10(z) Mapping SDL ontc ECEG
Example

We will use the specification of the system Daemongame [BeHo89] to illustrate the
concept of mapping SDL onto ECEG. The analysis and representation of this system in SDL
is found in many papers on SDL. It is therefore, appropriate to use this system to illustrate
the representation power of ECEG. The Natural Language specification is as follows:
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"This system is a game having any number of players. The players belong to the
environment of the system. A "daemon” in the environment of the sysiem sends Bump
signals randomly to the system. A player has to guess whether the number of the Bump
signals received by the system is odd or even. The guess is made by sending a Probe signal
10 the system. The system replies by the signal Win if the number of the received Bump
signal is odd, otherwise by the signal Lose. The system keeps track of the score of each
player. A player can ask for the current value of his score by the signal Result, which is
answered by the system with the signal Score. Before a player can siart playing, he must log
in. This is accomplished by the signal Newgame. A player logs out by the signal
Endgame." [BeH089]

From the specification above, we can derive the causes and effects and they are
shown in Table 3.3. These types of causes and effects are easily identified since most of
them are about sending and receiving of messages Itcan be noticed that effect "New game
started" has been reused because only after a new game has started that the player can send
bump signal to the system. We have used the cause "System in ready state” to indicate the
start of the whole process.

Causes Effects

cs.1 System in ready state ee.1 System increments the number of
ce.1 System receives Bump signal received Bump signals by 1
ce.2 System receives Newgame signal ee.2 New game started *
ce.3 System receives Probe signal ee.3 System sends the Win signal and
cc.1 The number of Bump signal received update the score of player

is odd ee.4 System sends the Lose signal and
ce.4 System receives Result signal updates the score of player
ce.5 System receives Endgame signal ee.5 Systems outputs signal Score

ee.6 Game ends

Table 3.3 Causes and effects for the system Daemongame

From the causes and effects given in Table 3.3 and the informal specification we can
derive the ECEG given in Figure 3.11. It can be noted that this is valid representation as
each of the SDL constructs ( in the SDL graphical representation in [BeHo89]) ix represented
clearly by the ECEG. "
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3.3 Automated Derivation of Decision Table from ECEG

In Chapter 2 (Section 2.3.4.1), we give an algorithm to derive a Decision Table from
a CEG. In order to make this algorithm applicable in the ECEG context, provisions have to
be made to accommodate reuse of causes and effects as well. Since the aim of the Basic PST
is to sensitize an effect to a cause, the algorithm itself does not make the difference between a
normal effect and a reused one. This case is similar for the causes too. Hence, only a few

System in
ready state @ System
increments
— the nu;ndbcr of
i ived Bum
System receives receiv p
Bump signal @ signals by 1
N New game
6 o

System receives >
Newgame signal \&

System sends

The number of the Win signal
Bump signal cc.l FaN and update the
received is odd . score of player
System receives System sends
Probe signal @“}f A @ the Lose signal
and updates the
score of player
Systems outputs
@ N @ signal Score
System receives
Result signal @ N Game ends

System receives
Endgame signal @

Figure 3.11 ECEG representation for system Daemongame
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more steps are required for the Basic PST algorithm to make it suitable to derive a decision
table from an ECEG.

The added step is as follows :
Step 0

« Create two nodes for each reused effect. One node will establish that effect as
an effect, while the other one will designate that effect as a cause. Give different
ids to the two nodes created ( it is advisable just to prefix the cause identifier by
a star.

« Create two nodes for each reused cause. One node will establish that cause as a
cause, while the other one will designate that cause as an effect. Give different
ids to the two nodes created ( it is advisable just to prefix the effect identifier by
a star,

Step 3
+ When applying constraints to each column in the decision table, the Requires
constraint should be interpreted differently from its usual CEG sense. In ECEG
semantics the Requires constraint just introduces order of events. When
checking for impossible combination of causes, this constraint will therefore be
interpreted differently.

By separating each reused cause and effect into distinct nodes, the ECEG has been
transformed into a CEG. The Basic PST can thus be applied to this transformed ECEG with
prope. interpretation of the Requires constraint as this constraint has different meanings in the
CEG and the ECEG context.

3.4 Deriving User-Directed Scenarios

In chapter 2 we have shown several methods to derive a decision table from its
corresponding cause-effect graph. After the decision table has been derived we can derive
test cases each one corresponding to a column in the decision table. The test cases derived
are then applied to the implementation of the system. This method is very useful if the
specification conforms to what the client really wants, i.¢ the specification satisfies most of
the user requests. But what happens when this is not the case?. One way of validating the
system is through user-directed scenarios. User-directed scenarios are obtained from the
decision table. A user-directed scenario consists of the causes that should be present and
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those that should be absent as well as the effect produced or not (obviously instead of using
the identifier of causes/effects we should use the English text of causes/effects). The
scenarios are called user-directed because we should validate them against the objectives of
the customer and therefore they should be quite easy to read, understand and unambiguous.

In the example given in Table 2.1 of chapter 2, if we take column 1 in the decision
table the following will be a user-directed scenartio :

Student can take the skating course .- student enrolls at university of
Ottawa and he obtains an A* in M athematics.

In the case of the ECEG technique we have developed two closely related user-
directed scenarios : simple scenarios and concatenated scenarios. Simple scenarios are those
scenarios which consist of an effect along with the causes responsible for the presence or
absence of that effect. The causes that make up simple scenarios are not reused and they
contain no effects that have been reused. In the ECEG given in Figure 3.14 an example of a
simple scenario would be as follows:

A new game is started (ee.2) :- the system is in the ready state ‘cs.]) and the
system receives a Newgame signal (ce2).

A concatenated scenario is just like a simple scenario except that it consists also of
effects that have been reused. In fact, instead of writing the effects we will write the name of
the simple scenario which brings about the presence or absence of that effect in question.
For example, if we name the above scenario as scenario # 1 then an example of a
concatenated scenario still based on Figure 3.14 will be as follows:

System sends the Win signal and update the score of the player :- Scenario # 1 and
the system receives a bump signal and the number of bump signals received is
odd.

The scenarios are given to the client who should approve or disapprove of each one.
Consider the case where the user disapprove of a given scenario. At that point we can note
five potential sources for this problem: the scenario may have been incorrectly derived from
the decision table, the decision table may have incorrectly been obtained from the ECEG, the
ECEG may be incorrect with respect to the specification, the specification may be incorrect,
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or a combination of any one of the above. Since deriving a decision table and then the test
scenarios are algorithmic steps we will ignore these sources of errors, assuming that the
corresponding algorithms have thoroughly been tested and are correct. To know the source
of the error, the ECEG should first be checked with respect to the specification to detect any
omission or wrong interpretation. If no error is found after doing this, then we can say that
the specification is incorrect or it has wrongly been interpreted by the tester. At that point
any change in the specification should be made in collaboration with the customer.

In this chapter, the ECEG technique for telecommunications systems has been
introduced as well as how this approach could be used to represent some of the constructs in
SDL. Tt should be noted that SDL is a minor point of motivation here because our objective
is only to show that just as the SDL constfucts shown in section 3.1.3 capture the basic
concepts in telecommunications requirements so can the Extended Cause-Effect Graphing
technique, hence showing the generality of this approach.

In addition, since the ECEG testing technique starts from a natural-language
specification, this technique will, therefore, represent all and only the information that can be
gathered from the requirements and from the basic concepts of a telecommunications system.
For instance, if the history of a system is not present in the requirement, then our technique
will not represent it while if it is present then it will be represented. Moreover, since our
" technique is a black-box testing technique we will not represent internal events of a system.
Only observable events will therefore be represented. The next chapter illustrates the ability
of ECEG to represent telecommunications features and services.
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Chapter 4

Representation of Features and Services by Extended
Cause-Effect Graphs (ECEG)

In this chapter, we show how ECEGs are applied to very general distributed systems,
namely to telephony systems.

Several distinct definitions for the terms feature and service are present in the literature
[e.g Dwor89, Boumn93, Grif93, Zave93, Inou92, Kuis93, Ranad2, Came91, Cam93]. In
some cases, the word vgervice" is used to mean "feature”; in other cases, ngervice" describes
features together with other capabilities [Grif93). Since in this chapter and the next one the
rerms features and services will be quite often used, it is necessary to give our definitions of
these terms in order to clarify our intentions to the reader.

Definition 4.1 - Feature
A feature, f, provides one functional component of a service, S. S provides the
environment necessary forf to operate as the latter cannot function by itself.

In the Extended Cause-Effect Graph (ECEG) representation, each feature will be
represented by one ECEG.

Definition 4.2 - Service

A service, S, consists of a set of (possibly only one) features and the necessary
overhead required to provide an environment where each feature in that set can be activated
without any need for additional components. Note that vservice" is often used to refer 1o a
single feature and a necessary operational environment. 4
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In the ECEG representation, a service will be represented by a set of ECEGs where each
ECEG will represent a specific feature. In principle, the whole service can be represented by
only one ECEG but such a graph will be large and difficult to manage.

Definition 4.3 - Feature (Service) Interaction

A feature interaction between one feature, f1, and another one, f2, occurs when f],
and f> function as expected when they are not present in the same service but they do not
opera*. in the same way when present in the same service.

This section will show how informal specifications can be represented using the
ECEG technique.

4.1 Representation of Telecommunications Features and Services

Telecommunications specifications are very specific by nature in the sense that they
represent real-time systems which consist of a set of functionalities where some of the
functionalities may happen sequentally, others concurrently, and still others may occur only
for a given period of time. These specifications tend to be both large and complex. They
usually consist of several services and features.

Such large specifications should be broken down into "workable" parts. This is
necessary because Extended Cause-Effect Graphs become very large and difficult to manage
when used on large specifications. The size of the workable part is determined by the nature
of the specification and user convenience. Since services in telecommunications systems
consist of a certain set of features, a "workable part” may be the specification of either a
service if it is quite small or even an individual feature. Since our objective is to be able to
validate the given informal specification, it is advisable to break down the large specification
into individual features. Even if division means a loss of global representation, it appears to
be the only method which promotes user understanding.

Later on, after each individual feature has been analyzed some or all of these features
will be brought together in groups of two or more to see if the behavior of any one of the
features is not affected by the presence of the other features, i.e to detect any feature
interaction [Dwor89]. To be able to perform this last step, an algorithm is given in order to
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compose together two ECEGs representing separate features into a single one which
expresses all and only the behaviors of the features represented.

4.2 ECEG Representation of Individual Telecom Features

When the specification of each feature has been isolated from the original monolithic
specification, then we should build an ECEG representation of that feature. To do so, we
need first to identify the causes, effects, constraints, and relations between the causes and the
effects. However, this step will be more efficient if some guidelines specific for telephony

systems are followed.

In order to properly represent telephony features using the ECEG technique some
guidelines have 10 be observed in the construction and analysis of an ECEG. The guidelines
are quite general as their objective is mainly to make explicit what are implicitin a telephony
ECEG. These guidelines follow directly from those given in chapter 3 except that in those
presented here are more specific to telepnony systems. The guidelines are classified into
three sections: rules for the construction phase, rules for the interpretation phase and explicit

assumptions found in an ECEG.

Cons truction Phase

1. Before spotting causes, effects, and constraints from a given telephony
specification, identify each subscriber by a letter (A, B, C, ..) if this identification
has not been done in the specification. This will help to clarify the specification.

2. Always start with a cause node (of state type) that represents the starting system
state. Usually, this state is designated by cs.1

3. Disregard all the past histories of the system before the system is activated.

4, Every time a subscriber performs a new action upon the telecommunications system
create a cause event (ce._) to represent that action.
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5. Every time a subscriber arrives to a new observable state create an effect state (es.)
(it may be an "event and state" effect (ees._) if an event is also produced) to
represent that effect.

6. Every observable response by the system should correspond to an effect event

(ee._).

< _Since our interest is in representing features from the customer's point of view the
global system state will be represented by the actual state of each subscriber. The
internal system state will therefore be ignored.

Interpreting Phase

1. Whenever a given effect state, €s, is reached this state will represent the global system
state. However, usually, only the state reached by a given subscriber is mentioned. The
following gives the general interpretation rules used to determine the global system state
(these rules are illustrated through examples):

System having subscribers
A,B,C,andD

~
™
C has reached state 2
i : 9 D has reached state 4
P4

Ain state 1 {¢s.1

B in state 2 @

Event 1 occurs @

@ A has reached state 3

Figure 4.1 Example of system state

« Consider the example given in Figure 4.1. When effect es.3 is observed since only
state of subscriber A is mentioned the state of the other subscribers will be
unchanged. In our example, therefore, when effect es.3 is observed the global
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system state will be <A in state 3, Brin state 2, C in state 2, D in state 4>. Note
how we backtrack to obtain the states of all subscribers.

« Consider now the example in Figure 4.2. When A is in state 1, B in state 2, es.X
set to 1, and event 1 occurs both es.3 and es.4 will be observed (suppose that no
effect has priority other the other one). In that case since both A and B have
changed state the new systerm state will be <A in state 3, B in state 5, Cinstate 2,D
in state 4>.

« Consider the example in Figure 4.3. When effect ee.1 is observed no change of
state is observed. In that case the global system state has not changed, i.e has
remained as <A in state 1, B in state 2, C in state 2, D in state 4>.

2. When a cause event,ce, 1s set to 1 (present), if that cause contributes to the presence ofa
given effect, after presence of that effect is determined the cause event (ce) will be reset to
0 (absent). '

3, From rule 2, if the presence of a cause event, ce, brings about the presence of an effect,
ey, which is reused along with ce to produce another effect, ey, then cause ¢ has o occur
twice, once to produce €1, and the second time to produce €2.

System having subscribers
A,B,C,andD

~
~
C has reached state 2
) "/ ; D has reached state 4

A has reached state 3

-

A in state 1 {cs.]

S

@ B has reached state 5

~Z

B in state 2 @

Event 1 occurs @

Figure 4.2 Example of system state
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Explicit Assumption

1. At the starting state (cs.1) if the state of all subscribers participating in the functioning of a
given feature are not mentioned explicitly (i.e they will participate in that feature at a later
stage) then we will assume for now that their states at the start are unimportant.

2. Cause events happen auring a small time period (i.e. are more or less spontaneous).

3. Cause states and conditions may remain at a certain value for a long period of time
depending when events will occur to change their values.

4. We assume that the delay between the causes and the effects is practically zero except in
the case where effects are reused.

5. Assume for now that only the events mentioned in the specification actually happen and
10 other events occur during operation of that feature

Later on, when the feature interaction problem is tackled, the possible contexts,
possible external events, possible cases where delay may become important, and histories
will be considered.

System having subscribers
A,B,C,and D

A in state 1 {cs.

Binstate2 @

Event 1 occurs @

~
.
C has reached state 2
) "'/ ;" D has reached state 4
”

Effect 1 observed

Figure 4.3 Example of system state
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4.3 Examples: Telephony Features

The examples given in this section are well-known features from telephony systems.
These examples are Three-Way Calling and Call Waiting. For each of these examples their
English language specifications are given, and it is shown how the causcs and effects are
derived and how their respective ECEGs are built. The specifications are taken from
[CameS1].

4.3.1 Three-way Calling (TWC)

The natural language specification is given as follows : " With Three-Way Calling, if
A is engaged in a call with B, and wishes to add C 1o the call, then A depresses the
switchhook button momentarily (an action called “flashhook”) to put B on hold; the
switching node responds to the flashhook by sending A a dialtone; when A receives the
dialtone, A dials C's number; after C answers, A performs a second flashhook to remove B
from hold and begin the Three-Way Call. After the TWC has been established, A can
remove C from the call with a flashhook, or if either B or C hangs up, a standard two-party
call continues between A and the remaining party. Whenever A hangs up the call is
terminated" [Came91].

The causes and effects derived from the English Language specification are given in
Table 4.1 below. A star at the end of a cause or an effect statement means that this cause or
effect will be reused as an effect or a cause respectively. At the start, the state of the system
is "A is engaged in a call with B". We therefore make this statement a state cause (cs.1).
When A depresses the switchhook an action is made and the result of that action is that
B goes on hold and the switching node sends A a dialtone. An event cause ("A execute
flashhook”, (ce.1)) and an effect that contains both an event and a state reached ("B goes on
hold (state) are derived. Switching node sends dialtone 10 A (event)", (ees.1)). Note the
timing constraint imposed by the specification : "when A receives the dialtone, A dials C's
number”. In order to represent this timing constraint effect ees.1 is reused as a cause and an
effect "A receives dialtone” (ee.1) created. "A dials C's number” will become an event cause
(ce.2), but since A should first obtain a dialtone therefore effect ee.1 will be turned into a
cause too.
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Causes Effects

¢s.1 A engaged in a call with B * ¢es.] B goes on hold. Switching node sends
dialtoneto A *

ce.1 A executes flashhook.
ee.1 A receives dialtone *
ce.2 A dials C's number
es.] Connection between Aand C established *
ce.3 C answers phone
es2 B removed from hold. TWC established *

ce.4 B hangsup

ees.2 B removed from call. Standard two-party
ce.5 C hangs up call established btwn. A and C.
ce.6 A hangs up es.4 Call is terminated.

ec.2 C removed from call

Table 4.1 Causes and Effects of Three-Way Calling

In the specification it further says that " after C answers, A performs a second
flashhook to remove B from hold and begin the Three-Way Calling”. This expresses a
sequence of events and also the fact that C answers means that a connection is made between
A and C. Following the same principle as above, "C answers phone" is made into an event
cause (ce.3), "Connection between A and C established” is made into a state effect (es.1) and
then reused as a cause , while "B removed from hold and Three-way Calling established”
turned into a state effect (es.2).

The specification continues by taking effect es.2 (" After TWC has been established”)
as the present state and shows yarious events that may happen afterwards (thus effect 5.2
will act as a cause too). "A can remove C from the call with a flashhook” will be turned into
an event effect "C removed from call” (ee.2). Note that the flashhook made by subscriber A
need not be turned into a cause since a corresponding cause already exists. Cause evenis "B
hangs up" (ce.4) and "C hangs up" (ce.5) are made up fro.s "if either B or C hangs up”.
The results of these causes events (ce.4 or ce.5) will be " a standard two-party call continues
between A and the remaining party". Two effects "C removed from call, Standard two-party
call between A and B" and "B removed from call. Standard two-party call berween A and c
(es.3) are therefore derived. The first effect consists of two effects ( "C removed from call”
and "Standard two-party call between A and B") which are already present. The last sentence
"Whenever A hangs up the call is terminated” gives rise to an event cause "A hangs up”
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(ce.6) and a state effect "Call is terminated” (es.4). Figure 4.4 shows the ECEG

representation of TW C.

Note how sequence of events have been shown on the graph. Effects ees.1, ee.l,
es.1 and es.2 have been rensed. The requires constraint has been added during the phase
where subscriber A calls C and the latter answers the phone in order to show the logical order
of events. The English statement of the causes and effects have been annotated on the ECEG
in order to increase readability of the graph. In an automated tool this will be done upon the

user's request.

A engaged in :
a call with B @
B goes on hold.
oy oow
Aoxes S A
flashhook
@\ @ A receives dialtone
ee.] \
Connection between
A tablish
A dials C's and C established
number B od i
remov om
(€s.) hold. TWC
C answers established
phone
C removed from
@ call
C hangs up
B removed from
call. Standard
@lwo-pany call
- established btwn. A
and C.
B hangs up
~ ’-—@ Call is terminated.
A hangs up

Figure 4.4 ECEG of Three-Way Calling between A(the controller), B, and C
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4.3.2 Call Waiting (CW)

The natural language specification is given as follows : " With Call-Waiting, if A is
engaged in a call with B, and C calls A, a signal tone will be heard on A’s line, and audible
ringing will be heard on C’s line. A can then place B on hold and answer C's call with a
single flashhook. A can switch back and forth between the two calls via flashhooks, until
one or the other of the calls is terminated. Should party A inadvertently hang up while either
B or C is on hold, A will be automatically rung back, and upon answering is connected 1o the
held party" {Came91].

The causes and effects derived from the English Language specification are given in
Table 4.2 below. A star at the end of a cause or an effect statement means that this cause or
effect will be reused as an effect or a cause respectively. At the start, the state of the system
is "A is engaged in a call with B". This statement is therefore made into a cause state

Causes Effects
cs.1 A engagedinacall with B * ec.1 Signal tone will be heard on A's line, and
audible ringing will be heard on C'slinc®*
ce.l Ccalls A
es.l B goes on hold. Connection
ce.2 A performs flashhook between A and C established *
ce.3 B hangs up es.2 C goes on hold. Connection
between A and B established *
ce.4 C hangs up
ce2 Aisrung back dueto B *
ce.5 A hangs up )
ee.3 Aistung backducto C*
ce.5 A answers phone

e5.3 B is disconnected
esd Ais connectedto C

es.5 C is disconnected

Table 4.2 Causes and Effects of Call Waiting

(cs.1). When Ccalls Aan action is made and the result of that action is that a signal tone
will be heard on A's line, and audible ringing will be heard on C's line. One cause event "C
calls A" (ce.1) and one effect event "signal tone will be heard on A's line, and audible ringing
will be heard on C's line" (ee.1) are thus derived. Effect ee.1 will be reused as a cause in
order to show the order of events. When A performs 2 flashhook to answer C's call the
following cause event can be deduced”A performs flashhook" (ce.2), the effect state "B goes
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Two-party call @_ Sigal tone heard on
between A and B A's line, and audible

A @ ringing heard on C's

Cocalls A (ce.) line

Adis connected to C

A answers
B is placed on hold,

A is connected Lo ©

C is placed on hold,
Aisconnectedto B

A performs
flashhook

B is disconnected
B hangs up

C is disconnected

C hangs up
A is rung back due
0B

A hangs up
A is rung back due
10C

Figure 4.5 ECEG of Call Waiting

on hold. A is connected to C" (es.1). By switching back and forth between B and C another
effect state will be observed "C goes on hold. A is connected to B" (es.2). Both effects es.1
and es.2 will be reused as causes because they will act alternatively as the present state before
some events. The phrase "until one or the other call is terminated” gives rise to cause events
"B hangs up” (ce.3) and "C hangs up" (ce.4) as well as effects states "B is disconnected”
(es.3), "Alis connected to C" (es.4) and nC is disconnected” (es.5). Note that in the case of
effect es.4 "A is connected to B" should usually have been added but since a corresponding
cause already exist therefore this phrase is omitted in es.4. Usually effects es.3 and es4
should be placed together, but since effect es.4 will be observed later on without effect es.3
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therefore they are separated. From the last sentence in the specification the following cause
events "A hangs up" (ce.5) and "A answers phone" (ce.6), and also the effect events "A is
rung back due to B" (ee.2), “A is rung back due to C" (ee.3) can be deduced. The other
effects have already been derived.

Figure 4.5 shows the ECEG derived. Note how sequence of events have been shown
on the graph. Effects ee.l, ee.2, ee.3, es.] and es.2 have been reused. The requires
constraint has been added during the phase where subscriber A answers the phone. In that
phase it is required that A should be rung back first. The English statement of the causes and
effects have been annotated on the ECEG in order to increase readability of the graph.

4.4 Feature Interaction Analysis by Combining ECEG's

It was mentioned before that a service-contains a set of features. In our technique
each feature is represented by an ECEG. Each feature is validated individually. In addition,
it would be useful to see if all features can coexist and operate successfully when present in
the same service. In the ECEG technique, this is done by combining together ECEG
representation of each feature into a single ECEG in order to spot any feature interactions.
However, only pairs of ECEGs will be combined to facilitate analysis and validation.

The idea behind the combination algorithm is to derive one ECEG, g, from two
others , g1 and g2, (representing features fj and f respectively) where the following
properties will be heldin g :

«Causesin g = Causes in g1
« Effectsin g = Effects in g1
« Constraints in g

Causes in g2
Effectsin g2

)

Constraints in g2
Relations in g2

Constraints in g1

cccc

« Relations in g

Relations in g1

From the above properties, g will therefore represent both gy and g2 and hence
features fy and fa. As it will be observed in the next section, it may be possible that some
causes in g are also present in g (i.e they have the same semantics) and the same may be
possible with the effects, constraints, and relations. No duplication is made in g. Below an
algorithm for combining two ECEGs into one only is presented.
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Combination Algorithm

Given two ECEGs, ECEG; and ECEGg, our objective is to combine these two
ECEG:s into a single one, namely, ECEGq. The combination procedure is as follows :

« Assign either ECEG or ECEG to ECEGo. It is preferable to assign the larger ECEG to
ECEGy in order to decrease the amount of work. Larger means a larger number of nodes
or a larger set of relations. Precede all the identifications of causes and effects in ECEGo
with "1." if ECEG has been assigned to ECEGgq or with "2." if ECEGg has been assigned
10 ECEGg. Following the same principle precede any constraint in ECEGg with either "1.”

OI' ll2 L1}

(* For the purpose of simplicity, we will assume in what follows that ECEGj is the one that
is assigned to ECEGo.
*)
« For each cause, ¢j, in ECEG; compare it with all causes and effects in ECEGp do
If a cause, Cj, having the same meaning as ¢; is present in ECEGg then
Precede the identification of cause c; with "2"
else if a cause, Cj, 2 subset of cause ¢; is present in ECEGq then
Break down c;j into two separate causes ¢j and ck (ci =¢j V0
Precede the identification of cause ¢; with "21"
Precede the identification of cause cx with "1"
else if a cause, Cj containing cause cj is present in ECEGg then
Break down ¢j into two separate effects ¢j and ck (cj=ci Ck)
Precede the identification of effect ¢; with "21"
Precede the identification of effect cx with "2"
else if an effect, e;, having the same meaning as cj is present in ECEG then
Precede the identification of effect €; with "2"
Create a cause node with the same identification as the new identification of ¢
else if no cause or effect having the same meaning as ¢ is presentin ECEGy then
Precede the identification of ¢; with "2
Add c;to ECEGo
endif
endfor
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+ For each effect, e;, in ECEG3 compare it with all causes and effects in ECEGg do
If an effect, ¢j, having the same meaning as ¢; is present in ECEGg then
Precede the identification of effect ej with "2
else if an effect, ¢, a subset of effect ¢; is present in ECEGgq then
Break down e; into two separate effects ¢j andeg (ej=¢jV ex)
Precede the identification of effect e; with "21"
Precede the identification of effect ey with 1"
else if an effect, ej, containing effect e; is present in ECEGg then
Brrak down e¢j into two separate effects ej and ey (¢ = € U €k)
Precede the identification of effect ej with "21"
Precede the identification of effect e with "2"
else if a cause, ¢j, having the same meaning as & is present in ECEGg then
Precede the identification of cause ¢j with "2"
Create an effect node with the same identification as the new identification of ¢;
else if no cause or effect having the same meaning as ¢; is present in ECEGqgq then
Precede the identification of €; with "2"
Add ejto ECEGop
endif
endfor

« For each constraint, t;, in ECEG3 compare it with all constraints in ECEGg do
If a constraint, tj, similar to tj and between the same causes or effects as tj is present in
ECEGq then
Precede the identification of constraint t; with "2”
else
Precede the identification of constraint t; with "2"
Add t; 10 ECEGO
endif
endfor

« Relate each effect in ECEGy with identification number preceded with either "2" or "21" to
its set of causes just as in ECEGp. If the relation is already present in ECEGo then do not
copy this relation from ECEG2 to ECEGy. Use additional intermediate nodes when
appropriate to show different paths which can bring about the presence of an effect.
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(* Note that in this process the list of intermediate nodes from ECEG2 is added to ECEGg
only if they are not already present in ECEGg. The intermediate nodes too should be given
unique identification numbers. Two intermediate nodes, nj and nj, will have the same
ide-ification number if they have the same list of nodes, Ly, pointing to them, the same
relation relating the nodes in Ly (or/and) , and n; and n; will both be set to 0 or 1 for all
combinations of the nodes in Lp.

)
» Analyze the new list of causes and effects and add any new constraints if required.
« The new ECEG, ECEGy, is thus obtained.

It can easily be noted that if ECEGg would be the identical whether ECEG) or ECEG2
was assigned to ECEGo at the beginning of the procedure. Moreover, it can be observed that
ECEGy will represent both behaviors from ECEG) and ECEGa. This algorithm could be
easily automated except that the user has to identify the causes and effects in ECEG) and
ECEG» that have the same semantics at the beginning and then this information fed to the
computer for automation. After combination, the user should still analyze the graph to add
any new constraints. In the following an application of this algorithm is illustrated.

4.5 Examples

In this section we will illustrate how the combination algorithm works. We will first
start by showing how we can represent the combined functionality of Three-Way Calling
and Call Waiting features on a single handset. Then the functionality of two features found
on remote handset will be represented. Three-Way Calling feature will be used as an
illustration for this latter case.

4.5.1 Features on a single handset

Here we will show how the ECEG representation of Three-Way Calling and Call
Waiting features can be combined into 2 single ECEG representing both features.
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Since the ECEG of Call Waiting, say ECEG), seems 1o be more complex that the
ECEG of Three-Way Calling, say ECEGo, then we will first assign ECEGj to ECEGp. At
the same time each identification of the nodes in ECEGo is preceded with "1.". Allthe
causes, intermediate nodes, effects, and constraints found in the Three-way calling Graph but

B goes on hold. Switching
node sends dialtoic 10 A

Eees)

Two-party call
between A and B Signal tone heard on A’s
{ce.) jine, and audible ringing
Cecalls A heard on C's line
l.ce3 A @ A isconnected to C
1R
A answers l.ceb

[~ O @ B is placed on hold,
' A is connecied to C

@ C is placcd on hold,
A is connected to B

@ B removed from hold.
TWC cstablished

<>
<
@
Aetorns @ (5
o .
EesD

@ S eed) A receives dialtone

2R
A dialsC's Connection between A
number $ @ and C established
c 2R
ANSWEIS
phone @

Figure 4.6 (2) ECEG representing both TWC and CW



not found on the Call waiting graph are added to ECEGo and at the same time appropriate
nodes are renamed. The added causes are ce.2 (A dials C's number) and ce.3 (C answers
phone), while causes cs.1 (Two-party call between A and B), ce.1 (A executes flashhook),
ce.6 (A hangs up), ce.4 (B hangs up), and ce.5 (C hangs up) in ECEGg are already present
in ECEGo, namely through cs.1, ce.2, ce.5, ce.3, and ce.4 respectively.

1esl 8 A is rung back

=2 v‘vy @ \ = ﬁ;;ég -
IR
SRR

A hangs up Ql.ce.? X
3

A @ B is disconnected

v AN
A performs @ ‘ (5) ’ © \
flashhook
> @ C is disconnected
Lo N
£s.4) Call is terminated

Figure 4.6 () ECEG representing both TWC and CW

2.65.2

The added effects are ees.1{B goes on hold. Switching node sends dialtone to A),
es.] (Connection between A and C established), ee.1 (A receives dialtone), es.2 (B removed
from hold. TWC established), and es.4 (Call is terminated), while effect es.5 (C removed
from call) in ECEGz2 is already present in ECEGo through es.5. Note the special case with
effect ees.2 (B removed from call. Siwandard two-party call between A and C) in ECEGa.
This effect is made up of two separate effects, es.3 (B is disconnected) and es.4 (A is
connected to C) already present in ECEGg. Th{Js effect ees.2 is not added to ECEGo

All the relations and constraints found in the Three-Way calling graph are added to the

new combined ECEGo. In this case in order to show all the relations in the TWC graph and
the CW graph correctly some intermediate nodes (1-8) have been introduced. The
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intermediate nodes do not correspond to the other intermediate nodes present in either ECEGy
or ECEGy. Figure 4.6 shows the ECEGo obtained. In this case the procedure has taken
some time when done manuaily, but since automatization is possible then the process will be
very easy and rapid.

4.5.2 Features on distributed access handsets

Aengagedin (-

a call with B A goes on hold.
B executes Switching node
flashhook sends dialtone to B
@ R @ B receives dialtone
ee.] \
Connection between
R . -—"" ¢5-) B and D established

B dialsD's @
number
— A removed from
R (™) hold. TWC
D answers established
phone

D removed from

(es.]) v call

~(> e @

D hangs up @
A removed from
call. Standard

@ = es.3) two-party call
: established btwn. B

and D.

Ahangsu

eswp € ~ >@ Call is terminated.

B hangs up @

Figure 4.7 ECEG of TWC between A, B(the controller), and D

As it was shown previously, it is important to know how two features will affect the
functionality of each other when both are present on the same handset. Moreover, itis
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equally important to know how two features will interfere with each other if the features are
found on remote handsets. This particular case is of great interest because this is usually
where features interfere with each other very often and this case is among the hardest to

detect.

The first step in detecting any feature interaction between features on remote handsets
is to combine their respective ECEGs together using the same algorithm given in section 4.4.
In this section we give an example of combining two features found on remote handsets.
Both features are Three-Way Calling, We assume that at first there is a two-party call
between A and B where both subscribers have the TWC feature, Our objective is 10
represent two TWC calls in progress, one berween subscribers A(the controller), B,and C,
and the other one between A, B(the controller), and D. Figure 4.4 is the ECEG
representation of TWC of the first case while Figure 4.7 represents the second case.

Our objective is to combine the ECEG representing TWC between A, B, and C, say
ECEG;, and the one rcpresenﬁng TWC between A, B, and D, say ECEG2,t0 obtain ECEGg
which will show how two instances of the same feature can work concurrently.

Since both ECEGs are of the same size and complexity, any one of them can be
assigned to ECEGg at the start of the combinat.ion procedure. In this case ECEG; is the one
assigned and the identification number of all the causes, effects, and constraints are preceded
with "1". Then all the causes, effects, and constraints from ECEG2 are added to ECEGp in
such a way that ECEGo will have only one COpY of cause, effect, and constraint. Among the
causes and effects that have not been added to ECEGg from ECEGjarecs.1 (A engagedina
call with B), ce.4 (A hangs up), ce.,6 (B hangs up), and es.4 (Callis terminated) as they are
already present in ECEGyg. All the other causes, effects, and constraints are added to ECEGo
and prefixed with nyv. Figure 4.8 shows the resulting ECEG.

As the examples illustrate, the ECEG method is convenient to represent telephony
features, and in a larger scale distributed systems. The building of an ECEG can be
automated given its text representation . More details of this can be found in Appendix A.
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Chapter §

ECEG-Based Validation of Features and Services

Once a representation in Extended Cause-Effect Graph of each feature is done, we can
proceed to the analysis of the graph for validation purposes. The analysis will start by first
checking the graph for certain inconsistencies. Then, a decision table is built [Myer79] from the
graph and test scenarios derived from the decision table. The process of building a decision table
can be fully automated as well as the process of deriving test scenarios. Several methods exist for
deriving a decision table from a Cause-Effect Graph, namely using Equivalent Normal Form
[Wals83], Test design using Path Sensitization [Arab86], and Myers technique [Myer79]. The
same techniques can be used in the case of ECEGs.

When an individual feature has been validated, itis usually integrated with other features to
provide a service. During this activity two situations may arise : either all features work just as
they do on an individual basis and none of them interfere with the functioning of any of the other
features, or the behavior of some features are influenced (either positively or negatively) by other
features, i.e feature interactions occur [Dwor89]. In section 5.2 a method is shown where
composed features can be validated after the composition algorithm (section 4.4) has been applied
to the features.

5.1 ECEG-Based Validation of an Individual Features

When an ECEG is built from an informal specification, some defects could be introduced in
the graph due to mistakes made during that process or due to faults present in the specification
itself. Some of the symptoms of those defects could be spotted through inconsistencies in the
ECEG representation. Figure 5.1 illustrates how addition of constraints to an ECEG can Jead to
certain undesirable results.
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Constraint Problematic Case Observation
Requires Looping Requires
(R) Constraint Causes 1, 2, and 3 should either all be present oF all
/ should be absent.
R
| The user could either have added one or more
R .
| Requires constraint in excess or causes 1, 2, and 3
\ should actually have been considered as a single
cause.
Multiple state The causes "ws.y" and "vs.x" represent cause states.
@ In this case both states should either be present of
absent simultaneously.
R Usually a system can only be in one state at a time.
@ Therefore this case is probably an error. The
constraint could be in excess.
One-and- | Wrong
ons-only | Constraint
(@) This case will be incorrect if an effect requires either
/ the presence of more than one cause among causes 1,
2, and 3, or the absence of all of them.
o¢ -0 . | |
\ Replacing or removing the constraint could solve the
@ problem. But, the problem can be with the effect too.
Exclusive | Wrong
(E) Constraint
This case will be incorrect if an effect requires the
/ prec,isencc of more than one cause among causes 1, 2,
\ Replacing or removing the constraint could solve the
@ problem. But, the problem can be with the effect to0.
Inclusive |Wrong
D Constraint

Ié-/—®
®

This case will be incorrect if an effect requires the
absence of all causes 1, 2, and 3.

Replacing or removing the constraint could solve the
problem. But, the problem can be with the effect too0.

Figure 5.1 (a) Problematic constraints in an ECEG
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Constraint Problematic Case Observation

Mask Looping Mask
(M) Constraint
Whenever effects 1, 2, and 3 are presen
/ simultaneously it cannot be determined which effect
| M will mask the presence of the other one.
M
| The user could either have added one or more mask
\ M constraint in excess Or effects 1, 2, and 3 should
actually have been considered as a single effect.
Impossible case . . ) .
This mask constraint would be incorrect if no cause
@ combinations bring about the presence of both effects
M 1and 2.

In that case, either the mask constraint shouid be
removed or the causes have been wrongly related to
the effects.

Requires Impossible case

+

1
One-arid- In this case it is impossible to abtain a cause
one-only / combination that will satisfy both constraints.

The constraints should either be replaced or removed
partially or completely.

Requires Impossible case
+

Exclusive / The only cause combination that can satisfy all the
- é _ constraints is to set all causes (1,2,and 3) to 0.
\ The constraints should be revisited.

One-and- | Stuck_at

one-only

(or @\ _

Exclusive Tt can easily be observed that node 4 will always be

) / absent whether the Exclusive or One-and-One-Only

+ o —(2) A constraint is annoted to the ECEG.

lland“ (E) '

relation N A mistake could either have been caused with the
0 constraint or the relation.

Figure 5.1 (b) Problematic constraints in a1 ECEG
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Constraint | Problematic Case Observation

Inclusive | Stuck_at_1

Ioru o It can easily be observed that node 4 will always be

relation present.

/
Ié _ VN A mistake could either have been caused with the
. \/ constraint or the relation.

3

Figure 5.1 (¢ Problematic constraints in an ECEG

Other kind of inconsistencies that can be introduced into an ECEG is the way in which the
causes are related to the effects. Figure 2.18 (Chapter 2) shows a cas¢ where for an effect to be
present it requires that 2 given cause should be set 1o 1 and O simultaneously, an impossibility.
Moreover, if for an effect to be present (or absent) it requires presence of more than one cause state
(of the same subscriber) then a mistake is most likely to be present in the ECEG. Similarly, if for
an effect to be present (or absent) it requires presence of more than one cause event and no
Requires constraint is used to show the ordering of those events then this case should be studied in
greater details,

By methodically tracing state conditions in the graph representing a given feature, the graph
is converted into a limited-entry decision table using any one of the Path Sensitization technique.
Note that both presence and absence of effects are studied. During this exercise it can be
determined whether a cause or an effect is stuck at 0 or stuck at 1 (Chapter 2).

All the above analysis of an ECEG validates the syntactic contents of the graph. This means
that irrespective of the graph if any of the above symptoms arise, it can automatically be said that
the ECEG or the informal specification contains some defects. It should be noted that the ECEG
syntax validation can be fully automated. Now, after the syntax of the ECEG has been analyzed,
we should look at its semantics, i.e we should determine if the ECEG is a correct transiation of the
informal specification and at the same time if the specification has been well understood by the
user.

One way of validating the specification and the semantics of the ECEG is through user-

directed scenarios. The user-directed scenarios are obtained from the decision table. A user-
directed scenario consists of the causes that should be present and those that should be absent as
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well as the effect produced. Each column in the decision table will correspond to at least one user-
directed scenario (one scenario for each effect observed). The scenarios are given to the client who
should approve or disapprove of each one. Consider the case where the user disapprove a given
scenarjo. At that point we can note five potential sources for this problem: the scenario may have
been incorrectly derived from the decision table, the decision table may have incorrectly been
obtained from the ECEG, the ECEG may be incorrect with respect 10 the specification, the
specification may be incorrect, or a combination of any one of the above. Since deriving a
decision table and then the test scenarios are algorithmic steps we will ignore these sources of
errors, assuming that the corresponding algorithms have thoroughly been tested and are correct.
To know the source of the error, the ECEG should first be checked with respect to the
specification to detect any omission or wrong interpretation. If no error is found after doing this,
then we can say that the specification is incorrect or it has wrongly been interpreted by the tester.
At that point any change in the specification should be made in collaboration with the customer.

As an important side-benefit, test scenarios give a concise, clear description of the
functioning of a feature. This way of writing helps the customer and the specifier to more easily
detect any possible omissions or mistakes in the specification. During analysis several
questions can be asked: What if a cause is not present when it should have been present? What
about the delay factor? As in the above specification, we can ask what would happen if cause ce.3
is absent in scenario # 3, i.e what would happen if C does not answer the phone or c's line is
busy?. These types of questions are useful for clarifying the given specification, especially with
respect to exceptional cases which are frequently overlooked in requirements documentations.
These appropriate questions can only be asked by an experienced user in both the telephony
systems and ECEG techniques.

52 Example : Three-Way Calling

In this section we will show how the ECEG analysis is performed on the Three-Way Calling
feature. The syntax of the graph is first validatéd and no mistake was found. From its ECEG
(Figure 4.4) the corresponding decision table is built (given in Table 5.1), based on the Basic Path
Sensitization technique given in chapter 2. The derivation has been straight-forward. In each
column a bold value of a cause means that this cause is found in the cause set of the effect whose
presence or absence is studied for that column, while a bold value of an effect means the effect
targeted for that column. Note the difference that we make between events that are both causes and
effects: if an event (both cause and effect) is present as a cause this does not mean that this event
should be present as an effect t00 since at any given time this event will either be a cause or an
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effect but not both. The same reasoning applies when an event is present as an effect while its
corresponding cause could be absent. For instance, for effect ees.2 to be present, both causes ce.4
and es.2 should be present. Even if es.2 acts both as a cause and an effect, only its cause part will
be set to 1 while its effect part will be set to 0. This case is represented by column number 7 in the

decision table.

From the decision table in Table 5.1 the corresponding test scenarios are derived, at least one
test scenario per column. The test scenarios derived are shown in Table 5.2. The derivation has
Heen straight-forward, From the test scenarios the following observations can be made: i) when A
executes flashhook and B hangs up at the same time, what could happen 7; ii) what would be the
result if C does not answer the phone or his/her line is busy?; iii) what if instead A dials C's
number he/she dials B's number?. All these observations shows that the informal specification of
TWC gives the minimum information about its functionality. These observations can easily be
made from a graphical representation of the whole functionality of the TWC. In that context
precisely, the ECEG technique derives its greatest pOwer.
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Table 5.1 Decision Table for T™WC
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# Effects P/A

Test Scenarios

114 engagedimna P
call with B (cs.1)

call (es.5) P

Starting state (¢s.1)

Scenario#5 and Changsup (ce.5)

Scenario# 5 and A executes flashhook (ce.1)

7 |B goes on hold,
Switching nod| P
sends dialtone tc
A(ees.1)

Scenario#1 and A executes flashhook {ce.1)

3 [ Areceives P
dialtone (ee.1)

Scenario # 2

4 | Connection
between A and C P
established (es.1)

Scenario#3 and A dials C' number {ce.2) and C answers
phone (ce.3)

5 { B removed irom
hold, TWC P
established (es.2)

Scenario #4 and A executes flashhook (ce.1)

6 | B removed from
call. Std two-party | p
callbtw. Aand C
(ees.2)

Scenario#5 and Bhangsup (ce.d)

7 | Call is terminated | P
(es.d)

Scenario#5 and Ahangs up (ce.6)

8| A engagedina A
call witn B (cs.1)

call (es.5)

Scenario # 5 and not A executes flashhook (ce.1) and
not C hangs up (ce.5)

9lB goes on hold,

sends dialtone tc

Switching nod| 5 |

Scenario #1 and not A executes flashhook (ce.1)

established (es.1) A

A(ees.1)
10 | Connection Scenario #3 and not A dials C' number (ce.2) and not C
between A and C answers phone (ce.3)

Scenario#3 and AdialsC number (ce.2) and not C
answers phone (ce.3)

11| B removed from
hold, TWC A
established (es.2)

Scenario#4 and not A executes flashhook (ce.1)

12| B removed from
call. Std two-party | A
call btw. A and C
(ees.2)

Scenario#5 and not Bhangsup (ce.d)

131 Call is terminated A
(es.d)

Scenario # 5 z;nd not Ahangs up (ce.6)

Table 5.2 Test scenarios for TWC

5.3 ECEG-Based Validation of Combined Features
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Once two ECEGs, ECEG1 and ECEG2, have been composed into ECEGO, we can proceed
at the same time as feature interaction analysis (discussed in the previous chapter) to validate the
behaviors of the two features, one represented by ECEG1 and the other by ECEG2, when both are

present in the same service.

1 he first validation step consists of checking ECEGO to see if none of the syntactical errors
mentioned in section 5.1 are present init. In this phase, major constraint errors, impossible cause
combinations, nodes stuck at 0, and nodes stuck at 1 can be detected. Moreover, on2 should see
whether ECEGO = ECEG1 » ECEG2. All and only causes, effects, and constraints present in
either ECEG1 or ECEG2 should be present in ECEGO (except in the case where additional
constraints had to be added to ECEGO aftter its construction). It should further be checked to see if
a constraint between a group of causes, say g, or a group of effects, say ge, found in one ECEG
(ECEG1 or ECEG2) is also present in the other ECEG if gc or ge is present in that graph.
Furthermere, no cause or effect should be present more than once in ECEGO (except in the case
where the graph is drawn separately due to its size. In this case each part of the graph should have
unique causes and effects). In addition, it should be checked to see if every cause, effect, and
constraint in ECEGO having their identification number prefixed with "31" are present in both
ECEG]1 and ECEG2. Similarly, causes, effects, and constraints with their identification number
prefixed with "1" ("2") should be present in ECEG1 (ECE2).

Just as before we should now proceed to validate the semantics of ECEGO to determine if the
two features this graph represent can operate successfully when present in the same service, i.e to
detect any feature interactions. When two ECEGs are composed together several faults may be
detected. Figure 5.2 illustrates some of them.

When the decision table is derived from ECEGY, it should be checked to see if any cause or
effect is stuck-at-1 or stuck-at-0. This can easily be spotted in the decision table by looking if all
causes and effects take both the values 1 and 0 in different columns.

Just as before user-directed scenarios are obtained from the decision table. The scenarios
will help the customer and the specifier to more easily detect any possible omissions or mistakes
when the ECEGs of two features are composed. During analysis several questions can be
asked: What if a cause or an effect is not present when it should have been present? What about
the delay factor? Can two events occur simultaneously? What will happen when two events
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ECEG1 ECEG2.
E<: ACALD E(: A0

9 19 o §)

9‘ G)ﬂ

Remarks In both ECEGI and ECEG2 effecis 11 and 10 could not occur
concurrently and this is what the customer required. However, in
ECEGQ both effects could occur at the same time (when causes 1.2,
21.3, and 2.4 are set to 1. Thus the resulting graph shows that when
two features are present in the same service,they could interfere with

the functioning of each other.

OREND g>@ \
®

Remarks This case is similar to the previous one where effects 11 and 10 could
not occur concurrently except that in this case they are found in
seperate features. Thus when the features are brought together they
interfere with each other.

O A{0) O V(10

© (3

Remarks In ECEGI effect 10 will be present if both causes 1 and 2 are present
at the same time while in ECEG2 effect 10 will be present if any one of
causes 1 and 3 is present. ECEGO shows that effect 10 can occur
irrespective of cause 2 meaning that this graph does not show this
specific behavior of ECEGI.

)

R R ’»@
(2

Remarks In ECEG1 effect 10 will be present if cause 1 or both causes land 2

are present while in ECEG2 effect 10 will be present if cause 2 or both

causes land 2 are present. In ECEGO effect 10 will be present only if

both causes 1 and 2 are present at the time. This case impose a
constraint on the behaviors of both features.

Figure 5.2 Examples of defects in composed ECEGs
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occurs concurrently? These questions will help the user in detecting an interactions between the
two features when present in the same service.

5.4 Examples

In this section we show two examples of validation of composed features. In the first
example, the composed behaviors of Three-Way Calling and Call Waiting features are validated.
These two features are found on the same handset. The second example consists of validating two
instances of Three-Way Calling feature, found on remote handsets.

5.4.1 Example : Three-Way Calling and Call Waiting

The ECEG representing the composed behaviors of TWC and CW features is given in Figure
4.6 of chapter 4. The syntax of the graph is first validated and no mistake was found. From its
ECEG the corresponding decision table is built (given in Table 5.3), based on the Basic Path
Sensitization technique given in chapter 2. The derivation has been straight-forward. The large
number of columns in the decision table is due to the fact that both presence and absence of effects
are studied. In each column a bold value of a cause means that this cause is found in the cause set
of the effect whose presence or absence is studied for that column, while a bold value of an effect
means the effect targeted for that column. The first observation that can be made is that none of the
causes or effects are stuck at Q or 1. '

From the decision tabie in Table 5.3 the corresponding test scenarios are derived, at least one
test scenario per column. The test scenarios derived are shown in Table 5.4. The derivation has
been straight-forward. From the test scenarios the following observations can be made: ) when B
is placed on hold, and A is connected to C, how will a flashhook made by subscriber A be
interpreted by the telecommunications systems? In that particular case, under the TWC feature B
will be removed from hold and a Three-Way call will be established between A, B, and C, while
under the CW feature C will go on hold and A connected to B.; ii) what would be the result when
A hangs up? Under the TWC policy the call will terminate while under CW A will be rung back.;
iii) it can be noted that the general idea behind these features is that a TWC will be established
between subscribers A, B, and Cif A calls C while a CW feature will take over if C calls A. Does
this mean that a TWC call cannot be established if C calls A and a CW cannot be established if A
calls C? Is the caller important to established who is going to control the call? ; (iv) A can
disconnect C from a TWC call by simple doing a flashhook, while under CW this action will put
either B or C on hold depending which subscribér was on hold before ; (v) how will the system
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the latter do not flashhook?. All these observations clarify the behaviors
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Table 5.3(a) Decision Table of TWC and CW
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Eifects P/A Test Scenarios
B goes on hold.
Switching nod| P | Scenario#4 and C performs flashhook up (21.ce.2)
sends dialtone 1<
A(.ees.1)
Signal tone heard -
on A's line, and p | Scenario#4 and Ccalls A (1.ce.1)
audible ringing on
C's line (l.ee.l)

. Qcenario # 11 and A answers {Tce.6) and not B hangs
Ajisconnectedto | p | up (21.ce.3) and not Scenario # 5 and not Scenario #7
C(2l.es.4) (This applies only for effect 21.es.4)

—————— — | Scenario#5 and B hangs up (21.ce.3) and not A answers
B is disconnected | p (1.ce.6) and not _scenario # 11 and not Scenario#7
(1.es.3) Scenario # 7 and B hangs up (21.ce.3) and not A answers

(1.ce.6) and not scenario # 11 and not Scenario # 5
Starting state (21.¢s.1)

) Jcenario # 10 and A answers (1.ce.6) and not A
Eg’;&?‘{ ‘::11(11 B p performs flashhook (21.ce.2) and not C hangs up (21.ce.4)
(21.cs.1) and not Scenario # 6 and not Scenario # 7

e (This applies only for effect 21.es.5)

cenanio # 6 and C hangs up (21.ced) and not A

—————— — { answers (1.ce.6) and not A performs flashhook (21.ce.2)

and not Scenario # 10 and not Scenario#7
o Scenanio # 7 and C hangs up (21.ced) and not A
Cis disconnected | P | answers (1.ce.6) and not A performs flashhook (21.ce.2)
(21.es.5) and not Scenario # 10 and not Scenario #6
Scenario # / and A performs Hashhook (21.ce.2) and not
‘A answers (1.ce.6) and not C hangs up (21.ce.4) and not
Scenario # 10 and not Scenario # 6

B is placed on hold, gcenar@o ﬁ g and A performs flashhook (21.ce.2) and not

A is connectedtoC | P cenarto

(l.es.1) Scenanio # 2 and A performs flashhook (21.ce.2) and not
Scenario # 6

C is placed on hold, ‘ .

A is connected to B P | Scenario # 5 and A performs flashhook (21.ce.2)

(1.es.2)

B removed from )

hold, TWC p | Scenario # 9 and A performs flashhook (21.ce.2)

established (2.5.2)

A receives dialtone | p | Scenario#1

(2.ee.l)

ti
ggtﬁl::n gxnandC p | Scenario # 8 and A dials C's number (2.ce.2) and C
established (2.e5.1) answers phone (2.ce.3)

Table 5.4(a) Test scendrios of TWC and CW
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# Effects P/A Test Scenarios
10[A is rung back due | 5
_t_o IE_(I_._ce.Z_) _ _|_ {Scenario#5 and A hangs up (21.ce.5)
C is disconnected P
(21.ce.5)
11] A isrung back due | p
10 E(}ﬁe-ﬁ |- |scenario#6 and A hangsup (21.ce.5)
B is disconnected P
(1.es.3)
12 (Czails'fz)tenninated p | Scenario#7 and A hangsup (21.ce.5)
13|B goes_on hold.
Switching nod| o Scenario#4 and not C performs flashhook up (21.ce.2)
sends dialtone <
A(2.ees.1)
14| Signal tone heard on
A's line, and audible| 4 ! Scenario #4 and not C calls A (1.ce.l)

ringing on C's line
(l.ee.l)

15

Scenario # 11 and not A answers (1.ce.6) and not B

A is connected to A hangs up (21.ce.3) and not Scenario # 5 and nol
- |{C(2l.esd) Scenario # 7 (This applies only for effect 2l.es4)
' Scenario # 5 and not B hangs up (21.ce.3) andnot A
—————— -— gnswers (l.ce.6) and not scenario # 11 and no
.o 3 cenario # 7
g?:sﬁiégconnected A [Scenario # 7 and not B hangs up (21.ce.3) and not A
answers (l.ce.6) and mot scenario # 11 and no
Scenario # 5
Scenario # 10 and not A answers (1.ce.6) and not A
16| Two-party call performs flashhook (21.ce.2) and not Changsup (21.ced)
between A and B A |and not Scenario #6and not Scenario#7
(21.cs.1) (This applies only for effect 21.es.5)
Scenario # 6 and not C hangs up (21.ce.4) and not A
answers (l.ce.6) and not A performs flashhook (21.ce.2)
—————— — {and not Scenario# 10 and not Scenario # 7
Scenano(# 7 2;1d not C hangs up (21.05.4) hanﬂ 5110t ?}3
. s answers (1.ce.6) and not A performs ashhook (21.ce.
%isedslsscgonnectcd A land not Scenario# 10 and not Scenario #6
e Scenario & 7 and not A performs flashhook (21.ce.2) and
not A answers (l.ce.6) and not C hangs up (21.ce.4)
and not Scenario# 10 and not Scenario # 6
17| B is placed on hold, Scenario # 6 and not A performs flashhook (21.ce.2) and
Aisconnectedto C | A not Scenario # 2
Scenario # 2 and not A performs flashhook (21.ce.2) and

(l.es.1)

not Scenario#6

Table 5.4(b) Test scenarios of TWC and CW
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# Effects P/A Test Scenarios

18| C is placed on hold,
A is connected 10 B A |Scenario#5 and not A performs flashhook (21.ce.2)
(1.8.2)

19| B removed from .
hold, TWC A |Scenario#9 and not A performs flashhook (21.ce.2)

established (2.es.2)

Scenario # 8§ and not A dials C's number (2.ce.2) and

20| Connection ot C answers phone (2.ce.3)

between A and C A
established (2.es.1) Scenario # 8 and A dials C's number (2.ce.2) and not C
answers phone (2.ce.3)

51| A is Tung back due | A

10 ]§_(1._§_e.%)_ _ _1l— |scenario#5 and not A hangs up (21.ce.5)

(21.ce.5)

75| A is rung back due 1 A

wC(eed) _ _|_ |Scenario#6 and not A hangsup (21.ce.5)

Bis disconnected | A
{l.es.3)

2 E;?E;z;ema‘ed A |Scenario#7 and not A hangsup (21.ce.5)

Table 5.4(c) Test scenarios of TWC and CW

5.4.2 Example : Three-Way Calling and Three-Way Calling {Remote Handset)

The ECEG representing the composed behaviors of two instances of TWC feature is given in
Figure 4.8 of chapter 4. The syntax of the graph is first validated and no mistake was found.
From its ECEG the corresponding decision table is built (given in Table 5.5), based on the Basic
Path Sensitization technique given in chapter 2. The derivation has been straight-forward. The
large number of columns in the decision table is due to the fact that both presence and absence of
effects are studied. In each column a bold value of a cause means that this cause is found in the
cause set of the effect whose presence or absence is studied for that column, while a bold value of
an effect means the effect targeted for that column. The first observation that can be made is that
none of the causes or effects are stuck at 0 or 1.

From the decision table in Table 5.5 the corresponding test scenarios are derived, at least one
test scenario per column. The test scenarios derived are shown in Table 5.6. The derivation has
been straight-forward. From the test scenarios the following observations can be made: i) suppose
that A and B flashhook at approximately the same instance. How will the telecommunications
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Table 5.5(a) Decision Table representing two instances of TWC
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busy and then B performs another flashhook? Will subscribers A, B, and C hear the busy tone? ;
(v) how will the system reacts if both subscribers A and B try to establish a TWC call with
subscriber C at the same time?. Note that this last case could happen very often, it takes only a
misunderstanding between subscribers A and B. All these observations clarify the behaviors of the
TWC feature on remote handsets and at the same time introduce further questions about the
interactions between two instances of Three-Way Calling feature.

1718192021222324252627282930
Cause51.ce.1ooooo.ooooo0000
1.@.200010000000000
1.ce.300000000000000
1.ce.500000000000000
2.cc.100000000000000
2.&.200000000000100
2.oe.300000000000000
2.ce.500000000000000
21.@.400000000000000
21.@.600000000000000
Causes and
eﬂ'ectsl.ee.100110000000000
1.@.100001000000000
1.@.200000101100000
2.%.100000000001100
2.&.100000000000010
2.es.200000010010001
2.es.1oooooooooooooo
21.cs.111000000000000
l.ees.100000000000000
2.ees.1oooooooooooooo
Effects and .
Causesme.loooooooooooooo
1.es.100000000000000
1.es.2oooooooooooooo
2.&.100000000000000
2.es.1oooooooooooooo
2.es.2oooooooooooooo
2.es.1oooooooooooooo
21.cs.100000,ooooooooo
1.ees.100000000000000
2.ees.1oooooooooooooo
"Effectsl.es.soooooooooooooo
2.es.500000000000000
1.ees.200000000000000
2.ees.200000000000000
21.%.400000000000000

Table 5.5(b) Decision Table representing two instances of TWC
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Eflects Test Scenarios
B goes on hold,
?;gglginaghgggio A Scepario#7 and A executes flashhook (1.ce.l)
(1.ees.1)
A goes on hghd,
Switching node .
sends dialtone 10 B Scenzrio#7 and B executes flashhook (2.ce.1)
(2.ees.1)
A receives dialtone S0 #
(Leel) Scenario # 1
B receives dialtone .
Q.ee.1) Scenario # 2
Connection between . . '
. Scenario # 3 and A dials C's number (1.ce.2) and C
A and C established answers phone (1.ce.3)
(l.es.l)
B rgmoT\@% from
hold. : 1
established btw A, Scenario # 5 and A executes fiashhook (1.ce.1)
B, C(l.es.2)
Starting state (21.cs.1)
A.‘:ﬂ%‘g;‘il in ai call Scenario # 6 and A executes flashhook (1.ce.l) and not
with B (21.cs.1) C hangs up (1.ce.5) and not B executes flashhook (2.ce.1)
and not D hangs up (2.ce.5) and not Scenario# 11
(Does not apply to 2.es.5)
Scenario # 6 and C hangs up (1.ce.5)and not B executes
Ea{ftao;eg)ﬁom flashhook (2.ce.1) and not A executes flashhook (1.ce.l)
e and not D hangs up (2.ce.5) and not Scenario # 11
(Does not apply to 2.e8.5)
Scenario # 11 and B executes flashhook (2.ce.1) and not
______ | C hangs up (1.ce.5) and not A executes flashhook (1.ce.1)
and not D hangs up (2.ce.5) and not Scenario # 6
D removed from (Does not apply to 1.es.5)
all (2.es.5 :
call (2.¢5.5) Scenario # 11 and D hangs up (2.ce.5) and not C hangs
up (1.ce.5) and not A executes flashhook (1.ce.l) and not
B executes flashhook (2.ce.1) and not Scenario #6
(Does not apply to 1.es.5)
B removed from
call. Swd ) '
two-party call Scenario # 6 and B hangs up (21.ced)
established btw A
and C (l.ees.2)

Table 5.6(a) Test Scenarios representing two instances of TWC
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# Effects P/A Test Scenarios
I'9 | Callis terminated | P Scenario # 6 and A hangsup (21 ce.6) and not B
(2l.es.4) hangs up (21.ce.4) and not Scenario # 11
Scenario # 11 and B hangsup (21.ce.d) and not A
hangs up (21.ce.6) and not Scenario # 6
10| Connection between . . '
A p | Scenarlo # 4 and B dials D's number (2.ce.2) and D
B and D established answers phone (2.ce.3)
(2.es.1)
111 A rcm%\\r;dé from p
hold. : .
o oablished biw A, Scenario # 10 and B executes flashhook (2.ce.l)
B,D (2.e5.2)
121 A removed from .
call Stdtwo-party | P io#1 d ce.
e btw B and D Scenario # 11 and A hangs up (21.ce.6)
(2.ces.2)
13| B goes on hold,
Switching node A | Scenario#7 and not A execuies flashhook (1.ce.l)
sends dialtone to A
(l.ees.l)
14 gs goes on hohd,
witching node :
Sends diaitone to B A | Scenario#7 and not B executes flashhook (2.ce.l)
(2.ees.1)
15| Connection between Scenario # 3 and not A dials C's number (1.ce.2) and notC
A and C established | A | 20SWeTS phone (1.ce.3)
(l.es.1) Scenario # 3 and A dials C's umber (1.ce.2) and not C
answers phone (1.ce.3)
16| B remgr\%dcfrom
hold. A i Kk
b tablished btw A, Scenario # 5 and not A executes flashhoo (1.ce.l)
B,C(l.es2)
17| A engagedina call | o Scenario # 6 and not A executes flashhook (1.ce.l) and
with B (21.cs.1) not C hangs up (1.ce.5) and not B executes flashhook
—————— — l@.ce.l) and not D hangs up (2.ce.5) and not Scenario # 11
C removed from A (Does not apply to 2.e5.9)
call (1.es.5) Scenario # 11 and not B executes flashhook (2.ce.l) and
—————— — {not C hangs up (l.ce.5) and not A executes flashhook
D removed from A |(l.ce.1) and not D hangs up (2.ce.5) and not Scenario # 6
call (2.¢s.5) (Does not apply to 1.s.5)
18| B removed from
call. Stdtwo-party | A | Scenario # 6 and not B hangs up (21.ce.d)
call established btw
A and C (l.ees.2)

Table 5.6(b) Test Scenarios Tepresenting two instances of TWC
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# Effects P/A Test Scenarios
10| Call is terminated | p | Scenario # 6 and not A hangsup (21.ce.6) and not B
(21.es.4) hangs up (21.ce.4) and not Scenario # 11
Scenario # 11 and not B hangs up (21.ce.4) and not A
hangs up (21.ce.6) and not Scenario # 6
20| Connection betweei Scenario # 4 and not B dials D's number (2.ce.2) and not
B and D established A | D answers phone (2.ce.3)
2.es.1
¢ ) Scenario # 4 and B dials D's number (2.ce.2) and notD
answers phone (2.ce.3)
211 A rem%\{% from
hold. A ; .
established btw A, Scenario # 10 and not B executss flashhook (2.ce.1)
B,D (2.e5.2)
2 A alrcmcwed from
call Std two-party | 4 | Scenario # 11 and not A hangs up (21.ce.6)
(2.ees.2)

Table 5.6(c) Test Scenarios representing two instances

of TWC

In this chapter a catalogue of specification efrors or logical inconsistencies found in an
ECEG representation is given. It is also shown how logical errors can arise when composing
together ECEGs. The telephony specifications and ECEGs given in Chapter 4 are also validated
through decision tables and test scenarios. '
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Chapter 6

Conclusion and Areas for Fui‘ther Study

Cause-Effect graphing is basically a hardware testing technique adopted for software testing
by Elmendorf [Elme73). Since then, several researchers have further developed this strategy
[Elme74, 75, Myer76, 79, Howd80, Adgr83, Wals83, Prob85, Soft91]). Cause-Effect graphing is
a technique that selects systematic way, a high-yield set of test cases. It has a beneficial side effect
in pointing out points of incompleteness and ambiguity in the specification (Myer79]. Finally, this
method is the only black-box testing technique that explores the effects of combinations of causes

In this thesis, Myers Cause-Effect Graphing technique is first explained. Some logical
inconsistencies in his technique have been spotted and possible solutions proposed. Then, it is
shown how Myers technique is extended to best represent telecommunications features and
services. This extension is called the extended cause-effect graphing technique. In addition we
have shown how this technique can represent basic SDL constructs. During that same phase, an
analysis of natural language specifications is made.

Furthermore, we have shown how the extended cause-effect graphing technique can be used
to validate telecommunications specifications. We have experimented with this technique on
several natural language specifications, including telecommunications specifications. It has also
been used to validate combination of features in order to see if any two features can proceed
successfully when present in the same service. We have found that this is a very reliable technique
since it detects omissions, ambiguities, feature interactions, and several other common mistakes in
informal specifications. The most significant cost-benefit accrues when this technique finds major
errors even before the design phase of the software development cycle has been undertaken.
Besides, it is the only black-box testing technique that focuses on combination of causes and at the
same time it Jooks for both presence and absence of effects.
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The process of validating a telecommunication feature from its informal requirements is
shown and it is illustrated by Figure 6.1, while the process of validating combinations of features is

shown in Figure 6.2.

Feature requirement definition

A AN

ECEG representation of feature

N

Validation of ECEG
w.r.t feature definition

™~

Deriving decision table
from ECEG

N

Deriving test scenarios
from decision table

N

Validating feature
definition through
scenarios

Figure 6.1 - Representation and validation of features

Only one commercial CEG tool exists presently on the market, namely the SoftTest tool
(Soft91). However, the objective of most of them is to derive test cases from the cause-effect
graph in order to validate an implementation. Qur gohl is to validate the informal specification
itself. Presently, we are developing a tool where we will derive the decision table and the test
scenarios automatically from a given Extended Cause-Effect Graph. The ECEG is input in a text
format; then our tool automatically draws the graph and derive the decision tahle and the test
scenarios.

This requirement validation approach is based on heuristics which in turn are based on a
limited survey of the practices in the application domain, This technique possesses many benefits.
However, it does possess some drawbacks too. The main drawback is probably the up-front cost
of deriving causes, effects, and constraints {from a given informal specification. This process will
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ECEG representation ECEG representation
of first feature of second feature

l\/ﬁ

Composed ECEG representation
of both features

Y

Validation of new ECEG
w.r.t above two ECEGs

Y

Deriving decision table
from new ECEG

v

Deriving test scenarios
from decision table

v

Detection of feature interactions
from new ECEG

Figure 6.2 - Composition and detection of feature interaction

require domain knowledge and training in the ECEG method. However, up-front costs are small
compared to the high potential for major downstream savings in rework and operational problems.
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Appendix A

Automatic Derivation of a Decision Table from an
Extended Cause-Effect Graph

As Myers stated, the derivation of a decision table from its commesponding Cause-Effect
graph is algorithmic [Myer79]. This means that an algorithm can be implemented on a computer to
undertake this action. Actually, such an algorithm has already been implemented by different
organizations, namely, in the SoftTest tool [Soft91] by Bender and Associates and at IBM
research centers [Myer79]. These implementations follow Myers test derivation procedure. In
[Arab86] a similar algorithm is implemented and it is based on Arabatzis Path Sensitization
Technique.

All of the above implementations consist of deriving a decision table from a cause-effect
graph. In this section we present an implementation to derive a decision from an extended cause-
effect graph. The algorithm is based on our Basic Path Sensitization Technique which is given in
Chapter 2, section 2.3.4.

A.1 The Derivation Procedure

The algorithm was implemented on a Macintosh computer using the Think Pascal
programming language. As this algorithm cannot stand by itself, a module that will read in an
Extended Cause-Effect graph (given in a text format) and build its internal structure is added to the
implementation. We have also added a module that writes a decision table on the computer screen.
These added modules allow to exercise and indirectly to test the algorithm.

The following sequence of operations is performed during execution of the algorithm:

() Read the Extended Cause-Effect graph text file and build its internal structure.
~ (ii) Read the constraints of the Extended Cause-Effect graph and save them internally.
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(iii) Derive the Decision Table from the Extended Cause-Effect graph.
(iv) Apply the constraints to the Decision Table.
(v) OQutput the resulting Decision Table.

Note that the Extended Cause-Effect graph along with its constraints are given in the same input
text file.

A.1.1 The Extended Cause-Effect graph.input file

This input file is a text file and it can be created by any text editor that use only ascii
characters. The input file is a written representation of the Extended Cause-Effect graph, This
input file should follow a well-defined syntax given in Figure A.1.

In the ECEG input text file, the reserved word "NODES" should first be written followed
by the description of each node. Each such description should be written on one and only one line.
If a node is reused then the character "*" should be written before giving defining the node. If
some constraints are present in the graph, the reserved word "CONSTRAINTS" should follow the
description of the nodes. Then each constraint should be described on one and only one line.
Afterwards, the reserved word "RELATIONS" must be written before stating the relations in the
graph.

Note that in the identifiers used to named the nodes should be alphanumeric. The identfier
of a cause event node should start with a "ce.”, a cause state node with "cs.”, an intermediate node
with "in.", an effect event node with "ee.", an effect state node with "es.”, and an effect event and
state with "ees.”.

A.1.2 The Output Produced

When the ECEG input text file is fed to the implementation, the internal structure of the
ECEG is built, a corresponding decision table is built, and then the latter is written on the computer
screen. Figure A.2 shows the output format.

Note that the output is slightly different from the usual format of a decision table in the
sense that in each test case is represented by a row instead of a column as it used to be. This new
format can miore easily be implemented than the usual one.
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ECEG input file

\—b Constraint Description j

Node Description |——|Relation Description —»=(End)

Node Description

( Reserved word )
if node s *
ed
reus '* Name of Nodj'—>®—>| Description of Node (In text)}—h@T

e.g ¢s.1 =AistalkingtoB

Constraint Description

[CONSTRAINTS| (Reserved word)

Y

[Name-of-constraint Name of Nodej-
()
-/
eg Excl (cs.1,¢5.2, ¢5.3);
Relation Description
[RELATIONS] ¢ Reserved word)

* .
Node-name —>®1 Not Node-name ’@T‘"
ind
()

egee.l =notcs.1and ce.2

Figure A.1 Syntax of the ECEG text file
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present/absent Other effects whose values are set due
(applies for to specific combinations of causes
effect) g A
p/a| List of causes (including reused effects) List of effects
L
i
s
t Each row represents a test case
o
( Including| f
reused
causes ) ? Bold entries indicate member in the cause set of the effect tested
f
e
c
t
s

Figure A.2 Output format of the decision table

A.2 The Source Code

The implementation of the system is made in the Think Pascal language in the
Macintosh environment. The system has been decomposed into four separate modules, namely the
"MyStringDef" unit which contains the necessary tools to read and process an ECEG text file, the
"ECEG" unit which coniains tools to construct an internal representation of an ECEG given its text
representation, the "DecisionTable" unit which deals with deriving a decision table from an internal
ECEG representation, and finally the main program which controls the functioning of the whole
process.

In the sections to come, we will give the source code for each of the above-named units.

A.2.1 The MyStringDef Unit
unit MyStringDef;

This unit provides the necessary data structures and string functions to read an ECEG text file before
crealing its corresponding internal representation

}
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Interface

type
ConsTable = array[1..10] of string;  { Table used to store temporily the censtraints read }
{ from the text file. }
RelRecord = record { Record typsto store items in relation equations.  }
id: string; { Node name, }
Negation: Boolean; { Set to trua if a "nol” is set on the edge relating }
end; { node "id" and its corresponding forward node. }

RelTable = array{1..10} of RelRecord; { Table used to store temporily the relations read  }
{ from the text file. }

functlon EmptyStr (Str: string): boolean;
{ Returns true when str is empty }

function EquaiStr (Str1, Str2: string): Boolean;
{ Returns true when str1 = sir2 }

procedure GetToken (var Ligne, Token: string; var i: integer);
{ Returns in *Token" the word read from position i in string "Ligne” )

procedure CopyStr (var stri: string; str2: string);
{ Copy string str2 onto string str1 }

procedure GetNodsinfo (var Ligne, id, Desc: string; var Reuse: boolean);

Extract the node identifier as well as its description {rom string "Ligne" into variables "id" and
"Desc” respectively. If the node is reused, then "Reuse” will be set to true.

}

procedure GetConslinfo {var Ligne, Cons: string; var Elemnents: ConsTable; var NumElem:
integer);
{
Exiract the constraint name as well as the items in the constraints into variables "Cons” and
*Elsments” respectively. "NumElem” will contain the number of items in the constraint.

}

procedure GetRellnfo {var Ligne, RelNode: string; var Rel: Integer; var Elements: RelTable; var
NumElem: integer});

Extracts the node id on the LHS of the relation equation into "ReiNode”, then all the nodes found
in the relation into "Elements® with NumElem giving the number of items found In that relation,
and finally place inot "Rel” the nature of the relation : O - direct, 1- or, 2 - and.

}

Implementation

function EmptyStr (Str: string): boolean;

var
ir integer; e
begin
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=1
while (Strfi] = * ') and (i <= length(Str)) do
iw=i+d;
EmptyStr := i > Length(Str);
end;

functlon EqualStr (Str1, Str2: string): Boolean;
var
k: Integer;
final: boolean;
begln
kK= 1;
final = (length{str1} = length(str2));
white (final) and (k <= length(str1)) do

bagin
final := (strifk] = str2[k]);
ki=k+1;
end;
Equa!Str := Final;
end;

procedure Uppercase (var Str: string);
{ Set to sppercase string “str" }
var
i: integer;
beglin
for t 1= 1 to length{Str} do
begin
if (Str]i] >= 'a’) and (Strfi] <= '2') then
strii] := chr{ord(stt{i}) - 32);
end;
end;

procedure GetToken (var Ligne, Token: string; var i intager);
beglin
while (Lignefi] = ' ") do { discard blanks }
=i+t
Token := ",
while (Ligne[i] <> ' ') and (i <= Length(Ligne)) do

begin
Token := Concat{Token, Ligneli);
=i+t
end;
Uppercase(Token); { Set token 1o uppercase }
end;

procedure CopyStr (var stri: string; str2: string);
begin

Str1 := copy{Str2, 1, Length(Str2));
end;
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procedure GetNodelnfo (var Ligne, id, Desc: string; var Reuse: boolean);
{
Extract the node identifier as well as its description from string “Ligne” into variables "id* and
*Desc” respectively. [f the node is reused, then "Reuse” will be set to true.
}
var
Token: string;
i integer;
begln
=1
getToken(Ligne, Token, i);
Reuse := EqualStr(Token, ') { if node Is reused, a star will predece its idenfier in the file }
if Reuse then
getToken(Ligne, Token, iY;
CopyStr(id, Token);

getToken{Ligne, Token, i); { ignore '=
while (Lignel[i] = ') do { Discard blanks }
=14+ 1;
Desc = "
while not (Ligne[l] in [}]) do { Get the description of the node }
begin
Desc := Concat({Desc, Ligne(i]);
=i+ 1
end;
end;

procedure GetConslinfo (var Ligne, Cons: string; var Elements: ConsTable; var NumElem: intager);

Extract the constraint name as well as the items in the constraints into variables "Cons" and
*Elaments” respeclively. "NumElem" will contain the number of items in the constraint.

1
var
Token: string;
i, k: integer;
begin

P=1;
getToken(Ligne, Token, i
CopyStr(Cons, Token);
getToken(Ligne, Token, i; [ ignores (' }
k= 1;
repeat
getToken{Ligne, Token, i) { Fills In the Elements table }
CopyStr{Elements(k], Token};
k=k+1;
getToken(Ligne, Token, i); { ignores *,' }
until EqualStr(’)’, Token);
Numelem =k - 1;
and; .
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procedure GetRelinfo (var Ligne, RelNode: string; var Rel: Integer; var Elements: RelTable; var

NumElem: integer);

Extracts the node id on the LHS of the relation equation into *RelNode”, then all the nodes found in

the relation into *Elements” with

}

var
Token: string;
i, k: integer;
bagin
j = 1
getToken(Ligne, Token, i
CopyStr(RelNode, Token);
getToken(Ligne, Token, i);
k= 1;
repeat
getToken(Ligne, Token, il

Elementsik).Negation = (EqualStr(NOT", Token}));

if Elements|k].Negation then
getToken(Ligne, Token, i);

CopyStr{Elemanls[k].id, Token);

getToken(Ligne, Token, iy

{ Reads the LHS into RelNode }
{ ignores '='

{ Reads every item in the relation }

{ Test for NOT }

if (EqualStr{'AND', Token}) then { Test for the nature of the relation }

Rel = 2

else if (EqualStr('OR’, Token)} then

Reol = 1;
k= k+1;
until (EqualSte(’;', Token));
if k = 1 then
Rel = 0;
NumElem = K - 1;
end;

end. { Unit MyStringDef }

A.2.2 The ECEG Unit

unit Eceg;

Interface
uses
MyStringDef;

type
MyFiletype = text
NodeldType = string(6];
NodeDescType = string{100};

NextProvPir = *NextPrevNode;
NextPrevNode = record
id: NodeldType;

{ End of string is marked by " }

{ Set the number of items in the relation }

{ The ECEG text file type )
{ 1dentier type of each node )
{ Node description }

{ Pointer to either forward or backward node

{ Node id }
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ArcRel: Boolean;
Next: NexiPrevPir;
end;

NodsPir = ANodeType;

NodeType = record
id: NodeldType;
Desc: NodeDascType;
Class: Integer;
Reuse: Boolean,
Relation: Integer;
ListForwNode: NextPrevPir;
ListBackNode: NextPrevPtr;
Next: NodePtr;

end;

ConsElemPtr = AConsElem;
ConsElem = record

id: NodeldTyps;

Next: ConsElemPtr;
-~ end;

ConsPtr = *Cons;
Cons = racord
Class: string;
Elem: ConsElemPlr;
Next: ConsPtr;
end;

{ Set to false if a "not" is on the edge linking this node }

{ Pointer to a node }

{ Node id }

{ Node description }

{ 1- Causs, 2- Inter, 3- Effect, 4 - Cau+Eff, 5 - Eff+Cau }
{ Set to true if node Is reused }

{ 0 -> direct, 1-> or, 2 -> and }

{ List of forward nodes of this node }

{ List of backward nodes of this node }

{ Pointer 1o a constraint element }

{ Node id found in the constraint }

{ Pointer to a constraint }

{ Constraint type: EXCL, INCL, ONE, REQ, MASK }
{ List of nodes affected by the constraint }

procedure BuildECEG (var f: MyFileType; var PirNode: NodePtr; var PirCons: ConsPir);

Builds an internal ECEG representation given the ECEG text representation file *f". PtrNode will
contain the pointer to the ECEG, while PirCons will contain the pointer to the list of constraints

found in the ECEG.
}

functlon FindPtrNode (Ptr: NodePtr; str: string): NodePtr;

Returns the pointer to a node whose identifier is given by "str* in the internal ECEG

representation.

}

Implementation

procedure CopyNodePtr (var Ptri, Ptr2: NodePtr);

{ Copies the node pointed by Pir2 onto the node pointed by Ptri }
bagln

CopyStr(PtriAid, Ptr2h.id);

Ptri*.Class = 5; .

CopyStr{Ptr14.Desc, Ptr2s.Desc);

Ptr12.Reuse := True;

PtriA.ListForwNode := nil;
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Ptr1A.ListBackNode := nil;
PtriA.Next := nil;
end;

procedure CreateNoda (var Pir: NodePtr; id, Desc; string; Reuse: boolean);
{ Croates a node. If a node is reused, then two nodes will be created, one designating the cause
while the other one designating the effect )
var
p, q: NodePtr;
begln
New(p):
CopyStrpr.ld, id);
CopyStr(p*.Desc, Desc);
case id[1] of
'c":
PAclass = 1;
III.

Pr.Class := 2;
'E":
PAClass := 3;
otherwisa
pr.Class = 0;
end;

p*.Reuse = Reuse;
pA.ListForwNode = nil;
p*.ListbackNode := nil;
pr.Next := nil;
if rouse then
bagin
New(q);
CopyNodePtr{q, p);
PANext = q;
PA.Class := 4;
end;
Pir = p;
end;

procedure CreateCons (var pir ConsPir; var Cons: string; var Elements: ConsTable; NumElem:
integer);
{ Create the internal representation of a constraint }
var
p: ConsPtr;
g, w: ConsElemPtr;
it integer;
beglin ‘
New(P);
CopyStr(PA.Class, Cons};
PA.Next = nil;
New(q);
CopyStr{q*.!d, Elements(1]);
gA.Next = nil;
PrElem = q;
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W i=Gq
im=2;
while (| <= NumElem) do
begin
New(q); .
CopyStr(g”.1d, Elements{i});
q*.Next := nil;
whr Next = q;
wi=q;
=i+
and;
Ptr = p;
end;

procedure AppendNode (var Ptri, Ptr2: NodePtr);
{ Appends node pointed by Pir2 to list of nodes pointed by Ptr1 }

var
P: NodePtr;
begin
if Ptri = nil then
Pir1 = Ptr2
else
begin
P = Piri;
while PA.Next <> nil do
P := PANext;
PA.Next = Pire;
and;
end;

procedure AppendCons (var Ptr1, Pir2: ConsPtr);
{ Appends a constraint pointed by Ptr2 to list of constraints pointed by Ptri }

var
P: ConsPir;
begin
it Pirt = nil then
Ptri := Pir2
else
begin
P := Pirl;
while PANext <> nil do
P = PANext;
PANext = Pir2;
end;
end;

functlon FindPtNode (Ptr: NodePtr; str. string): NodePir;
{ Returns the pointer 10 a node whose identifier is given by "str” in the internal ECEG

representation.}

var
p: NodePtr;
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begin

p = Pin;
while (p <> nil) and (not (EqualStr(PA.id, str))) do
p = p*.next;
FindPtrNcde = p;
end;

procedure AppendForwNode (var PirNode: NodePtr; RelNode: string; Elema: RelTable; NumElem:
Integer);
{ Appends the list of the corrasponding forward nodes to @ givan node }
var
p: NodePlr;
q: NextPrevPtr;
I: integer;
begln
for i := 1 1o NumElem do
begin
p := FindPtrNode(PtrNode, Elemeli.id);
New(q);
CopyStr(q*.id, RelNode);
g*.ArcRel = not (Elemeli].Negation);
q*.Next := p*.ListForwNode;
ph.ListForwNode = g;
end;
end;

procedure AppendBackNode (var PtrNode: NodePtr; RelNode: string; Rel: integer; Eleme: RelTable;
NumElem: Integer);
{ Appends the list of the corresponding backward nodes to a given node }
var
p: NodePtr;
q. w: NextPrevPtr;
i: integar;
begin
p := FindPtrNoda(PtrNode, RelNode);
if p*.Reuse then
p = p*.Nexi;
p*.Relation := Rel;
New(q);
CopyStr(g*.id, Eleme([1].id);
q*.ArcRei := not (Eleme[1].Negation);
gqr.Next := nil;
p*.ListBackNode = q;
W = (;
i = 2;
while (i <= NumElem) do  { Adds each node to the list }
begin
New(q);
CopyStr(q”.id, Eleme(il.id);
q*.ArcRel := notl {Eleme[i].Negation);
g*.Next := nil;
wr Next := g;
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procedure GelLineToken {var {: myFileType; var Ligne: string; var Finish: Boolean),
{ Reads one line from file *{* into string "Ligne™. When end of file is reached, "Finish” is set to
true }
var
ch: char;
begin
repeat
Ligne := "
while not (EOF(f) or EOLN(0) do { Reads one character at a time )
begin :
Read(f, ch);
Ligne := concal{Ligne, ch);
end;
if not EOF(f) then
ReadIn({);
until not (EmptyStr(Ligne)) or Eof(f};
Finish := Eof(f);
end;

procedure BUlldECEG (var f: MyFileType; var PtrNode: NodePir; var PirCons: ConsP!r);

Builds an internal ECEG representation given the ECEG text representation file "f". PtrNode will
contain the pointer to the ECEG, while PtrCons will contain the pointer to the list of constraints
found in the ECEG.
}
var
Ligne, Token, Cons, ReiNode: string;
id: NodeldType;
Desc: NodeDescTyps;
Reuse, Finish: Boolean;
i, NumElem, Rel: integer;
Elements: ConsTable;
Eleme: RelTable;
Pir1: NodePtr;
Ptr2: ConsPtr;

begln

i=1;

GetLineToken(f, Ligne, Finish); { Reads a line }

GetToken(Ligne, Token, i); { Get the first token from the line read . First the }

GetLineToken(f, Ligne, Finish); { reserved word NODES is expacted. }

repeat
i=1:
GetNodelnfo(Ligne, id, Desc, Reuse); { Read sach node description untit the word  }
CreateNode(Pir1, id, Desc, Reuse), { "Constraints” or *Relations” is encountered }

AppendNode(PirNode, Ptri);
GetlineToken(f, Ligne, Finish);
GetToken(Ligne, Token, i};
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until (EqualStr(Token, '‘CONSTRAINTS") or EqualStr(Token, '‘RELATIONS'));

GetLineToken(f, Ligne, Finish); { Reads a line }
If EqualStr(Token, 'CONSTRAINTS') then  { If the word ~constraints® was met before then }
begin { the constraints are processed 1
repeat
i=1;

GetConslnfo(Ligne, Cens, Elements, NumElem);
CreateCons(Ptr2, Cons, Elements, NumElem};
AppendCons(PirCons, Ptr2);
GetLineToken(f, Ligne, Finish);
GetToken{Ligne, Tcken, i);
untii (EqualStr{Token, 'RELATIONSY); { Stop constraint processing when the word }

GelLineToken(f, Ligne, Finish}; { "relations” is met. }
end;

repeat
GetRellnfo(Ligne, RelNode, Rel, Elems, NumElem); { Processes the relations ]

AppendForwNode(PtrNode. RelNode, Elems, NumElem);
AppendBackNcde(PtrNode, RelNode, Rel, Elems, NumElem);
GotLineToken(f, Ligne, finish);
GetToken(Ligne, Taken, i}
until (Finish);
end;

end. { Unit EGEG)

" A.2.3 The DecisionTable Unit

unit DecisionTable; { Used to derive a decision table from an internal ECEG representation }

interface
uses
MyStringDsf, ECEG;

type

FixCauselistPtr = AFixCauselist; { Pointer to a list of causes whose values have been set }
FixCauselist = record { in order to sensitize an effect to a particular cause }
FixCause: string;
Valus: Integer;
Next: FixCauselistPtr;

end;
CauselistPir = ACauselist; { Pointer to a list of sensitized causes }
Causelist = record
SensitiCause: string; { The sensitized cause }
RelWithEff: Boolean; { The relation between this cause and a specilic effect }
NumberToKeep: Integer; { 3 - presence+absence , 2- presence, 1- absence , 0 - none }
ListFixCause: FixCauselListPtr; { List of causes whose values are set }
Next: CauselistPtr; { Next sensitized cause }
end;
DeiTabPir = *DetTab; { Pointer to the decision table }
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DetTab = record
Effect: striny;
ListCause: CauselistPtr;
Next; DetTabPtr;

end;

{ Effect Name }
{ Cause set of effect }
{ Next effect }

PirCons: ConsPlr; var PtrDT: DetTabPtr);

procedure CreateDT (PtrNode: NodePtr;

om an ECEG (pointed by PtrNode) having the constrainis

tes a decision table fr
n table built,

This procedure crea
given by PtrCons. PtrDt will contain a pointer to the decisio

}

implementatlon

type
Causelnfo = record { structure used to store the cause set of an effect ]
id: NodeldTyps:
Class: Integsr;

end;

CauseSet = array[1..20] of Causelnfo; { structure of a cause set of an effect }

procedure AppendSensiCause (var p: DetTabPtr; q: CauselistPtr);
{ Appends a fist of sensitized cause "q" o a dacision table pointed by "p" }

var
{: CauseListPir;
begin
t := phListcause;
if + = nil then
p*.Listcause = q
alse
begin
while 1A.Next <> nil do
t := thNext;
th.next == q;
ond;
end;

var p: CauselistPtr; g FixCauselistptr);

procedure AppendFixCause (
to a sensitized cause whose structure is pointed by "p" }

{ Appends a list of cause "q"
var

1 FixCauseListPtr;

begin

{ := pAListFixcause;
if 1 = nil then

p*.ListFixcause = g
else

begin

while tA.Next <> nil do
t 1= thNext;
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th.next = q;
end;
end;

procedure AppandEffect (var Ptr: DetTabPtr; p: DeiTabPir);
{ Appends an effect with structure pointed by "p” to a decision table pointed by "Ptr" }

var
{; DetTabPtr;
kegln
it ptr = nil then
ptr .= p
alse
begin
t == ptir;
while 1A.Next <> nil do
t ;= thNext;
th.next = p;
end;
end;

procedure AppendEffectDT {var Ptr: DetTabPtr: id: string; var Tab: CauseSet; NumElem: Integer);
{ Appends an effect "id” with cause sel “tab® {with NumElem elements) to a decision table peinted
by "PU7}
var
p: DetTabPtr;
q: CauseListPtr;
r: FixCausellistPtr;
i, j+ integer;
begln
New(p);
CopyStr{p*.Effect, id);
pA.LisiCause := nil;
pr.Next := nil;
for 1 := 1 to NumElem do
if (Tabli].Class = 1} or (Tabfi.Class = 4) then  { cause or reused effect }
bagin
New(q);
CopyStr(q”.Sensiticause, Tabfi].ld};
q*.NumberToKeep = 3;
g*.ListFixCause := nil;
q*.Next := nil;
for j := 1 to NumElem do
begin
if (i <> ]} and {(Tabljl.class = 1} or (Tabljl.Class = 4)) then { cause or reused effect }
bagin
New(r);
CopyStr{rr.FixCause, Tabj).ld);
r*Value = 1;
rA Next := nil;
AppendFixcause(g, )
end;
end;
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AppendSensiCause(p, q);
end;
AppendEffect(Ptr, p);
end;

function NoiPresant (var Tab: CauseSet; str: string; NumElem: Integer): boolean;
{ Returns true if "str* is not present in "Tab" }

var
i: integer;
begin
i=1;
while (i <= NumElem) and not EqualStr(tablil.id, str) do
i=i+1;
NotPresent := i > NumElem;
end;

procedure CreateCauseset (Ptr, temp: NodePir; var Tab: CauseSet; var NumElem: integer);
{ Build a cause set for an effect pointed by "temp®, "Tab” will contain the cause set while
"NumElem* will give the number of elements in the cause set. }
var )
iv integer,
p: NextPrevPtr;
begin
p := temp*.ListBackNode;
while p <> nil do
begin
temp := FindPtrNode(Ptr, PA.id);
if (NotPresent{Tab, tempA.id, NumElem)) then
begin
NumElem := NumElem «+ 1;
copyStr(Tab{NumElem}.id, temp*.id);
Tab[NumElem].Class := temp*.Class;
if tomp*.Class = 2 then
CreateCauseSet(Ptr, temp, tab, NumElem);
end;
p = pr.Next;
end;
end;

functlon FindPtrDet (Ptr: DetTabPtr; str: string): DetTabPtr;
{ Returns the pointer to the effect "Str" in the-decision table pointed by "Pu~ )
var
p: DetTabPir;
begin
p = Ptr;
while (p <> nil) and (not (EqualStr(P2.Effect, str))) do
p = p*.next;
FindPtrDet := p;
end;
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procedure WriteOutput (ptrD1: DetTabPtr);
{ Writes the decision table on the output screen }
var
p: DetTabPtr;
q: CauseLIstPtr;
r: FixCauseListPtr;
I: integer;
begin
wrileln('DECISION TABLE');
p = PUDt
while p <> nil do
begin
q := pA.LisiCause;
while q <> nil do
begin
[ =1
if q*.NumberToKeep <> 0 then
bagin
repeat

write(g*.NumberToKeap : 4 - i, gh.SensitiCause, ' *');

r = gr.ListFixcause;
while r <> nil do
begin
write(r™.fixcause, '=', ri.Value : 3);
r = rhnexy
and;
write(' =>', pr.Effect, '= ');
if (g".NumberToKeep >= 2) and (i = 1) then

begin :
writeln(ord(g*.RelWithEff));
=1+ 1;
end
alse
begin
writeln{ord{not q*.RelWithEff)};
j=3;
end;
until i > 2;
end;
q = q*.next;
writeln;
and;
p = pt.next;
writeln;
end;
end;

function FindPirCauselist (q: CauseListPir; st string)
{ Returns a pointer to a cause *str” in the list "q" }
var .
r: FixCauselisiPtr;
begln
r := gAListFixCauss;
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while (r <> nil) and not (EqualStr(r*.Fixcause, Str)) do

r := rANext;
FindPtrCauselList = 1}
end;

procedure BackTrack (PtrNode: NodePir; var q: causeListPlr; Nodeid, FromNode: string;

ValueToSet: boolean};
{ Backtracks & node *nodeid”
"FromNcde" is the node from which backirac

var
p: NodePtr;
r: NextPrevPtr;
s: FixCauselistPtr;
begin
pi= FindPirNode(PtrNode, Nodeid);
r= p".ListBackNode:
while r <> nil do
begin
if not (EqualStr(rh.id, FromNode)} then
begin
if not {r*.ArcRel) then
ValueToSet := not (ValueToSet);
BackTrack(PtrNods, g, .id, FromNode, ValueToSet);

end;
r = rh.Next;
end;
s = FindPtrCauselist(q, p™.id);
gt yvalue = ord(ValueToSet);

end;

1o set the corresponding causes in the list "q" to specific values.
king started in the first placs }

procedure SensitizeCauseEifect (PirNode: NodePtr; var g: CauseListPir; Cause, Effect: string; var

Relation: Boolean; Tab: CauseSet; NumElem: integer);
it will do so by setting the values

{ This procedure sensitize an effect "Effect” 1o a cause "Cause”.
of each cause (except "cause’) in the cause set “Tab" to a specific value such that presence of

offect “sffect” will depend entirely on presence or absence of cause "cause” }
var
p: NodePtr;
r: NextPrevPir;
begin
p = FindPtrNode(PtrNode, Cause);
r := ph.ListForwNods;
while 1 <> nil do
begin
if not (NotPresent(Tab, rA.1d, NumElem)) or EgqualStr(rt.id, Effect) then
begin
p = FindPtrNode{PirNode, rt.id);
if not (r*.ArcRel} then
Relation := not Relation;
BackTrack(PtNede, g, p*.id, Cause, not (p*.Relation = 1));
SensitizeCauseEffect{PirNode, q, ph.id, Effect, Relation, Tab, NumElem);
end;
r o= rhnext;
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end;
end;

procedure DeriveTestCases (PtrNode: NodePtr; var PrDT: DeiTabPtr; Effect: string; var Tab:
CauseSet; NumElem: integer);
{ This procedure derives the test cases for each effect. At this step it does not consider the impact
of the constraints, if any, on the final test set. }
var
p: DetTabPlr;
q: CauselistPtr;
s: NodePitr;
Relation: boolean;
begln
p := FindPtrDet(PLrDT, Effect);
g := p*.ListCause;
while q <> nil do
begin
Relation := ftrue;
s := FindPirNode(PtrNode, g*.SensitiCause);
SensitizeCauseEffect{PirNode, q, q".Sansit'icause, Effect, Relation, Tab, NumElem),
q*.RelWithEff := relation;
q := g*.Next;
end;
end;

function ElemantOf (sir: string; q: ConsElemPtr): boolean;
( Returns true if the element "str” is found in the list "q" }
var
p: ConsElemPtr;
beglin

P=q
while (p <> nil) and not EqualStr{str, pA.id} do
p = pMNext;
ElemsntQOf = p <> nil;
end;

functlon SeiNumberToKesp (ConsType, Number: integer; SenCauselnCons: boolean): integer;
{ This function considers the constraint given by "Constype" and determines the number of test
cases to be built for a given sensilized cause }
begln '
case ConsType of
1:
if Number = 1 then
SetNumberToKeep := ord{not SenCauselncons) * 2 + 1
alse
SetNumberToKeep = ord(Number = 0} * 3;
2:
if Number = 0 then
SetNumberToKeep := ord{SenCauselncons) * 2
else
SetNumberToKesp = 3;
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3:
if Number = 1 then
SetNumberToKeep := ord(not SenCauselnCons) * 2 + 1
else if Number = 0 then
SetNumberToKeep := ord{Sencauselncons) * 2
else
SetNumbartoKeep = 0;
end;
end;

procedure ProcessConsEIO (a: ConsElsmP1r; ConsType: Integer; var PuDt: DetTabPlr);
{ Processes the Exc, incl, and Ons-and-only-one constraints }
var
s: DetTabPtr;
;. CauselistPtr;
v: FixCaussListptr;
Number: integer;
SenCauseinCons: Boolean;
begln
s = PiDY;
while s <> nil do
begin
t := sh.ListCause;
while {t < nil) and (t*.NumberToKeep <> 0) do

bagin
SenCauselncons := ElementOf(t*.SensitiCause, q);
Number := 0; )

v = {5 Listfixcause,
while (v <> nil) do
bagin
if ElementOf(vr.fixCause, q) then
Number := Numbar + vAvalue;
v = vhNext
end;
Number := SetNumberToKeep(ConsTyps, Number, SenCauselnCons);
if 1*.NumberToKeep = 3 then
1», numberToKeep := Number
alse if (t*.NumbarToKesp <> Numbar) and {Number <> 3) then
tA.NumberToKeep = Q;
t 1= th.next;
end;
s := sA.Next;
__ end;
- end;

procedure ProcessConsReq (g: ConsElemPir; var PirDU DetTabPir);
{ Processes the Requires constraint }
var
s: DetTabPtr;
t: CauseListPir;
v, w: FixCauselistptr;
Number: integer;
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SenCauselnCons: Boolsan;
begln
s = PuDt;
while s <> nil do

begin
1 = sA.ListCause;

while t <> nil do

begin
v := FindPtrCauselist{t, q*.id);
i EqualStr(q*.id, tA.SensitiCause) or (v <> nil) then

begin
if (v <> nil) and {vA.value = 1)) or {{v = nil) and {t*.NumberToKeep >= 2)} then
bagin
w = trlistiixcause;
while (w <> nil) do
begin
if ElementOf(wA.fixCause, q) and (w*.Valus = 0} then
».NumberToKeep := ord({v = nil) and (t*NumberToKeep = 3));
w = whNext;
end;
end
end;
t = tr.next;
end;
s = s*Next;
end;
end;

procedure ApplyConstraint (var PtrDt: DetTabPtr; PtrCons: ConsPir);
{ Controls and processes all the cause constraints. The mask constraint will be taken into
consideration when the output will be written }

var
p: ConsPtr;
begin
p = PuCons;
while p <> nil do

begin
if Equalstr(p®.class, 'EXCL’) then

ProcessConsEIO{p*.Elem, 1, PtrDt)
olse if EqualStr(p*.Class, "INCL'} then

ProcessConsEIO(p*.Elem, 2, P1rD1)
else if EqualStr(p*.Class, 'ONE’) then

ProcessConsEIO(p*.Elem, 3, PirDt)
else if EqualStr(pt.Class, ‘REQ') than

ProcessConsReq(p*.Elem, PtrDt);
p = pr.Next;
end;
end;

procedure CreateDT (PirNode: NodePtr; PtrCons: ConsPtr; var PrDT: DetTabPtr);

{ This procedure creates a decision table from an ECEG (pointed by PtrNode) having the consiraints
given by PtrCons. PirDt will contaln a pointer to the decision table built. }

135



var
p: NodePtr;
Tab: causeSel;
NumElem, i: integer;
begin
= PtrNode;
while p <> nil do
begin
if (ph.class = 3) or (pr.class = 5) then
begin
NumElem = 0;
CreateCauseSet(PtrNode, p, Tab, NumElem);
AppendEffectDT(PtrDT, p*.id, Tab, NumElemy);
DeriveTestCases(PtrNode, PtrDT, pA.id, Tab, NumElem);
end;
p := pr.Next;
end;
ApplyConstraint(PtrDt, PirCons);
WriteOutput{ptrD1);
end;

end. { Unit Decision Table }

A.2.4 The Main unit
program Main;

uses
ECEG, DecisionTable;

var
F: MyFilaType;
PtrNode: NodePtr; { Pointer to an ECEG }
PirCons: ConsPtr; { Pointer 10 the constraint list }
PirDet: DetTabPir; { Pointer to a decision table }

begin
reset(f, fic'); { *fic" contains the text eceg representation }
PtrNode := nil;
PirCons := nil;
PirDet = nil;
BuildECEG{f, PtrNode, PtrCons); { Building of an ECEG }
ciose(l);
CreateDT(PtrNode, PtrCons, PtrDet); { Building of the decision table }
end,



A.3 Examples of Application of the Above Implementation

In this section we will give two examplés of application of the above implementation. The
first one is about Naur Text Reformatter Problem [Naur69] while the other one is derived from a
the Three-Way Calling specification given in Chapter 4, section 4.4.1.

A.3.1 Naur Text Reformatter Problem

The CEG of Figure 2.12 given in Chapter 2 is translated into its equivalent ECEG input
text file. This file is shown in Figure A.3 below. The identifiers given to the nodes have been

NODES
ce.1 = Character is not BL or NL or ET;
ce.2 = Word is too long;
ce.3 = Character is NL;
ce.4 = Character is BL;
ce.5 = Word found will fit on current line;
ce.6 = At least one character found and not printed;
ce.7 = A word was already printed on this line;
ce.8 = Character is ET; )
in.20 = Character is a break;
in.21 = A word is found;
in.22 = A word found will fit on current line which already contains a word;
€e.90 = No output (character put in buffer);
ee.91 = Alarm is raised;
ee.92 = BL and buffer printed;
ee.93 = NL and buffer printed;
ee.94 = No output (multiple or preceding break characters;

CONSTRAINTS
One( ce.1, ce.3,ced, ce8 );
Req(ce.2, ce.l );

RELATIONS
in.20 = ce.3 or ce.d orced;
in.21 = ce.6 and in.20 ;
in.22 = ce.5and ce.7;
ee.90 = ce.l and notce.2;
ee91 = ce.2andce.l ;
ee.92 =in.21 and in.22 ;
ee.93 = in.21 and notin.22;
ee.94 = in.20and notce.6;

Figure A.3 ECEG text representation of the Naur Text Reformatter Problem
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prefixed with "ce”, "in", or "ee" to indicate a cause, intermediate, and effect node. This has been
done in order to conform to the required input text format. As it can be noted, in order to produce
such a file the user should have made a graphical representation of the graph on paper first. The
text input produced is then fed into the implementation which in turn produces the output given in
Figure A.4. It can be observed that the decision table produced in this way is the same as the one
given in Figure 2.22 of Chapter 2.

Causes ) Effects
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Figure A.4 Decision produced for the Naur Text Reformatter Problem

A.3.2 Three-Way Calling

The Three-Way Calling specification along with a corresponding Extended Cause-Effect
Graph are given in chapter 2. From the ECEG representation, a text representation is made and it
is given in Figure A.5. Note how some nodes description are preceded by "*" in order to indicate
reused nodes. Figure A.6 gives the decision table produced when the ECEG text file is fed into the
computer.
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NODES
* ¢c3.] » A cngaged in a call with B;
ce.l = A exccutes flashhook;
¢c.2 w A dials C's number;
ce.3 w C unswers phone;
ce.d = B hangs up;
<¢.3 = C hangs up;
cc.0 = A hangs up;
in.1 = Either C hangs up or A executes flashhook;
in.2 = Elther C hangs up or A executes flashhook during TWC btw. A,B,and C;
* ccs. 1 = B goes on hold. Switching node sends dialtone to A;
* ¢r. 1 = A receives dialtone;
* ¢3.} = Conncction between A and C established;
* ¢3.2 B} = removed from hold. TWC established;
ees 2 = B removed from call. Standard two-party call established btwn. A and C;
3 ex.4 = Call is enminated;
ee 2 = C removed from call;

CONSTRAINTS
Regice 2oce l )
Begice 1ced ),

"RELATIONS
' e | =eenl,
sl = ee b and cedand ce.3;
+22= ¢ bandevl
#2.8 —ind,
3. b =i g,
8 23 = a3 2 and ce bl
ey 7 - g9 7 and ce 4,
s, b g0 boand gt

Figure 4 $ FCEG tent rrprosentation of the Three-Way Calling specification

V39



Effects
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Figure A.6 Decision Table produced for Three-way Calling
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