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Abstract

Requirement-based test generation is a model-based technique for generating suites of
test cases related to individual requirements. Requirement-based test suites can be
constructed manually or automatically using a coverage criterion; however, the
constructed test suite’s size in general is very large and the cost of executing considerably
large number of test cases is very expensive. Hence, the problem of test suite reduction
arises.

A reduction of a requirement-based test suite can be achieved without significantly
reducing the fault-detection capabilities of the original test suite. This is done by
eliminating all but one of the equivalent test cases from each class of equivalent test cases
of .the original test suite. A requirement-based reduction technique proposed in [1] uses
EFSM dependency analysis to define classes of equivalent test cases. Two types of
dependencies, namely control and data dependencies, are identified in an EFSM/SDL
model. Analyéis of these dependencies yields patterns of interaction among the elements
of the EFSM/SDL model that affect a requirement under test. The patterns of interaction
are in turn used to identify equivalent test cases w.r.t. the requirement under test, i.e., two
tests are considered equivalent w.r.t. the requiremént uﬁder test if both exhibit the same
interaction pattern; hence, one of them can be discarded ffom the test suite.

In this thesis, based on [1], we have proposed algorithms to generate interaction
patterns of a test case w.r.t. a requirement under test, algorithms to compare interaction
patterns and determine whether or not they are equivalent, and an algorithm to identify a

set of interaction patterns (w.r.t. the requirement under test) that are not covered by any



test case from a given test suite. Also, Test Suite Reduction (ISR) program has been

developed based on these algorithms, which contributes towards object oriented testing.
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Chapter 1

Introduction

1.1 Background

Software testing is widely used to ensure software quality. It is one of the most
commonly used techniques to reveal the existence of faults in a computer program.
However, software testing is a very labor-intensive and expensive process. It accounts for
approximately 50% to 70% of the cost of software development [9]. If testing could be
done automatically, this could significantly reduce the cost of developing software and
improve time-to-market. Therefore, in recent years, a considerable amount of work has
been done on the subject of automated test generation techniques with respect to the
related economic challenge. In general, there are three types of automated test generation
techniques: “white-box” (code-based) test generation [22, 24, 32], “grey-box” (design-
based) test generation [36] and “black-box” (specification-based) test generation [25, 27],
depending on the artifact used for the construction of test cases. Test cases are derived
from specification, design and source code of the program under test in black-, grey- and
white-box testing, respectively [9, 17]. This thesis deals with black-box testing, in
particular, test suite reduction based on requirements.

Model-based testing [26, 34, 35] is a black-box testing technique that generates a
suite of test cases from a system model. In fact, this technique is well-suited for state-
based systems that can be modeled using formal models and description languages such
as Extended Finite State Machine (EFSM) [27], Specification and Description Language

(SDL) [8, 29, 30, 33], ESTELLE [23, 28, 31] and LOTOS [7]. However, test cases



generated from model-based testing are not necessarily associated with individual
requirements [21]; therefore, testers do not know which test case covers which individual
requirement. As a consequence, it is hard to ascertain whether individual requirements
are sufficiently tested or not.

Requirement-based test generation is a model-based technique for generating suites of
test cases related to individual requirements [21]. In this technique, individual
requirements are described in SDL. This technique may be supported by automated
generation of an EFSM model from individual SDL requirements. Then the EFSM may
be used to automatically generate test cases related to individual requirements. Several
requirement-based selective test generation strategies were proposed to support partial
system testing with respect to a set of selected requirements [21]. Test suites generated by
requirement-based selective testing are considerably smaller than those generated by
complete system testing; however, the number of test cases may still be very large. Since
the cost of executing a large number of test cases and analyzing their results is very
expensive, the problem of test suite reduction arises.

In [1], an approach of reduction of requirement-based test suites using EFSM
dependency analysis was proposed. Two types of dependencies, namely control
dependency and data dependency are identified in an EFSM model representing the
system requirements. Those dependencies are analyzed to yield patterns of interaction
among the elements of the EFSM model. Subsequently, equivalent tests are identified:
two tests are equivalent if both exhibit the same pattern of interaction w.r.t. the

requirement under test. Therefore, one of them can be removed from the test suite.



This thesis places the approach in [1] in a formal setting, expands the applicability of
the approach in [1] by extending the subset of SDL and that of EFSM considered for the
representation of the requirements, then implementing the concept of test suite reduction
and finally identifying patterns of interactions that are not covered by any test case in the

test suite.

1.2 Contribution of the Thesis

Reduction of requirement-based test suites using EFSM dependency analysis is studied in
this thesis, which contributes towards object oriented testing. Given a single EFSM (or a
single SDL process), we provide two methods to reduce the size of a given test suite
based on two types of dependency analysis in the given EFSM: static dependency
analysis and dynamic dependency analysis, which respectively yield static and dynamic
interaction patterns. In this work, the approach in [1] has been placed in a formal setting,
and expanded to cover larger subsets of SDL and EFSM based representations of
requirements. Test suite reduction algorithms based on those two methods have been
developed. Then, the approach in [1] has been extended to identify patterns of
interactions that are not covered by any test case in the test suite (lack of coverage of
such patterns may affect the fault detection capability of the test suite). Finally, a test
suite reduction tool has been implemented using C++ and case studies have been
performed to confirm the expected reduction in the size of test suites.

The differences between the approach in [1] and this thesis are as follows: this thesis

- places the approach in [1] in a formal setting,



- expands the applicability of the approach in [1] by extending the subset of SDL
and that of EFSM considered for the representation of thé requirements i.e., set,
reset and procedure calls are allowed in this thesis,

- extends the approach in [1] to evaluate the adequacy of the reduced test suite
based on the coverage of interaction patterns, i.e., identifies patterns of
interactions that are not covered by any test case in the given test suite; therefore,
enhances the capability of the reduced test suite in its interaction coverage,

- proposes algorithms for test suite reduction,

- implements the algorithms proposed in the thesis,

- performs case studies.

1.3 Organization of the Thesis

The remainder of this thesis is organized as follows: Chapter 2 reviews formal
description languages and test derivation methods, and introduces the concepts related to
dependency analysis in EFSM. Algorithms for the reduction of requirement-based test
suites using EFSM dependency analysis are presented in Chapter 3. Based on two types
of dependency analysis (static and dynamic), two test suite reduction methods are
presented. Chapter 4 presents the Test Suite Reduction program, which has been
developed based on algorithms introduced in Chapter 3. Our implementation has been
evaluated through four case studies, whose results are presented and analyzed in Chapter
5. Chapter 6 presents our conclusions, with a summary of contributions and directions for

future research.



Chapter 2

Formal Description Languages, Testing Methods and Dependency Analysis

2.1 Formal Description Languages

Generally, software system specifications consist of individual requirements, which are
expressed informally in a textual format - e.g., English - that may be ambiguous,
inconsistent and incomplete. Hence, models and formal description techniques such as
EFSM [18], SDL [5], LOTOS [7] and Estelle [6] are used to describe requirements in

order to eliminate problems associated with informal specifications.

2.1.1 An overview of SDL

The Specification and Description Language (SDL) [19] is a formal description technique
developed by ITU (Intefnational Telecommunications Union) for the specification of
telecommunication systems. In SDL, a system can be specified in terms of the external
behavior of a collection of blocks and processes that communicate with each other and
with the environment by sending and receiving signals via channels or signal routes.
Such specifications can be expressed either in textual or in graphical representations.

An SDL specification consists of:

a system identifier;

- pre-defined data types;

- blocks (used to describe the static structure of a system);

- channels (used to describe the communication links between a block to other

blocks and/or to the environment of the system). Each channel is specified by a



channel identifier, its end points (block or environment), and the set of signals
exchanged over it;

- and signals (packets of information exchanged through the channels). Each signal
is specified by a signal identifier and the data type of each parameter.

In turn, a block is made up of:

a block identifier;

- the definition of each process existing in the block;

- the signal routes (the communication links between a process and the other
processes in the block and/or to the environment of the block);

- the connection between the signal routes and the channels external to the block;
and the signals (local to the block) exchanged over signal routes.

Finally, a process definition consists of:

1

a process identifier;

- formal parameters;

- procedure descriptions;

- declarations of local variables;

- timers;

- and the specification of the behavior of the process.

The behavior of each SDL process is described in the form of an extended finite state
machine (EFSM), defined in the next section. Each transition is characterized by the
conditions (that must be evaluated to be true for the transition to be executed) and the
actions (that must be performed during an execution). The actions may assign or modify

the values of variables, initiate output signals, start or stop timers, execute decision



statements, perform procedure calls, create new process instances and terminate its own

execution. In our work, we do not consider decision statements and process creation in an

SDL process.

Figure 2.1 summarizes the most important elements of an EFSM with their graphical

and textual representation and Figure 2.2 shows a fragment of an example SDL process.
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displayMSG('wrongPIN?)

PiN(userPIN)

ardPIN = userPl
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displayMSG(‘remove@

attempts = attempts + 1

waitPIN

ejectCard

displayMSG('Welcome’)

IDLE

T_WaitPI

displayMSG('TimeOut & removeCard’)

ejectCard

displayMSG('Welcome’)

IDLE

getBalance(accountNumber)

waitBalance

Balance(b) <

displayOption

Figure 2.2 Fragment of an SDL process for verifying a PIN in an ATM System

2.1.2 EFSM

Extended Finite State Machines (EFSM) [18] have been widely used to model many

types of systems, especially state-based systems found in telecommunications and

computer communication networks. EFSM is an extension of the classical Finite State

Machine (FSM), which adds variables, enabling predicate, and actions into a transition.



An EFSM can be formally represented as a seven-tuple (S, S.., S.. I, O, V, T), with the
following definitions:

S finite set of states

S entry state

S.. €Xit state

L]

finite set of input interactions
O finite set of output interactions
V finite set of variables

T finite set of transitions

Each element of T is a 5-tuple t = (s, S, i, g, @) where s, and s, are states in S
representing the state from which ¢ is outgoing and the state to which ¢ is incoming,
respectively. i is an input interaction in / that triggers ¢, g is a Boolean condition that must
be evaluated to be true for ¢ to be executable, and a is a sequence of actions that takes
place when ¢ is executed. An action may be an assignment, output, set, reset or procedure
call statement. Note that, in general, an EFSM model may include, in actions part of a
transition, conditional statements such as if-then-else or case statements as well as
repetitive statements such as for or while statements. In our work, we do not consider
EFSMs where transitions have conditional and repetitive statements. Interested reader
may refer to [19] for handling such statements within the context of the EFSM model.

An EFSM can also be graphically represented by a digraph G = (V, E) where Vis a
set of nodes, each representing a state in S and E is a set of edges, each representing a
transition in 7. For instance, Figure 2.3 shows an EFSM describing the requirements for a

simplified ATM System. “Requirements” are traditionally non-executable. They are

10



usually expressed in a natural language, declarative (non-imperative) form. In this thesis,

we assume that requirements can be represented as a single EFSM and each requirement

can be adequately represented by a single transition in this EFSM. For example, the set of

requirements of the ATM system is R = {rl, 72, 3, r4, r5}: where each r is represented

by a single transition in the corresponding EFSM:

rl:

r2:

r3:

r4:

User fails to enter a correct pin that matches with the PIN stored in the ATM card in
less than four attempts. If pins don’t match, and less than four attempts were
performed, the system displays an error message, increments the number of attempts
and prompts for pin. At the fourth attempt, if user still fails to enter a correct pin, the
system prints an error message and ejects the user’s ATM card.

r1=T2T2T2T3

After entering a correct pin in less than four attempts, user selects withdrawal
function. The system adjusts the balance, and displays a menu with withdrawal,
deposit, balance inquiry, and exit functions.

2=xT4 TS5

After entering a correct pin in less than four attempts, user selects deposit function.
The system adjusts the balance, and displays a menu with withdrawal, deposit,
balance inquiry, and exit functions.

3=xT4Té6

After entering a correct pin in less than four attempts, user selects balance function.

The system displays the balance, and then a menu with withdrawal, deposit, balance

inquiry, and exit functions.

4 =xT4T7
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r5: After entering a correct pin in less than four attempts, user selects exit function and
the system ejects the user’s ATM card.
5=xT4T9

x: T2 may be inserted 0, 1, 2 or 3 times

The transition in bold in each sequence of transitions given above is the transition under

test (TUT) which stands for the requirement 7.

Continue/Display menu

PIN(p)
[(p != pin) and (attempts < 3)}/ Wlthdrawal(w)/
Display error; b b
attempts = attempts+1;
Prompt for PIN;
Card(pin, b)/ PIN(p)
Prompt for PIN; lp==piny T4 DbePOS'i(z)/
T1 attempts =0 Display menu
PIN(p
[(p != pin) and ( attempts = 3))/
Display error; Exn/EJect card Balance/
Eject card; print(b)

s () p

Figure 2.3 An EFSM for a Simplified ATM System [1]

2.1.3 Conversion from SDL Models into EFSM Models

The behavior of a process in SDL can be rewritten as an EFSM. During this conversion,
all states in the process are preserved in the EFSM. A path between two states of the
process (not including other states) is mapped into a transition between two
corresponding EFSM states such that the signal and conditions are mapped into an input
and a predicate associated with this transition. A sequence of tasks, output signals
emission, timer settings, and procedure calls on the path is mapped into actions of the

EFSM transition. In particular, an SDL timer is represented by a variable in an EFSM;
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therefore, start and stop timers in SDL are mapped into set and reset in an action of

EFSM transition, respectively.

T8
Pit(userPIN)
jeardPIN 1= usePIN and attempts »= 3Y
displayMS G removelard')
apctiCard(}
displayM3G{" Welcome')

’ 18
[T_WaitPIN] F

wailtPIN dismaymSG('Ti'msOul & removelard’) » IDLE
sjeciCard(}
digplaydSG{ Welcome')

7
PIN{usarP N} PiN(userPIN}
[cardPIM i= ﬁserF’lN‘and atlempts < 3y foardPIN == userPINY
iﬁgjﬁg[ﬂ $§i‘;:g:;g£lil’1) getBalance{accouniNumber)

T9

. A ] Balance{d) ! (iRt
diaplayt)ption{)w{ waitBalance

Figure 2.4 Fragment of the EFSM System Model

Figure 2.4 shows a partial representation of the EFSM model that corresponds to the
fragment of an SDL process shown in Figure 2.2. In the EFSM, each state transition has
an optional boolean predicate that must be evaluated to be true for this transition to be
executed. For example, in Figure 2.4, suppose that the current state is waitPIN and the
wrong userPIN is entered. If the maximum number of attempts (in this case, 3) has not

been exceeded, transition TS5 is taken; otherwise transition T6 is taken instead.

2.2. Test Derivation Methods
Test derivation methods are broadly classified into black-box, grey-box and white box

testing methods depending on whether the specification, design, or source code of a
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system is used as the resource to derive tests. White box testing methods are traditionally
divided into two categories: control flow and data flow oriented testing. In general,
determining whether an implementation of a system establishés the desired flow of
control and data expressed in its specification can be referred to as testing the control and
data flow aspects of the implementation. Control flow oriented testing is based on the
analysis of the control flow of the implementation, while data flow oriented testing is
based on the analysis of the data flow of the implementation. The tests generated by the
data flow oriented test coverage criteria are complementary to those constructed by
control flow oriented test coverage criteria [17]. The white box test coverage criteria have
been adapted to black-box (specification-based) testing for systems specified in Estelle
[6], LOTOS [7], and SDL [5]. Since our work aims to produce tests from requirements of
systems for both control flow oriented testing and data flow oriented testing, the
commonly used control and data flow oriented test coverage criteria are discussed in the
following sections. These criteria are based on directed graphs (digraphs) representing the
source code or the specification of the system under test. As far as applicable, we transfer
these methods to graphs representing EFSM models.

A path (ny, n,, ..., n,) in a directed graph G is a sequence of nodes in G, such that for
alli, 1 <i<m-1,m>2, (n, n,)€ E. A sub-path of a path (n,, ..., n,) is a path (i, ..., i) if
there exists a {, 0 < { < m-k, such that for all j, 1 <j <k, i; = n,. .. A loop-free path is a
path in which all nodes are distinct. A complete path in a single entry, single exit directed
graph G is a path whose first node is the entry node and whose last node is the exit node.
A complete path is executable or feasible if a set of input data which causes its execution

exists, and un-executable (infeasible) otherwise. A path is executable if it is a sub-path of

14



an executable complete path. Whether a path is executable depends on the semantics of
the system itself, not just on the underlying graph structure. It is recognized that
guaranteeing feasibility of selected paths is an undecidable problem, and this is a
fundamental problem in test case design.

Let p (n, ..., n,) be a complete path in a directed graph G. We say that a node i is
covered by p if i = n; for some j, 1 <j < m. Similarly, an edge (i, i,) is covered by p if
i, = n; and i, = ny, for some j, 1 <j <m-1. A path (i, ..., i) is covered by p if path (i, ...,
i) is sub-path of p. A node, edge, or path is covered by a set II of complete paths of G if
the node, edge, or path, respectively is covered by a complete path in IT.

Consider as an example, Figure 2.3 depicting a directed graph G = (V, E) representing
the EFSM of a simplified ATM system where V is a set of nodes, each representing a
state and E is a set of directed edges, each representing a transition. In this graph, let IT
be a set of complete paths starting at the start state and terminating at the exit state. For
example, a complete path (T1, T4, TS, T8, T9) is in Il and covers nodes: start, S1, 2, S3
and exit states, covers edges: T1, T4, TS, T8 and T9 and covers a path: T1, T4, TS5, T8,

T9.

2.2.1 Control Flow Oriented Testing

Each control flow oriented test coverage criterion aims at generating a set of test cases
that covers (i.e. causes execution of) all occurrences of a control flow oriented test unit
(e.g. node, edge, cfc.). There are various control flow oriented test coverage criteria: all-
nodes [4,9,10], all-edges [4,9,10], all-paths [4,9,10], decision coverage (branch

coverage), condition coverage, decision/condition coverage and multiple condition

15



coverage [9]. Let Il be a set of complete paths of a directed graph G.
e All-nodes (sometimes called statement coverage)

IT satisfies the all-nodes coverage criterion in G if every node of G is covered by Il
at least once. This is the easiest and weakest of all the control flow oriented test coverage
criteria.

e All-edges

IT satisfies the all-edges coverage criterion in G if every edge of G is covered by I1
at least once.
e All-paths

IT satisfies the all-paths coverage criterion in G if every complete path of G is
included in IT. This is the strongest criterion among the control flow oriented test
coverage criteria and is not generally practical or feasible.

e Decision Coverage (sometimes called branch coverage)

A decision is a boolean expression [9]:

<decision> := <component> AND <component>

| <component> OR <component>

| NOT <component>

A component of a decision can be a decision or a condition, which is defined as
follows:

<condition> := <varl> relation <var2>

<relation> == =|>|<|>|<|#

where varl, var2 may be optionally replaced by function names or constants.
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IT satisfies the decision coverage criterion [9] (or branch coverage criterion) in G if
every possible outcome of each decision (i.e. branch) in G is covered by IT at least once.

However, the criterion does not imply that all combinations of conditions in each
decision are covered; thus some faults present in a particular condition may not be
exposed. For example, for testing the decision (A and B), the decision coverage criterion
can be satisfied by two test cases: (A = true, B = true) and (A = true, B = false); however,
neither test case causes A to be false. This could mask a possible fault in condition A.
Hence, a shortcoming of decision coverage is that it does not guarantee coverage of each
condition within each decision.
e Condition Coverage

I1 satisfies the condition coverage criterion [9] in G if each possible outcome of
every condition within each decision in G is covered by IT at least once. Even though the
criterion requires that each possible outcome of every condition within each decision will
be executed, it does not guarantee that every possible outcome of each decision will be
taken; therefore, it does not guarantee the coverage of all statements or all branches in the
graph. For example, for testing the decision (A or B), two test cases: (A = true, B = false)
and (A = false, B = true) would satisfy the condition coverage criteria, but it would not
fulfill the decision coverage criterion because it would fail to test the false outcome of the
decision.
e Decision/Condition Coverage

IT satisfies the decision/condition coverage criterion [9] in G, if each outcome of
each decision and each outcome of each condition in G is covered by IT at least once.

Developed to overcome the deficiencies of decision coverage and condition coverage
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alone, decision/condition coverage ensures that each outcome of each decision and each
outcome of each condition will be executed. However, the fault of using “and” instead of
“or” in a decision may still not be covered. For example, for testing the decision (A and
B), two test cases: (A = true, B = true) and (A = false, B = false) would actually satisfy
decision, condition and decision/condition coverage, but it would be possible to replace
the “and” with an “or” without affecting the result of the tests.

e Multiple Condition Coverage

IT satisfies the multiple condition coverage criterion [9] in G, if all possible
combinations of condition outcomes in each decision in G is covered by II at least once.
Multiple condition coverage eliminates the deficiencies of the previous criteria, since test
cases must be generated to exercise all possible combinations of all condition outcomes
in each decision.

It is widely accepted that all-nodes coverage is rather weak, and that the branch
coverage criterion is a minimal standard of coverage in white box testing [17]. Other
criteria (multiple condition coverage, decision/condition coverage, condition coverage)
are difficult or even impossible to achieve in software of more than moderate complexity

[17].

2.2.2 Data Flow Oriented Testing

Basically, data flow oriented testing is based on data flow analysis. Data flow analysis
establishes certain associations between definitions and uses of variables. Such
associations are identified by tracking variables as they are defined and modified until
they are ultimately used to compute values for other variables or generate output values.

Data flow oriented test coverage criteria require each association between the definition
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of a variable and its uses to be examined at least once during testing. The motivation
behind the selection of tests based on the coverage of data flow associations is that faults
in a system may lead to incorrect values and as the result of propagation through

computations, an erroneous result may show up at the system’s output.

2.2.2.1 Data Flow Related Concepts

Data flow analysis was originally used for compiler optimization [3]. It aims to trace the
use of a program’s variables as they are initialized and modified during program
execution. Data flow analysis classifies an occurrence of a variable as part of a statement
associated with a node or as part of a Boolean expression associated with an edge in a
graph representing the software as a definition or a use [10,11]. Data flow analysis
techniques can be applied to the selection of test sequences from an EFSM by
transforming the EFSM into a special flow graph F [13,14,15] which is a digraph (¥, en,
ex, E) where N = {n | n is an s-node, i-node or r-node}; en and ex € N are the entry node
and the exit node, respectively; E = {e | ¢ is an it-edge, si-edge or ts-edge}.

To transform an EFSM M = (S, S.., S.., 1, O, V, T) into a flow graph ' = (N, en, ex, E),
each state s € §, each transition t € T and each input i € [ at each state s are turned into
an s-node, a t-node and an i-node in F, respectively, where s.,, s.., are correspondingly
mapped to en and ex. In addition, the control flow in M is affected by a predicate;
therefore, each predicate g in a transition (s, S, I, g, @) is associated with an ir-edge. Note
that an si-edge and a rs-edge are employed in F solely to complete the control flow of M.

More formally, to map an EFSM M = (S, S, S I, O, V, T) into a flow graph
F = (N, en, ex, E), we proceed as follows:

Let s € S be a state, in € I be an input symbol,

19



T.={(S, S0, 1,8, @) € T|s,=5}, Tyin={(S S0, i, g, a) € T, |i=1in} and
I.s‘= {ln € Il Ts,in¢®}'

Foreach s € S of M, F consists of

one s-node s,
- onei-node foreachie I,
- one t-node foreach t € T,
- one si-edge from s-node to each i-node, i € I,
- one it-edge from each i-node, i € I, to each t-node, t € Tj;
- one ts-edge from each z-node, ¢ € T, to the s-node s' such that z = (s,, §', i, g, a)
Figure 2.5 shows the flow graph F for the EFSM of Figure 2.3. For example, with
state (start) and input card(pin, b), the following can be observed in the graph:
s-nodes : start, S1
i-nodes : card(pin, b)
t-nodes : T1
si-edges : (start, {card(pin, b)})

it-edges : (card(pin, b), T1), ts-edges : (T1, S1)
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Figure 2.5 Flow graph F generated from the ATM EFSM

A definition (referred to as def) of a variable v at node n (denoted by d) ) is an

occurrence of v by which a value is assigned to v (e.g., an occurrence of v on the left hand
side of assignment statement, for instance, the definition of “attempts” at node T1 in
Figure 2.3). A use of a variable v is an occurrence of v by which the value of v is

referenced. Each use occurrence is also further classified as a computation use (c-use) or
a predicate use (p-use) [10,11]. A c-use of a variable v at node n (denoted by ¢ ) is a use

of v that occurs in the RHS of assignment statements, arguments in a procedure call or

output statement, for instance, the use of variable “b” at node TS5 in Figure 2.5. On the

other hand, a p-use of a variable v on edge (m, n) (denoted by p, ,, ) is a use that occurs
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in Boolean expressions in a condition statement or in a repetitive statement, for instance,

the use of variable “pin” on the edge ({pin}, T4) in Figure 2.5.

2.2.2.2 Classification of Variable Occurrences
The following convention is used to classify each variable occurrence in a flow graph F
derived from an EFSM E as a def, c-use, or p-use:
(a) an input event e(X,, ..., X,) in an i-node contains c-uses of the actual signal
parameters followed by defs of the variables X,,..., X,; in the special case of an
input from the environment, it contains only the defs of the variables X|,..., X,.
(b) an output event e(X, ..., X,) in a t-node contains c-uses of the variables X,,..., X,
followed by defs of the actual signal parameters; in the special case of an output
to the environment, it contains only the c-uses of the variables X,..., X,.
(c) an assignment statement Y := expression in a f-node contains c-uses of the
variables occurring in the expression followed by a def of Y.
(d) a set statement set(expression, timer_id) in a #-node contains c-uses of the
variables occurring in the expression followed by a def of the timer-id.
(e) areset statement reset(timer_id) in a t-node contains a c-use of the timer-id.
(f) a Boolean expression on an it-edge contains p-uses of all variables occurring in
the Boolean expression
(g) a procedure call' statement 7« (Xiyerer Xps€matse.or€,) in a -node contains a c-use of

each variable X; (1 <i <m) and a c-use of each variable Yj occurring in an

expression ¢, (m+1 < k < n), followed by a def of each X..

YA procedure call is in the form pi(X1,...,Xm,e,1,...,e,) where pi is the procedure identifier, X1,...,.Xm are
variables representing actual infout parameters, and en.,;,....e, are expressions representing actual in
parameters
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Note that:

1) expression e is a function(v,, ..., v,) or constant, where v,, ..., v, are variables.

2) The timer-id is represented by a variable.

Data flow information in a directed graph F is organized by associating with each i-
node the set: def(i) = {variables which have definitions at i-node i}, associating with each
t-node the sets: def(r) = {variables which have definitions at z-node ¢}, c-use(r) =
{variables which have c-uses at -node t} and associating with iz-edge, the set p-use (i, #)
= {variables which have p-uses on it-edge (i, 1) }.

Table 2.1 The def sets associated with i-nodes in Figure 2.5

i-node def sets

card(pin, b) {pin, b}
PIN(p) )
withdrawal(w) {w}
deposit(d) {d}

Table 2.2 The def sets and c-use sets associated with #-nodes in Figure 2.5

-node def sets c-use sets
T1 {attempts) )
T2 {attempts} {attempts}
T3 & %
T4 %) 9]
T5 {b} {b, w}
T6 {b} {b, d}
T7 9] {b}
T8 9] %)
T9 %] 9]

Table 2.3 The p-use sets associated with if-edges in Figure 2.5

ir-edge p-use sets
({PIN(p)}, T2) {attempts, p, pin}
({PIN(p)}, T3) {attempts, p, pin}
({PIN(p)}, T4) {p, pin}
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A path (ny, ny, ..., my, 1) is a def-clear path with respect to a variable v from node n,
to node n, or from node n, to edge (n.., ny) if there are no definitions of v at nodes n, to
s

Based on def, c-use and p-use sets, we define sets of nodes dcu(v, i) = {node j such
that v € c-use(j) and there is a def-clear path w.ot. v from i to j} and
dpu(v, i) = {edge (j, k) such that v € p-use(j, k) and there is a def-clear path w.r.t. v from
ito(j, k)}.

Def-use associations can be categorized into two classes namely def-c-use association
and def-p-use association. A def-c-use association is a triple (i, j, v) where v € def(i) and
j € dcu(v, i). A def-p-use association is a triple (i, (j, k), v) where v € def(i) and (j, k) €
dpu(v, 7). Accordingly, a def-use association is either a def-c-use association or a def-p-
use association. A def-use association is also called a du-pair. A def-use association is
feasible (executable) if a def-clear path related to the association is a sub-path of some
executable complete path; otherwise, it is infeasible (unexecutable.)

A path (m;, ..., n;, ;) is a du-path w.r.t. variable v if n; has a definition of v and either

- mhasac-use of vand (m, ..., ny, ny) is a def-clear path w.r.t. v, or

- (n;, m) has p-use of v and (n,, ..., n;, ny) is a def-clear loop-free path w.r.t. v.

For example, consider a def-c-use association (b, card(pin, b), T5 ). The definition of
b at i-node card(pin, b) can reach the c-use of b at -node T5 through the def-clear path
“card(pin, b), T1, S1, PIN(p), T4, S2, withdrawal(w), T5”. On the other hand, consider a
def-p-use association (card(pin, b), (PIN(p), T4), pin). The definition of pin at i-node
card(pin, b) can reach the p-use of pin on the iz-edge (PIN(p), T4) through the def-clear

path “card(pin, b), T1, S1, PIN(p), T4”.
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For the sake of presentation, for all du-pairs identified from F in Figure 2.5, an i-node

representing input in will be replaced with a z-node ¢ = (s,, §’, i, g, @) where in =i and

it-edge (i, 1) will be replaced by a t-node #’ where ' = t. For example, (d?,,, piniy> € bs)and
(A2 sy > P bvepyrs) in F will be represented as (d7,, c7) and (427", p13 ), respectively.

In addition, the def-clear path related to each du-pair is henceforth represented by only a
sequence of z-nodes, for instance, a def-clear path, “card(pin, b), T1, S1, PIN(p), T4, S2,
withdrawal(w), T5” is represented as T1 T4 T5.

For the example EFSM in Figure 2.3, the def-c-use associations and the def-p-use
associations for each def of each variable as well as the corresponding def-clear paths are

given in Table 2.4

Table 2.4 Def-use Associations and the Corresponding Def-clear Paths for Figure 2.3

Variable Def(s) Use(s) def-clear path
attempts d ;tltempts C ;t;emptx , p ;t;empts Tl T2
d ;t;emptx p ;t;empts ,C ;t;emptx T2 T2
p ;t‘t;empts T2 T3
b ds, ¢, T1 T4 TS5
et T1 T4 T6
b T1T4T7
T7 .
d’. el T5 T8 T5
el T5 T8 T6
ol T5 T8 T7
T7
dv el T6 TS T5
el T6 TS T6
o? TG T8 T7
T7
d d7, Crg T6
P dz, P72 T2
d7, P73 T3
dz, P74 T4
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pin dar pin TI T2
pi T1T3
pl T1T4

w dy, cys TS

2.2.2.3 Data Flow Oriented Test Coverage Criteria

The motivation behind data flow oriented testing is to bridge the gap between all-paths
and all-edges coverage criteria [10, 12]. A family of data flow oriented test coverage
criteria is defined in [11]. The criteria attempt to cover various combinations between
defs and uses of the same variable. Roughly speaking, the family of data flow oriented
test coverage criteria is based on the requirement that the test cases execute def-clear
paths from each node containing a definition of a variable to specified nodes containing
c-uses and edges containing p-uses of that variable. For each variable definition, it is
required that all/some def-clear paths with respect to that variable from the node
containing the definition to all/some of the uses/c-uses/p-uses reachable by some such

paths be executed. These criteria are defined precisely in Table 2.5.

Table 2.5 Some Data Flow Oriented Test Coverage Criteria

Criterion Association Required

All-defs Some (i, j, x) such that je dcu(x, i) or some (i, (j, k), x)
such that (j, k)& dpu(x, 7).

All-c-uses All (i, j, x) such that j€ dcu(x, i).

All-p-uses All (i, (j, k), x) such that (j, k)€ dpu(x, i).

All-p-uses/some-c-uses All (@, (7, k), x) such that (j, k)€ dpu(x, 7). In addition, if
dpu(x, i) =¢ then some (i, j, x) such that (j, k)& dcu(x,
i). Note that since i has a definition of x, dpu(x, i)
=¢ =dcu(x, i) #¢.

All-c-uses/some-p-uses All (i, j, x) such that je dcu(x, i). In addition, if dcu(x, i)
=¢ then some (i, (j, k), x) such that je dpu(x, i). Note
that since i has a definition of x, dcu(x, i) =¢ = dpu(x, i)

7.

26




All-uses All (i, j, x) such that je dcu(x, i) and all (i, (j, k), x) such
that (j, k)€ dpu(x, i).

All-du-paths All du-paths from i to j with respect to x for each
j€ deu(x, i) and all du-paths from i to (j, k) with respect
to x from each (j, k)€ dpu(x, i).

If variable x has a definition in node i, the all-defs coverage criterion requires the test
cases to exercise some def-clear path w.r.t. x from node i to some node or edge at which
the value assigned to x in node i is used. The all-uses coverage criterion requires the test
cases to exercise at least one such path to each such node and to each such edge. The all-
du-paths coverage criterion requires that all of the du-paths from node i to each such node
and each such edge be exercised. The coverage criteria all-p-uses, all-c-uses, all-p-
uses/some-c-uses, and all-c-uses/some-p-uses lay the emphasis upon either c-uses or p-
uses. Note that any program has only finite set of def-use association, so none of the data
flow oriented test coverage criteria requires and infinite number of test units. Figure 2.6
illustrates the subsumption relationships between control and data flow oriented test
coverage criteria. A criterion A subsumes another criterion B, denoted A=>B, if a set of
complete paths IT satisfying A also satisties B. As we can observe from Figure 2.6, every
data flow oriented test coverage criterion is stronger than all-edges coverage criterion.
[4,9,10] provide more details on the advantages of data flow oriented testing over control

flow oriented testing.
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Figure 2.6 Relationships Among Test Coverage Criteria

The family of data flow oriented test coverage criteria mentioned above is based on
the association between a definition of a variable and each use of that same variable or
so-called “du-pair”. However, there exists another type of relationship between variable
occurrences. Such a relationship exists between the use of a variable and the def of
another variable. IPO-df-Chains coverage criterion [16] takes both relations into account.

IPO-df-Chains coverage criterion is based on the analysis of associations between

each output interaction and those input interactions which influence that output in an

EFSM. Such associations can be defined through the notion of affect. A use uy, is
affected by d; if

- x =y and there exists a du-pair (d7,, uy ), or
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- there is a definition d 5, given in terms of uy, such that (d7;, uy, ) is a du-pair and

a use of uy; is affected by d,
If du-pairs in an EFSM are linked by the notion of affect, data-flow-chains (df-

chains) can be formed. A df-chain is an ordered sequence (d}}, uj,, d5, uss, di ...
1 x2 x2 xm
dy" usr ) of du-pairs (d7, uysy)(d55, urs)...(d5, usn,, ), such that m > 1 and uj,, is

affected by d3% [16]. An activating path for df-chain (d7}, uly, d35, uyr, d ... din),

xm—1

u; ) is a sequence of transitions (11, ..., T, ..., T3, ..., Tpu1, ..., Ty) in which (T3, ...,
T:11) is def-clear path with respect to variable x;, 1< i< m-1.0f particular interest are df-
chains that start with input and terminate with output.

An input is a definition of a variable, independent from any other variable. For
example, assignment of a value to a variable in an input statement or by an expression

made exclusively of constants is an input. In Figure 2.3, d%,, d2" and d&“*" are

considered as inputs.

There are two types of outputs: variable output and constant output. Variable output is
a c-use of variable in an output statement, for instance, ¢4, in Figure 2.3. On the other

hand, constant output is an output statement containing only constants. In case of variable
output, we say that a variable output o is affected by an input i if there is a df-chain
starting with i and terminating with o. However, there is no such df-chain terminating
with a constant output; therefore, the effect of input value i on a constant output can only

be captured by a df-chain starting with i and terminating with the last p-use which leads

attempts

the flow of control to the constant output and then to the exit state, for instance, p 73

29



Hence, two relations can be defined, namely input-output relation and input-predicate
relation, depending on the type of affect.

X denotes a set of all inputs.

Y denotes a set of all variable outputs.

P denotes a set of last p-uses leading the flow of control to a constant output.

An input-output relation is defined as Ryy= {({, 0) | i € X, 0 € Y, and o is affected by
i}. Also, an input-predicate relation is defined as Ry, = {(i, p) | i € X, p € P, and p is
affected by i}. Leti € X,0€ Yand p € Pthen (i, 0) € Ry or (i, p) € Ry if and only if
there is a df-chain starting with i and terminating with o or p, respectively. Such a df-
chain is referred to as IP/O-df-chain (Input-Predicate/ Output-df-Chain). This concept is
generalized as IPO,-df-chain with n > 2. IPO,-df-chain is an IPO-df-chain such that there

are m (1< m < n) occurrences of uy df where @ and # stand for any variable. An

activating path for IPO,-df-chain (d}/, uX}, dX2, uX2, d)7 ... d¥7, u}™) is a path

Ty, ...T2 ...; T3 ooy Tty ooy T ) in which (T4, ..., T 1) is a def-clear path with
respect to variable xj, 1< i< m-1. Accordingly, IPO,-df-chains coverage criteria is
satisfied by a set of complete paths IT if
a) an activating path for every IPO,-df-chain (1< k& < 2) for each (i, 0) € Ryy is
covered at least once by IT;
b) an activating path for every IPO,-df-chain for each (p, 0) € Ry is covered at least

once by IT.
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2.3 Dependency Analysis in the EFSM Model

In an EFSM, there are two types of static dependencies between transitions, namely data
dependency and control dependency [1]. Data dependency is defined using the
association between definitions and uses of variables. Control dependency, on the other
hand, derives from the concept of post-dominance explained below, and exists when the

execution of a transition is possible only after the execution of another one.

2.3.1 Data Dependency
Data dependency relies on the notion of definition-use association where one transition
defines a value to a variable and the same or another transition uses this value. Formally,

there exists a data dependency from transition ¢ to transition # w.r.t. a variable v if

1. d} isthe last definition of vin ¢
2. u,, isac-useor p-use of vin 7, before v is redefined in ¢, (if any)

3. there exists a def-clear path w.r.t. v from #; to 1,

For example, in Figure 2.3, def(T1) = {attempt, b, pin} and use(T6) = {b, d}. There is
a data dependency from T1 to T6 w.r.t. b due to the fact that b € def(T1), b € use(T6)
and there is a def-clear path w.r.t. b from T1 to T6 (namely T1 T4 T6). All data

dependencies identified for the EFSM in Figure 2.3 are shown in Table 2.6.
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Table 2.6 Data Dependencies Identified in Figure 2.3

From Transition

To Transition

w.r.t. variable

def-clear path

T1 T2 attempts or pin T1T2
T3 pin T1T2T2T2T3
T4 pin | T1 T4
T5 b T1T4 TS
T6 b T1 T4 T6
T7 b T1T4T7
T2 T2 attempts or pin T2 T2
T3 attempts T2 T3
TS T5 b TS T8 TS
T6 b T5 T8 T6
T7 b TST8T7
T6 T5 b T6 T8 TS
T6 b T6 T8 T6
T7 b T6 T8 T7

2.3.2 Control Dependency

The concept of control dependency in an EFSM is extended from the notion of control
dependence defined for a program control graph [2]. In an EFSM, a control dependency
captures the notion that one transition may potentially affect traversal of another

transition and is based on the concept of post-dominance. Let us define the concept of

post-dominance first.

Let S, and S, be states (nodes) and 7 be a transition outgoing from S, in an EFSM.
State S, post-dominates state S, if S, is on every path from S, to exit state. State S, post-
dominates transition T if S, is on every path from S, to exit state through T. There is a
control dependency from transition 7; to transition 7} if:

- state S,(T,) does not post-dominate state S,(7,) and

- state §,(T,) post-dominates transition 7,

where S;(T) denotes the starting state of 7.
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It can be observed from Figure 2.3 that §,(T4) = S1, §,(T6) = $2, state S2 does not
post-dominate state S1 but S2 post-dominates transition T4. Hence, there is a control
dependency from transition T4 to transition T6. All control dependencies identified for

the EFSM in Figure 2.3 are shown in Table 2.7.

Table 2.7 Control Dependencies Identified in Figure 2.3

From Transition To Transition
T4 T5,T6, T7,T9
TS T8
T6 T8
T7 T8

2.3.3 Static EFSM Dependence Graph (SDG)

Control and data dependencies in an EFSM can be graphically represented as a directed
graph where each node represents a transition and each edge represents either a control
dependency or data dependency. For example, Figure 2.7 shows the static dependence
graph of the EFSM given in Figure 2.3 constructed by using the control and data

dependencies between transitions given in Table 2.6 and Table 2.7.

j
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Figure 2.7 Static Dependence Graph of the ATM EFSM
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In the next chapter, we present two test suite reduction methods based on two types of
dependency analysis (static and dynamic). Also, algorithms in each method for the

reduction of requirement-based test suite are presented.
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Chapter 3

Control and Data Dependency Analysis for Test Suite Reduction

To test the implementation of a given system, a fest suite is needed. A test suite is a set of
test cases, each test case being a sequence of transitions. Several strategies, described in
Chapter 2, can be used to generate test cases. However, a tester may be particularly
interested in testing a given requirement. For each requirement, there is a transition that
represents that requirement, which is called the Transition Under Test (TUT) in this
work. For example, for requirement 72 (after entering a correct pin in less than four
attempts, user selects withdrawal function. The system adjusts the balance, and displays a
menu with withdrawal, deposit, balance inquiry, and exit functions.), transition TS in
Figure 2.7 is the representative of r2.

This thesis, based on the approach proposed in [1], presents a method to reduce the
number of test cases in a given test suite by using EFSM dependency analysis. The
motivation behind the approach is that during test execution, different elements of the
system interact with each other and some of them may affect the TUT. Capturing only
those interactions that influence the TUT yields a pattern of interactions w.r.t. the TUT
exercised by the test, which is in turn utilized to identify an equivalent class of test cases
having the same interaction pattern w.r.t. the TUT. In particular, two tests are considered
being equivalent w.r.t. the TUT if both exhibit the same interaction pattern; hence, one of
them can be discarded from the test suite.

To reduce the size of the test suite without significantly reducing its fault detection

capability, we simply eliminate all but one of the equivalent test cases from each class of
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equivalent test cases of the test suite. Hence, to obtain those classes of equivalent test
cases, the problem of defining the interaction pattern exhibited by each test case needs to
be addressed.

In this work, this problem is solved based on the assumption that interactions between
EFSM transitions (“active” elements of the EFSM) are represented as control or data
dependencies. Next, two types of dependency analysis are used: static dependency
analysis and dynamic dependency analysis to capture the pattern of interaction existing

for each test case, which is employed later on to formally identify equivalent test cases.

3.1 Test Suite Reduction Based on Static Dependency Analysis

In [1], an approach for test suite reduction based on static dependency analysis has been
proposed: for each test case in a test suite (a sequence of transitions), control and data
dependencies that are encountered during the traversal of the test sequence are identified
and represented as a dependence sub-graph (a sub-graph of a static dependence graph
(SD@G)). The control and data dependencies that affect the transition under test are of
particular interest in this approach. Such dependencies can be identified by traversing the
dependence sub-graph backwards from the transition under test and marking all traversed
nodes and edges. All unmarked nodes and edges are removed from the dependence sub-
graph. As a consequence, the resulting dependence sub-graph consists only of control and
data dependencies that influence the TUT and it is referred to as a Static Interaction
Pattern (SIP). Two test cases are equivalent w.r.t. TUT if both exhibit the same SIP. For
example, consider Test_1=T1 T4 TS T8 T6 T8 TS T8 T7 T8 T9, and TUT = T5. The

dependence sub-graph of Test_1 is presented in Figure 3.1 and the static interaction
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pattern of Test_1 is given in Figure 3.2. It is constructed by removing the nodes and

edges that are not marked in bold in Figure 3.1(b).

Figure 3.1 (a) Dependence Sub-Graph of Test_1  Figure 3.1 (b) Dependence Sub-Graph of Test_1,

with transitions affecting TS marked in bold

Figure 3.2 The Static Interaction Pattern of Test_1

Let us consider another test case, Test_2 : T1 T2 T4 TS5 T8 T6 T8 TS T8 T7 T8 T9.

Test_1 and Test_2 are almost identical except for the extra transition T2 in Test_2. Figure
3.3 shows the dependence sub-graph of Test_2 and Figure 3.4 shows the static interaction

pattern of Test_2. Figure 3.2 and 3.4 show that Test_1 and Test_2 are equivalent since
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both tests produce the same static interaction pattern. Hence, one of them can be

eliminated from the test suite (e.g., using random selection).

Figure 3.3 Dependence Sub-Graph of Test_2 Figure 3.4 Static Interaction Pattern of Test_2

Based on this concept, the problem of test suite reduction arises in terms of selecting
a subset of test cases from the test suite, while still satisfying the same test objective, i.e.,
to cover each requirement with respect to the static interaction patterns for that
requirement. Such subset is obtained by selecting randomly one test from each
equivalence class of test cases having the same static interaction pattern. To solve the
problem, we break down the solution strategy we will take as follows:

Given an EFSM M, its SDG, and a test suite TS, let

SIP,,denote the SIP of a transition sequence ¢s which is in the test suite to be reduced,

S, denote a set of all possible SIPs w.r.t. the requirement under test 7,

TS,= {ts | ts is a complete sequence of transitions where r occurs at least once},

S denote a set of static interaction patterns for r induced by TS,.

Then,

Vr € R,
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- form TS, TS where TS, = {fs | s is a complete sequence of transitions where

r occurs at least once}
- Vise TS,
o form SIP, from ts using SDG
o identify SIP in §,, call it SIP;
o puttsin TS,(SIP;) which is the equivalence class of ¢s having the same SIP

o put SIP; in the set S of static interaction patterns for » induced by TS,
- identify which SIP, € S, (if any) is not covered by any zs € TS, using S, and S
- randomly select one ts from each TS,(SIP;), 1<i<|S7| to form the reduced TS,

Notice that the number of test cases in the reduced test suite is bounded below by the
number of possible static interaction patterns for the given EFSM M.

To implement this solution, three algorithms have been developed in this research.
They are presented in the remainder of this Chapter: Section 3.1.1 describes in pseudo-
code the algorithm for generating SIP;, for a given ts from SDG, Section 3.1.2 gives the
algorithm that compares whether two SIPs are equivalent, and Section 3.1.3 provides the
algorithm to identify which SIP, € S, (if any) are not covered by any ts € TS, using S, and

S7.

3.1.1 Algorithm for generating the SIP, for a given ts from SDG

In this method, dependency identification w.r.t. a given TUT is done by traversing
dependence sub-graph backward from the TUT. Since the transitions placed after the last
occurrence of the TUT in a transition sequence do not affect the TUT, there is no need to
traverse the whole ts. As a consequence, we propose a SIP generation algorithm that first

locates the last transition w.r.t. the TUT in ts (referred to as Toryr), and then considers
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only the sub-sequence of transitions in ts from the first transition to Tpryr for the

identification of control and data dependencies that affect the TUT. This sub-sequence is

used to construct the dependence sub-graph. Details on the SIP generation algorithm are

given as follows:

Input: SDG, tut, ts

Intermediate: a digraph G

Output: the Static Interaction Pattern(SIP,) for ts

Steps:

- Locate the last occurrence of fut in ts and name it 7y

/* construct nodes in dependence sub-graph G*/

- From the first transition to Ty pyr in s, first, capture a set of unique transitions, second
sort the set in ascending order of transition labels, and third represent each transition
in the set as a node in the dependence sub-graph G.

/* construct edges in dependence sub-graph G */

- Loop from Ty1yr in ts to the second transition in zs

take the present transition and name it ¢

- let n, denote the node representing ¢ in G

- letlbe a prefix of ts, not including ¢ in ts

- Loop from the last transition in [ until the first transition in [ is reached

- take the present transition from / and name it pt

- let n, be the node representing transition pt

- if ((there is a control dependency from pt to ¢ in SDG) and (there is no control

dependency edge incoming to n, in G) )
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put a directed dashed edge in G from n,, to n,
- if ((there is a data dependency from pt to ¢ w.r.t. variable v in SDG) and (there
is no data dependency edge w.r.t. v incoming to n, in G) )
put a directed solid edge in G from n,, to n,
- end of loop

end of loop

/* At this point we obtained dependence sub-graph G. Now, we will identify

dependencies in G that influence the fut in order to generate SIP,*/

let n,, be the node representing fut

traverse backward from n,, to the source node of G and during the traversal, mark
traversed nodes and edges in G

remove all unmarked nodes and edges in G

the resulting dependence sub-graph is SIP,,

Data Structure:

G = (N, E) where

N = {n, | n, is a node representing transition ¢ in s and n, denotes the source node of

G} and

E = {e | e = (n, n, type), n, , n;, € N where n, and n, are the source node and
destination node of e, respectively and ftype is c¢d or dd where c¢d and dd

represent control dependency and data dependency, respectively}
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Algorithm:
Let
uniqueT = {t |t is a transition in zs}
node(i) denotes a node whose index is equal to i in G,
DD(nz) = {(ng,v) | there exists a data dependency edge e w.r.t. v from ny, to ngy}
listDD = {(n,v) | nis a node in SDG and v is a variable}
CD(nr) = {ny; | there exists a control dependency edge outgoing from ny, to nyp}
listCD = {n |nis anode in SDG }
finish[] denotes an array of integers.
Steps
uniqueT «— &, G — (J,9)
locate the last occurrence of fut in ts and name it Ty yr

for each transition ¢ in ts from the first transition to T ryr do

if t & uniqueT then

uniqueT — uniqueT U {t}

end for loop
sort the elements of uniqueT in ascending order of transitions’ labels.
/* Each element of sorted uniqueT can be referred by its index e.g., uniqueT[0]
denotes the first element of uniqueT. */
/* construct G */
/* First, create nodes in G */
lastIndex < the index of the last element in uniqueT

i=0
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for each t € uniqueT from uniqueT|0] to uniqueTllastIndex] do

[*if there is no node in N with respect to t, add such a node in N*/

if n, & N then

N« NU {n}

set the index of node n, to i
i=i+1
end if
end for loop
/* Second, create edges in G */
listDD «— &, listCD «— &
k < the index of Tiryrin ts
/* a transition in ts can be referred to by its index, e.g., ts[0] indicates the first
transition in ts */
for each ¢ in ts from ts[k] to zs[1] do
n, < the node representing a transition ¢ in N
identifyCD = false
listDD < DD(n,)
listCD «— CD(n,)
{ < the index of ¢ in ts
for each transition ptints from ts[i-1] to £s[0] do
I* if a control dependency on n, is not yet identified and there is a control
dependency from n, to n, , draw a control dependency edge from node n,, to n, in

E*/
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if(ny, € listCD and identifyCD != true) then
E « E U {(npn n, Cd)}

identifyCD <« true
end if
list < {(n, v) | (n, v) € listDD and n = n,,}
/* if there is a data dependency from n, to n, w.r.t. a non-empty set of
variables V, draw a data dependency edge from node n, to n, in E */
if(list # &) then
E — E U {(n,, n, dd)}
/* remove all elements w.r.t. variable v € V from listDD */
for each (n, v) € list do
listDD « listDD - {(n', v') | (', V") € listDD and v' = v}
end for loop
end if
end for loop
end for loop
I* traverse backward from nryr to nyin G, mark nodes and edges during traversal.
After the traversal, remove unmarked nodes and unmarked edges from G*/
/* initialize the value of each element in finish[] equal to 0%/
[ = the index of the last node in N
fori=0toldo

finishl[i] <0
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i «— the index of nyr

call traverse_backward( i, finish[] )

remove all unmarked nodes and unmarked edges in G
The resulting graph G is SIP,

Procedure traverse_backward(i , finish{]){

[ Rk KK R KRR KK KK kR kKK KK R K K KK K K K
finish{i] = 0 designates that node(i) has never been visited,
finish[i] = -1 designates that node(i) has already been visited,
finish[i] = 1 designates all paths leading from n, to node(i) have been already

traversed

T L Iy
if(finish[i] '= 1) then
finish[i] = -1; /* to indicate that node(i) has already been visited */
For each edge e incoming to node(i) do
s «— the source node of e
if (e is unmarked) mark e
if (s is unmarked) mark s
k < the index of node s
if ((s #ny) /* s is not the source node in G */
AND (finish[k] = 0) /* s has never been visited */
AND (s # node(i)) /* to avoid infinite recursion */)
traverse_backward(k, finish[])
end for loop

finish[i] =1
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} // end traverse_backward

3.1.2 Algorithm for comparing two SIPs
Input : a pair of SIPs, i.e., SIP; and SIP;
Output : true if SIP; and SIP; are equivalent, false otherwise.
Data Structure:
SIP = (N, E) where
N = {n,| n, is a node representing transition #} and
E={e|e=(n, ng, type) n, , n, € N where n, and n, are the source node and
destination node of e, respectively and type is cd or dd where cd and dd

represent control dependency and data dependency, respectively.}

Let
SIP,= (N, E)
SIP;= (N, E)
Steps:

for eachnode n € N, do
if (n & N,) then

return false

exit for loop
end if
E, — {e|e€ E; and n, = n}
E,—{e|lee Ejand n,=n}

if (|E\| #| E,| ) then
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return false
exit for loop
end if
if (E, - E,# ) then
return false
exit for loop
end if
end for

return true
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3.1.3 Algorithm for identifying SIP, < S, (if any) not covered by any #s € TS,
Inputs: S, S,
Output: S,

Let

S, denote {SIP,| SIP, € S,}

Steps:

1. sort SIP, € S, in ascending order in number of nodes in SIP,, node’s label and

number of incoming edges.

2. sort SIP, € S in ascending order in number of nodes in SIP,, node’s label and
number of incoming edges

3. Sur =

4. take the first SIP, from S, and name it SIP’,

for each SIP, in S,

if (SIP, is equivalent to SIP’,and SIP’,# NULL) then
take the next SIP, from $’, and name it SIP’,

else
Suer < Suer U {SIP}

end if

end for loop

5. return S,
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3.2 Test Suite Reduction Based on Dynamic Dependency Analysis

This method is extended from the previous method (static dependency analysis) and has
also been proposed in [1]. The two methods, in a principle, are similar except that
repetitions of the same dependency during the traversal of a test sequence are taken into
account by the extended method. To do so, each traversed transition is represented as a
separate node in the dependence graph, even if the same transition has already been
traversed before. The resulting graph is called the Dynamic EFSM Dependence Graph
(DDG).

The method proceeds as follows [1]: given a test case, each traversed transition is
represented as a node in DDG and each identified control and data dependency is
represented as an edge between two nodes (transitions). To capture interactions that
affect a TUT, dependencies that influence the TUT are identified by traversing
backwards from the TUT and marking all traversed nodes and edges. Then all unmarked
nodes and edges are removed from the DDG. The resulting graph is referred to as
Dynamic Interaction Pattern (DIP). Two tests are considered being equivalent, if they
both exhibit the same DIP. For example, consider Test_2=T1 T2 T4 TS T8 T6 T8 TS5 T8
T7 T8 T9 and TUT=TS5. The resulting DDG is shown in Figure 3.5. Tﬁen, the DIP is
generated (Figure 3.7) by traversing backwards from the last occurrence of the TUT in
DDG, marking traversed nodes and edges and eliminating the unmarked nodes and edges.

Consider another test, Test_3=T1 T4 TS5 T8 T6 T8 TS T8 T6 T8 T5 T8 T9, with TUT
= T5. The DDG of Test_3 is presented in Figure 3.6 and its DIP in Figure 3.8. If static
dependency analysis is applied for TUT=TS, Test_3 is removed from the test suite, since

it exhibits the same SIP as Test_2. However, by applying dynamic dependency analysis,
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Test_2 and Test_3 are not equivalent since they do not have the same DIP. As a

consequence, Test_3 cannot be eliminated from the test suite.

Figure 3.5 DDG of Test_2 Figure 3.6 DDG of Test_3

Figure 3.7 DIP of Test_2 Figure 3.8 DIP of Test_3
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Again, the problem of test suite reduction based on this concept is to identify
equivalent classes of test cases having the same dynamic interaction patterns. Such
equivalent classes are subsequently used to obtain a reduced test suite by randomly
selecting one test case from each equivalent class. To solve the problem, we break down
the solution strategy we will take as follows:

Given an EFSM M, its SDG and a test suite TS, let DDG,, and DIP,, denote a dynamic
dependence graph and a dynamic interaction pattern produced by a transition sequence s,
respectively.

Then,

Vre R,

- form TS, TS where TS, = {ts | ts is a complete sequence of transitions where
r occurs at least once}
- Vitse TS,
o form the Dynamic Dependence Graph for #s, i.e., DDG;, using SDG
o construct the dynamic interaction pattern DIP, from DDG;,, call it DIP;
o puttsin TS(DIP;) which is the equivalent class of zs having the same
DIP
o put DIP; in the set D, of dynamic interaction patterns for » induced by
TS,
- identify which SIP, € S, (if any) not covered by any ts € TS, using S, and D,
- randomly select one ts from each TS, (DIP;), 1<i< |D,| to form the reduced TS,
Three algorithms for dynamic dependency analysis based test suite reduction are

proposed in this thesis. Section 3.2.1 describes in pseudo-code the algorithm for
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generating DDG,, for a given ts, Section 3.2.2 gives the algorithm for generating DIP,

from DDG,, Section 3.2.3 provides the algorithm for comparing two DIPs.

3.2.1 Algorithm for generating the DDG, for a given ts
Similar to SIP generation, there are no control or data dependencies that can affect the
TUT after its last occurrence in the test sequence. Therefore, there is no need to traverse
the entire transition sequence to construct its DDG. As a consequence, we propose the
following DIP generation algorithm: for a given transition sequence s, first locate the last
transition w.r.t. the TUT in ¢s (referred to as T ryr). Then consider only the sub-sequence
of transitions in ts from the first transition to T ryr and identify all control and data
dependencies that are encountered to build the DDG.
input : SDG, tut, ts
output : the Dynamic Dependence Graph (DDG,) for ts
Steps:

/* construct DDG, */

locate the last occurrence of tut in ts and name it Ty

- take the first transition of s , represent it as the source node in a new graph
G = (N, E) and set the index of this node to 0
- move to the next transition of zs
- loop from the second transition in s t0 Ty qur
- take the present transition from zs and name it ¢
- represent ¢ as a new node in G and set the index of the node to the index of
tin ts . The node can be referred to as n..

- let !/ be a prefix of ts, not including 7 in fs
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- loop from the last transition in / until the first transition in [ is reached

take the present transition from / and name it pt

let n,, be the node representing transition pz
- if ((there is a control dependency from pt to ¢) and (there is no control
dependency edge incoming to n, in G) )
put a directed dashed edge from n,, to n,
- if ( (there is a data dependency from pt to ¢ w.r.t. variable v in SDGQ)
and (there is no data dependency edge w.r.t. v incoming to n, in G) )
put a directed solid edge from n,, to n,
- end of loop
- end of loop
Note : In DDG,_, a directed solid edge represents data dependency
a directed dashed edge represents control dependency
Data Structure:
DDG, = (N, E) where
N = {n, | n, is a node representing transition ¢ in ts and n, denotes the source node of
DDG,} and
E={el|e=(n, ng, type), n, , n, € N where n, and n, are the source node and
destination node of e, respectively and type is c¢d or dd where c¢d and dd
represent control dependency and data dependency, respectively }
Algorithm:
Let

DD(ny) = {(ng,v) | there exists a data dependency edge e w.r.t. v from ny, to ny}
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listDD = {(n,v) | nis anode in SDG and v is a variable}
CD(ng) = {ny; | there exists a control dependency edge outgoing from ny, to ng}
listCD = {n | nis anode in SDG }
Steps:
/* construct DDG,_ */
DDG, — (D, D)

n, < the node representing the first transition in zs

set the index of n,to O

k < the index of the last transition in ts

For each transition ¢ in s from #s[1] to zs[k]
i < the index of ¢in ts

n, < the node representing transition ¢ in N
N—NU {n}

set the index of n, to i

listDD < DD(?)

listCD «— CD(1)

identifyCD = false

for each transition pt in ts from #s[i-1] to ¢s[0] do
n, < the node representing transition p#

if(n, € listCD and identifyCD != true) then
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E — E U {(n,, n, cd)}
identifyCD <« true
end if
list — {(n, v) | (n, v) € listDD and n = n,,}

if (list # @) then
E — E U {(n,, n, dd)}

for each (n, v) € list do
listDD « listDD — {(n', v)) | (0", ¥') € listDD and v' = v}
end for loop
end if
end for loop

end for loop

3.2.2 Algorithm for generating DIP, from DDG,
input : DDG, and TUT ¢
output : DIP,
Data Structure:
DDG, = (N, E) where
N = {n, | n, is a node representing transition # in s and n, denotes the source node of
DDG,} and
E={e|e=(n, ng, type), n, , n, € N where n, and n, are the source node and
destination node of e, respectively and type is c¢d or dd where cd and dd

represent control dependency and data dependency, respectively}
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Algorithm:
Let finish[] denote an array of integers.
Steps:
For fori=0to (]N| - 1) do
finish[i] <0
end for loop
TUTList < {n,| n, € N and n, represents TUT ¢}
For each node n € TUTList from the last node to the first node in TUTList do
mark n
i «— the index of n
call traverse_backward( i, finish[] )
end for loop
remove all unmarked nodes and unmarked edges

The resulting graph DDG;, is DIP,

3.2.3 Algorithm for comparing two DIPs
Input: a pair of DIPs, i.e., DIP; and DIP;
Output: true if DIP; and DIP; are equivalent, false otherwise
Data Structure:
DIP = (N, E) where
N = {n, | n, is a node representing transition ¢} and
E={e|e=(n, n,, type) n, , n, € N where n, and n, are the source node and
destination node of e, respectively and type is cd or dd where cd and dd

represent control dependency and data dependency, respectively }
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Let
DIP,= (N, E)
DIP;= (N, E))
Steps:

for each node n € N, do
if (n & N;) then

return false
exit for loop
endif;
E, — {e|e€ E andn, = n}
E,— {e|e€ E;and n,=n}
if (|E\| #]| E:| ) then
return false
exit for loop
endif;
if (E, - E,# D) then
return false
exit for loop
endif;
endfor;

return true

In the next chapter, we present the Test Suite Reduciton program, which has been

developed based on algorithms introduced in this chapter.
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Chapter 4

TSR Software Tool

4.1 TSR Overview

Based on the algorithms for the reduction of requirement-based test suites using EFSM
dependency analysis described in Chapter 3, the Test Suite Reduction (TSR) program has
been developed as a part of the Test Suite Generation/Reduction Software tool (TSGR)
[20], which is implemented in C++ and Java languages and runs on Sun workstations
under Solaris Sparc 5.8. Besides the Test Suite Reduction program TSR, there exists
another part of TSGR called the Reduced Test Suite Generation (TSG) program, whose
function is to generate a small yet effective set of executable test cases such that it
exercises all possible SIPs w.r.t. each requirement under test at least once.

TSR is built to reduce the number of test cases in a given test suite by eliminating
equivalent test cases, according to the definition of either SIP or DIP. TSR is made up of
two sub-programs depending on whether SIPs or DIPs are utilized, namely, STSR

(program and DTSR program. STSR stands for SIP-based Test Suite Reduction, which
reduces the number of test cases according to the static interaction patterns. As for DTSR,
it stands for DIP-based Test Suite Reduction, which reduces the number of test cases by
employing dynamic interaction patterns. Figure 4.1 and Figure 4.2 show the structure of

the STSR and DTSR program, respectively.
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Basically, STSR and DTSR have the same architecture and performs the following
tasks:

- Phase 1: Construction of SDG;

- Phase 2: Identification of Equivalent Test Cases and Uncovered SIPs;

- Phase 3: Construction of Reduced Test Suite;

It must be noted that Phase 1 was implemented by ASERT Lab members: Tuong
Nguyen and Yan Gao where the EFSM parser developed by Tuong yields internal data
structures which are subsequently used to build an SDG. SDG construction was
developed by Gao based on the algorithm for generating the SDG from an EFSM in [37].

The implementations of these three phases are discussed in detail in Sections 4.4 and
4.5, respectively for STSR and DTSR. Section 4.2 gives the input file formats of STSR

and DTSR, while Section 4.3 gives the output file formats.

4.2 Input File Formats

As shown in figures 4.1 and 4.2, STSR and DTSR require two input files: EFSM input
file and TS input file. The EFSM input file is a file representing an EFSM. In this thesis,
such EFSM files are given the “.efsm” extensions, and are defined formally below using

the Backus-Naur Form (BNF):

Table 4.1 BNF definition of an EFSM input file

<efsm> ::=

efsmld

numStates startStateIndex exitStatelndex

<transitions>

<transitions> ::=
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<transition> | <transitions> <transition>
<transition> ::=

transition transitionld

sourceStateIndex destinationStateIndex

<requirement>
<requirement> ::=

[<input>]

[<enablingPredicate>]

/

[<actions>]
<actions> ::=

<action> | <actions> <action>
<action> ::=

<output> | <assignment> | <set> | <reset> | <procedureCall>
<input> ::=

inputld ( [<parameters>] )
<output> ::=

outputld ( [<parameters>] )
<enablingPredicate> ::=

<variablelds> [/* booleanExpression */]
<assignment> ::=

<variableld> := <expression>

<set> =
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set ( constant , timerld )
<reset> ::=

reset ( timerld )
procedureCall ::=

procedure ( procedureld ( <variablelds> [; <variablelds>]) ) { <pbrDefs> }
<parameters> ::=

<parameter> {, <parameter>}*
<parameter> ::=

<variableld> | constant
<variablelds> ::=

<variableld> {, <variableld>}*
<pbrDefs> ::=

<pbrDef> | <pbrDefs> <pbrDef>
<pbrDef> ::=

<variableld> := <expression> ;
<expression> ::=

function ( <variableIds> ) | constant

<variableld> ::=id

An example “.efsm” file for the EFSM of the ATM system in Figure 2.3 is given in
Appendix A.7.

Another input file, TS input file, is a file representing a test suite. A TS file consists
of a set of requirements where each requirement is represented by a transition under test

(tut) and a collection of test cases. A test case is a complete sequence of transitions that
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starts at the entry node and ends at the exit node of the EFSM. TS input file have been

given the “.ts” extension. The detailed definition of TS files in BNF is presented below:

Table 4.2 BNF definition of a TS input file

<ts> 1=

efsmld <tuts> <tests>
<tuts> =

<tut> | <tuts> <tut>
<tut> ;=

transitionld
<tests> ::=

<test> | <tests> <test>
<test> ::=

test testld <transitionSeq>
<transitionSeq> ::=

transitionld | <transitionSeq> transitionld

An example TS file for the EFSM of the ATM system presented in Figure 2.3 is

given in Appendix A.8.

4.3 Output File Formats
STSR and DTSR each generates two output files: a reduced TS file and an IP file.
The reduced TS file is a file representing the reduced test suite where redundant test cases

have been eliminated. A reduced TS file is given the “.rts” extension and shares the
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format of original TS file. The detailed definition of reduced TS files in BNF is presented

below:

Table 4.3 BNF definition of a reduced TS input file

<ts> =

efsmld <tests>
<tests> ::=

<test> | <tests> <test>
<test> ::=

test testld <transitionSeq>
<transitionSeq> ::=

transitionld | <transitionSeq> transitionld

Another output file, IP, represents, for each TUT, two sets of interaction patterns. The
first set consists of unique interaction patterns induced by test cases in a TS input file,
which are either static or dynamic interaction patterns w.r.t. the TUT. Each interaction
pattern comes with a group of equivalent test cases that exhibit it. Each test case is
referred to in the file by its test id. The second set consists of static interaction patterns
w.r.t. the TUT that are not covered by any test case in the original TS file. The extension
of the file depends on the program used. STSR generates a “.sip” file, while DTSR

generates a “.dip” file. The IP file is defined using the Backus-Naur Form (BNF) below:

Table 4.4 BNF definition of an IP output file

<sip/dip> ::=

efsmld <tut> <ips>
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<tut> ::=

transitionld
<ips> =

<ip> | <ips> <ip>
<ip> =

ip ipld [<testlds>] <nodes>
<testlds> ::=

testld | <testIds> testld
<nodes> ::=

<node> | <nodes> <node>

<node> ::=

node nodeIndex <label> [<adjacencySet>]

<label> ::=
transitionld

<adjacencySet> ::=

<reverseSet> | <nonreverseSet>

<reverseSet> =

<Ireverse> I <reverseSet> <reverse>

<reverse> =

inc sourcelndex <dependencyType>

<nonreverseSet> ;=

<nonreverse> | <nonreverseSet> <nonreverse>

<nonreverse> .=
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out destinationIndex <dependencyType>
<dependencyTye> ::=

dat | ctl

It is noted that an IP output file distinguishes a type of interaction pattern according to
the prefix of ipID i.e., “S”, “D” and “U” denote static, dynamic and uncovered static
interaction pattern, respectively. Examples of “.sip” files for the EFSM of the ATM

system given in Figure 2.3 can be found in Appendix A.9.

4.4 STSR Program

STSR uses static dependency analysis to reduce the size of test suites without
significantly reducing their fault-detection capability. It eliminates repetitive test cases,
i.e. all test cases except one that exhibit the same static interaction pattern. As mentioned
earlier, STSR can be broken down into three phases.

Phase 1: Construction of SDG & S,

Given the two input files, STSR checks that the test suite belongs to the EFSM
system (e.g., by checking if efsm ids in EFSM and TS files are identical). Then, the
EFSM file is analyzed by lexical and parser utilities of the Unix environment, Lex and
Yacc, to get the EFSM information, classify the variables and their occurrences in each
transition, and form the EFSM internal data structure. Lex generates lexical analyzers.
The code generated by Lex is used to read input characters and produce a sequence of
tokens that a parser can use for syntax analysis. Yacc generates parsers that get the tokens
and fill the internal data structure of the program according to the given grammar. Based

on this internal data structure: control and data dependencies are identified and captured
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to build the SDG. For example, from the EFSM input file given in Appendix A.7, the
fragment of internal data structure of the SDG representing the fact that there is a data

dependency from transition T1 to transition T2 is represented here:

Table 4.5 An Example of Data Dependency Representation

'EFSM id: ATM_System

Static Dependency Graph (SDG):

Source node index: 0, Label: T1

Destination node index: 1, Label: T2

Number of edges: 3

List of edges: DType(Data=0,Control=1,CUse=2,PUse=3)

(Variable, DType, OOrder of def, OOrder of use)

(pin,0,2,3)

(attempts,0,3,2)

(attempts,0,3,5)

To generate the SDG from a given EFSM efficiently, the algorithm proposed in [37]

is used. The complexiy of SDG generation is quadratic in S which is a set of states in an

EFSM [37].
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In this phase, besides the construction of SDG, a set S, of all possible SIPs w.r.t. each
requirement under test r is constructed. In order to construct S,, the information from
SDG, the EFSM internal data structure and a set of requirements are needed. At this
point, only the set of requirements has not yet been obtained; hence, a TS input file is
now required. As stated previously, a TS input file consists of a set of transitions under
test and a collection of test cases where each test case is a sequence of transitions starting
at the entry node and ending at the exit node of the corresponding EFSM. At this
moment, those sets in the TS input file are extracted to form R and TS which stand for a
set of requirements under test and a set of test cases, respectively. The algorithm to
generate S, proposed in [37] is used to obtain S, in this phase.

Phase 2: Identification of Equivalent Test Cases and Uncovered SIPs

In this research, we assume that an individual requirement can be mapped into one
transition in an EFSM so that requirement under test r and transition under test TUT can
be referred interchangeably.

In this phase, an IP output file, “.sip” is constructed from R and TS (obtained from the
previous phase). As mentioned earlier, “.sip” is composed of, for each requirement under
test r, two sets of interaction patterns: a set S, of SIPs w.r.t. r induced by test cases in TS
and a set of SIPs that are not covered by any test case in TS. The motivation to report
uncovered SIPs is based upon the fact that some static patterns of interactions of the
system under test may remain uncovered by the TS input file. As a consequence, the
reduced test suite obtained in Phase 3 may not be capable of detecting some faults w.r.t. a

TUT. Hence, STSR reports a set of uncovered SIPs w.r.t the TUT in “.sip”.
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In order to generate a “.sip” file, STSR, for each r € R, constructs a set of SIPs w.r.t. r

induced by test cases in TS, C TS and a set of uncovered SIPs w.r.t. r as follows:

- Step 1: STSR identifies a set of equivalence classes of transition sequences having
the same SIP w.r.t. the TUT, which is subsequently used in Phase 3 to construct a
reduced TS file.

- Step 2: STSR identifies and reports SIPs w.r.t. TUT that are not covered by any
test case in T'S.

Details of the execution of these two steps are given below:

For each transition under test TUT,

/* Step1*/

1. STSR forms a set of test cases (TS,) w.r.t. TUT by extracting those test cases
from the TS file in which the TUT occurs at least once.

2. STSR identifies sets of equivalent test cases in TS, by investigating transition
sequences that exhibit the same static interaction pattern (SIP). Thus, let
TS,(SIP;) be the equivalence class of transition sequences having the same
SIP;. For each transition sequence ts € TS,,

— STSR forms SIP,, from ts using SDG obtained in Phase 1. The algorithm
for generating the SIP, from SDG is presented in Section 3.2.1.

— STSR puts ts in TS,(SIP;) where SIP; is equivalent to SIP,. The algorithm
for comparing two SIPs is presented in Section 3.2.2.

— STSR puts SIP; in the set S, of static interaction patterns for r induced by

TS,.
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3. STSR exports all SIP, € S’, (where r corresponds to the TUT) as well as a
group of test cases (referred to by test id) from TS,(SIP,) into “.sip”.
/* Step 2 */
4. STSR inputs a set of all possible SIPs w.r.t. the TUT, S,.
5. STSR identifies which SIP, € S, (if any) is not covered by any ts € TS, using
S, and S, (obtained in Step 1). The algorithm to identify uncovered SIP, is
presented in Section 3.2.3.
6. STSR reports S, - S, by appending such information to “.sip”.
Phase 3: Construction of Reduced Test Suite
In the previous phase, repetitive test cases have already been identified in terms of
equivalent test cases that exhibit the same SIP w.r.t. the TUT. Therefore, reduced test
suite can be constructed by simply selecting randomly one test case of each equivalence
class of transition sequences having the same SIP w.r.t. the TUT. More formally,
let RTS = {ts | ts is a complete sequence of transitions};
RTS «+ &
for each r € R in the TS file
RTS, — @
fori=1to|S7| do
select randomly one s from TS,(SIP;) and RTS, < RTS, U {ts}
end for
RTS «+ RTS U RTS,

end for
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At this point, STSR has formed the reduced test suite and exported the contents of the
TS file to “rts” file (including efsm id and set of transitions under test) where the

repetitive test cases have been eliminated.

4.5 DTSR Program

DTSR uses dynamic dependency analysis to reduce the size of a given test suite, without
significantly reducing its fault-detection capability. DTSR implementation is largely
similar to that of STSR, except for some specific details in phases 2 and 3. Those
differences are described here.

Phase 2: Identification of Equivalent Test Cases and Uncovered SIPs

Similar to STSR, DTSR extracts R and TS from the TS input file in Phase 1. Again in
this phase, an IP output file is constructed from R and TS; however, the extension of the
constructed IP file is “.dip” as opposed to “.sip” in STSR.

The difference between STSR and DTSR in this phase stems from the fact that in
DTSR, dynamic interaction patterns are used to define equivalence classes of transition
sequences. Therefore, “.dip” is composed of, for each requirement under test r, two sets
of interaction patterns: a set D, of DIPs w.r.t.  induced by test cases in TS and a set of
SIPs that are not covered by any test case in TS. The motivation of DTSR to report
uncovered SIPs is based upon two facts: first, the objective of testing (as mentioned in
Chapter 3) is to cover different patterns of interactions w.r.t. each TUT and second, the
number of SIPs w.r.t. each TUT is bounded. Therefore, a complete test suite should at
least cover all static interaction patterns w.r.t. each TUT. Thus, DTSR reports uncovered

SIPs w.r.t. each TUT in “.dip”.
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2

DTSR generates “.dip” using the same principle as is used in STSR to generate “.sip”.
That is, DTSR, for each r € R, constructs a set of DIPs w.r.t. r induced by test cases in
TS, c TS and a set of uncovered SIPs w.r.t. r as follows:

- Step 1: DTSR identifies a set of equivalence classes of transition sequences
having the same DIP w.r.t. the TUT, which is subsequently used in Phase 3 to
construct a reduced TS file.

- Step 2: DTSR identifies and reports SIPs w.r.t. TUT that are not covered by any
test case in TS.

Details of the execution of these two steps are given below:

For each transition under test TUT

/* Step 1*/

1. DTSR forms a set of test cases (TS,) w.r.t. TUT by extracting those test cases
from TS in which the TUT occurs at least once.

2. DTSR identifies sets of equivalent test cases in TS, by investigating transition
sequences that exhibit the same dynamic interaction pattern (DIP). Thus, let
TSADIP;) be the equivalence class of transition sequences having the same
DIP;.

For each transition sequence ts € TS,,

- DTSR forms DDG, from ¢s using the algorithm for generating the DDG,,
for a given ¢s which is presented in Section 3.3.1

- DTSR generates DIP, from DDG, using the algorithm for generating DIP,,

from DDG,, which is presented in Section 3.3.2.
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- DTSR puts ts in TS(DIP;) where DIP; is equivalent to DIP,. The
algorithm for comparing two DIPs is presented in Section 3.3.3.

- DTSR puts DIP; in the set D, of dynamic interaction patterns for r induced
by TS,.

3. DTSR exports all DIP, € D, (where r corresponds to the TUT) and, associated
with it, a group of test cases (referred to by test id) from TS(DIP,) into “.dip”.

/* Step 2 */

4. DTSR inputs a set of all possible SIPs w.r.t. TUT, S,.

5. DTSR identifies which SIP, € S, (if any) are not covered by any ts € TS,
using S, and D, (obtained in Stepl). This is based on the fact that for each
transition sequence zs, DTSR maps DIP,, into a SIP, by collapsing group of
nodes representing the same transition into a single node.

6. DTSR reports S, - D, by appending such information to “.dip”.

Phase 3: Construction of Reduced Test Suite

Just like STSR, DTSR randomly selects one test case from each equivalence class of
transition sequences having the same DIP w.r.t. the TUT. More formally,

let RTS = {ts | ts is a complete sequence of transitions},

RTS &

for each r € R in the TS file

RTS, «— &

fori=1to|D,| do
select randomly one ts from TS (DIP;) and RTS, < RTS, U {ts}

end for
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RTS <+ RTS URTS,
end for
DTSR thus generates the reduced test suite and places it in the output “.rts” file. This
file shares the format of the input TS file, except for repetitive test cases which have been
removed.
In the next chapter, we evaluate our implementation through four case studies. The

results of these experiments are also presented and analyzed.
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Chapter 5

Case Studies

The approach proposed in this research has been applied to four systems: ATMI,
ATM2, Vending Machine and Cruise Control. The requirements of each system are
described in English in appendixes A.1, B.1, C.1, and D.1, respectively. For each system,
the following experiments have been carried out:

1. Formal representation of the requirements in an EFSM model;

2. Manual generation of test suites according to branch coverage, all-uses coverage

and IPO,-df-Chains coverage criteria.

3. Reduction of the test suites constructed in step 2 using STSR and DTSR.

Section 5.1 describes the test coverage criteria that have been employed to generate
test suites. The subsequent sections give the results of test suite reduction for each system

and assessment of our approach.

5.1 Test Coverage Criteria Applied in the Case Studies

To generate test suites, we used both control-flow and data-flow oriented test coverage
criteria which test both control and data flow aspects of the system implementation.
Three test suites are manually derived from one control-flow oriented test coverage
criterion (branch coverage) and two data-flow oriented test coverage criteria (all-uses
coverage and IPO,-df-Chains coverage). These three test coverage criteria are presented
in Chapter 2. Test cases in such test suites are guaranteed to be executable since we
considered “applicable” versions of these three criteria [11], i.e., those that cover only

executable branches, du-pairs and IPO,-df-chains, respectively.
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5.2 ATM1 System

The requirements of the ATMI1 System (given in Appendix A.l) are formally

represented as an EFSM model (Appendix A.2 and Figure 2.3), from which the test suites

are derived (Appendix A.4). The results of test suite reduction are shown in Table 5.1 and

Table 5.2, respectively for STSR and DTSR.

Let

# TS denote the number of test cases in a test suite,

# RTS denote the number of test cases in a reduced test suite,

% denote the percentage of reduction and

S, — 8% and S, — D, denote the number of uncovered SIPs w.r.t. r (if any of the TS

does not cover all SIPs for an r)

Table 5.1 Test Suite Size Reduction of ATM1 using Static Dependencies

TUT Branch Coverage All-Uses Coverage IPO,-df-Chains Coverage
4TS, | #RTS, | % |S,—S. | #TS, [ #RTS,| % | S,-S’, | #TIS, [ #RTS, | % |S,-S"
T3 1 1 0% 0 1 1 0% 0 1 1 0% 0
TS 1 1 0% 13 3 3 0% 11 58 14 | 76% 0
T6 1 1 0% 13 2 2 0% 12 58 14 | 76% 0
T7 1 1 0% | 28 2 2 0% 27 61 29 152% 0
T9 1 1 0% 0 3 1 67% 0 61 1 98% 0
Table 5.2 Test Suite Size Reduction of ATM1 using Dynamic Dependencies
TUT Branch Coverage All-Uses Coverage IPO,-df-Chains Coverage
#TS, | #RTS, | % | S,—D, | #TS, | #RTS,| % |S,—D, | #TS,[#RTS,| % |S,-D,
T3 1 1 0% 0 1 1 0% 0 1 1 0% 0
TS 1 1 0% 13 3 3 0% 11 58 30 | 48% 0
T6 1 1 0% 13 2 2 0% 12 58 30 | 48% 0
T7 1 1 0% 28 2 2 0% 27 61 61 0% 0
T9 1 1 0% 0 3 1 67% 0 61 1 98% 0
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5.3 ATM2 System

The requirements of the ATM2 System (given in Appendix B.1) are first formally
described in SDL. The objective of this experiment is to also demonstrate that SDL
specifications may be considered by our method, by converting the SDL specification
into an EFSM model. The EFSM model is given in Appendix B.3 and the derived test
suites are given in Appendix B.4. Tables 5.3 and 5.4 give the results of the test suite

reduction, after STSR and DTSR have been used, respectively.

Table 5.3 Test Suite Size Reduction of ATM2 using Static Dependencies

TUT Branch Coverage All-Uses Coverage IPQO,-df-Chains Coverage
#TS, | #RTS, | % | S,—S, | #TS, | #RTS, | % | S,-S, | #IS, | #RTS,| % | S,-S,
T6 1 1 [0%]| O 1 1 0% 0 0 0 0% 1
TS 1 1 | 0% 0 1 1 0% 0 0 0 0% 1
T9 1 1 0% 0 6 1 83% 0 9 1 89% 0
T10 1 1 0% 4 1 1 0% 4 3 3 0% 2
T4 | 1 1 0% | 4 2 2 0% 3 3 3 0% 2
T15 1 1 0% 1 4 2 50% 0 7 2 71% 0
T16 1 1 0% 4 3 2 33% 3 3 3 0% 2
T20 1 1 0% 0 1 1 0% 0 1 1 0% 0
Table 5.4 Test Suite Size Reduction of ATM2 using Dynamic Dependencies
TUT Branch Coverage All-Uses Coverage IPO,-df-Chains Coverage
#TS, | #RTS, | % | S,-D, | #TS, | #RTS,| % | S,—D, | #TIS, | #RTS,| % | S,-D,
T6 1 1 10%| O 1 1 0% 0 0 0 0% 1
T8 1 1 0% 0 1 1 0% 0 0 0 0% 1
T9 1 1 0% 0 6 1 83% 0 9 1 89% 0
T10 1 1 0% 4 1 1 0% 4 3 3 0% 2
T14 1 1 0% 4 2 2 0% 3 3 3 0% 2
T15 1 1 0% 1 4 2 50% 0 7 3 57% 0
T16 1 1 0% 4 3 2 33% 3 3 3 0% 2
T20 1 1 0% 0 1 1 0% 0 1 1 0% 0
5.4 Vending Machine

The requirements of the Vending Machine System (given in Appendix C.1) are

formally represented as an EFSM model (Appendix C.2). Test suites derived from the
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EFSM model are given in Appendix C.3. The following tables show the reduction

obtained by running STSR and DTSR, respectively.

Table 5.5 Test Suite Size Reduction of Vending Machine System using Static Dependencies

TUT Branch Coverage All-Uses Coverage IPO,-df-Chains Coverage
#TS, | #RTS, | % | S,-S’ | #IS, | #RTS,| % | S,-S, | #TS, [ #RTS,| % | S,-S;
T2 | 1 1 0% 59 2 2 0% 58 3 3 0% 57
TS5 2 1 50% | 79 6 3 50% | 77 26 6 3% | 74
T8 2 1 50% | 49 5 3 40% | 47 25 6 76% | 44
T11 1 1 0% 55 1 1 0% 55 16 6 63% | 50
Ti2 | 1 1 0% | 47 5 3 [40% | 45 23 6 |74% | 42

Table 5.6 Test Suite Size Reduction of Vending Machine System using Dynamic Dependencies

TUT Branch Coverage All-Uses Coverage IPO,-df-Chains Coverage
#T1S, | #RTS, | % | S,—D, | #TS, | #RTS, | % | S,—D, | #TS, | #RTS, | % [ S,—-D,
T2 1 1 0% 59 2 2 0% 58 3 3 0% 57
TS5 | 2 1 50% | 79 6 3 |50% | 77 26 13 |50% | 74
T8 | 2 1 50% | 49 5 3 140% | 47 25 21 | 16% | 44
Ti1 | 1 1 0% 55 1 1 0% 55 16 16 | 0% 50
T12 | 1 1 0% 47 5 3 140% | 45 23 17 126% | 42

5.5 Cruise Control System
The requirements of the Cruise Control System (given in Appendix D.1) are formally
represented as an EFSM model (Appendix D.2). Three test suites are generated

(Appendix D.3), and reduced by STSR (Table 5.7) and DTSR (Table 5.8).

Table 5.7 Test Suite Size Reduction of Cruise Control System using Static Dependencies

TUT Branch Coverage All-Uses Coverage IPO,-df-Chains Coverage
#TS, | #RTS, | % |S,-S, | #TS, | #RTS,| % | S,—S, | #TS, | #RTS,| % |S,-S%
T2 2 1 50% | N/A 5 1 80% | N/A | 73 1 9% | N/A
T3 1 1 0% | N/A 2 2 0% | N/A 0 0 0% N/A
T4 1 1 0% | N/A 2 2 0% | N/A 19 19 0% | N/A
TS5 1 1 0% | N/A 2 2 0% | N/A 19 19 0% | N/A
T6 1 1 0% | N/A 5 5 0% | N/A | 63 9 86% | N/A
T7 1 1 0% | N/A 5 5 0% | N/A | 63 9 86% | N/A
T8 1 1 0% | N/A 1 1 0% | N/A 7 1 86% | N/A
T9 1 1 0% | N/A 2 1 50% | N/A 6 1 83% | N/A
T10 | 1 1 0% | N/A 2 1 50% | N/A 6 1 83% | N/A
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Ti1 | 2 2 0% | N/A 2 2 0% | N/A | 19 19 0% | N/A

T3 | 1 1 0% | N/A 3 3 0% | N/A | 73 20 | 73% | N/A

Table 5.8 Test Suite Size Reduction of Cruise Control System using Dynamic Dependencies

TUT Branch Coverage All-Uses Coverage IPO,-df-Chains Coverage

#TS, | #4RTS, | % | S,~D, | #TS, | #RTS,| % | S.—-D, | #TS, | #RTS, | % [ S,—-D,
T2 2 1 50% | N/A 5 1 80% | N/A | 73 1 99% | N/A
T3 1 1 0% | N/A 2 2 0% | N/A 0 0 0% | N/A
T4 1 1 0% | N/A 2 2 0% | N/A 19 19 0% | N/A
TS 1 1 0% | N/A 2 2 0% | NA | 19 19 0% | N/A
T6 1 1 0% | N/A 5 5 0% | N/A | 63 9 86% | N/A
T7 1 1 0% | N/A 5 5 0% | N/A | 63 9 86% | N/A
T8 1 1 0% | N/A 1 | 0% | N/A 7 1 86% | N/A
T9 1 1 0% | N/A 2 1 50% | N/A 6 1 83% | N/A
TI0 | 1 1 0% | N/A 2 1 50% | N/A 6 1 83% | N/A
Ti1 | 2 2 0% | N/A 2 2 0% | N/A 19 19 0% | N/A
T3 | 1 1 0% | N/A 3 3 0% | NYJA | 73 20 | 73% | N/A

Note: Due to the delay of S, generation program, S, was manually derived; however, S, in

Cruise Control System is too many to obtain manually.

5.6 Evaluation of the Proposed Approach

According to the results of the preceding sections, STSR and DTSR do not
considerably reduce the size of the test suites derived from branch coverage. This is
caused by the very small size of such test suites. For example, in ATMI system, there is
only one test case for each TUT; therefore, the percentage of reduction w.r.t. each TUT is
equal to O%‘. However, when the size of the test suites becomes larger as obtained by
another test suite generation strategy (especially IPO,-df-Chains coverage), our approach
is successful in its aim of reducing the test suites. For example, for the cruise control
system, significant reduction (73 to 99%) is achieved.

Our approach also validates the coverage of the reduced test suite by evaluating the
adequacy of the reduced test suite based on the coverage of SIPs. To do so, our approach

examines a set of SIPs that are not covered by any test case in the original test suite and
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reports such uncovered SIPs. For example, in Vending Machine System, there are 57, 74,
44, 50 and 42 missing SIPs w.r.t. TUT T2, TS5, T8, T11 and T12, respectively. As such,
testers can consequently construct test cases to cover such uncovered SIPs; therefore, as a
consequence, our approach may enhance the capability of the reduced test suite in its
interaction coverage.

Our initial experience has shown that when applying test suite reduction based on
static dependency analysis, the size of the reduced test suite is bounded below by the
number of possible static interaction patterns w.r.t. each TUT. For example, in ATMI
system, there are at most 14 SIPs w.r.t. TS (as shown in Appendix A.6). Therefore, the
minimum size of the reduced test suite w.r.t. T5 is equal to 14. This is the result obtained
in Table 5.1. In other words, the number of possible SIPs designates the minimum size of
the reduced teét suite regardless of the test strategy used to generate it. On the other hand,
in reduction based on dynamic dependency analysis, the number of test cases in the
reduced test suite is based on three factors: the size of the original test suite, the test
strategy applied to generate the test suite and the length of tests (length of transition
sequences).

In fact, by using dynamic dependency analysis, we obtain more sophisticated
interaction patterns as compared to those obtained by static dependency analysis. This is
caused by disregarding the repetitions of the same dependency between transitions in
static dependency analysis. For example, as we can observe from Table 5.6 and 5.7 in
Vending Machine System, the size of reduced test suite obtained by applying dynamic
dependency analysis is larger than those obtained by applying static dependency analysis.

As the cost of executing the smaller size of reduced test suite and analyzing their results
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is less expensive, it is advised to apply static dependency analysis during early stages of
testing to detect some faults, and then dynamic dependency analysis in a later phase of
testing to exercise more sophisticated interaction patterns.

After performing the experiment, it is observed that the TSR program provides ease
of use and substantial degree of automation for the reduction of requirement-based test
suite.

In the next chapter, we present our conclusions, with a summary of contributions and

directions for future research.
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Chapter 6

Conclusion

6.1 Final Remarks

A large test suite can be reduced, while still maintaining most of its interaction coverage
capability. This is done by eliminating all but one of the equivalent test cases from each
class of equivalent test cases of the test suite. The stress of this thesis is on requirement-
based test suite reduction. In the thesis, we assume that requirements can be represented
as a single EFSM and each requirement can be adequately represented by a single
transition. Classes of equivalent test cases are defined by using EFSM dependency
analysis. Two types of dependencies are identified in an EFSM: control dependency and
data dependency. Their analysis yields patterns of interaction that affect a requirement
under test. The patterns of interaction are in turn used to identify equivalent test cases
w.r.t. the requirement under test. In particular, two tests are considered equivalent w.r.t.
the requirement under test if both exhibit the same interaction pattern; hence, one of them
can be discarded from the test suite.

There are two methods of requirement-based test suite reduction according to the type
of dependency analysis applied. Static dependency analysis yields static interaction
patterns (SIP) whereas dynamic dependency analysis yields dynamic interaction patterns
(DIP). The difference between the static dependency analysis and dynamic dependency
analysis lies in the way the interaction pattern is constructed: the former ignores the
repetition of the same dependency between transitions. This leads to two interesting

observations:
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- When static dependency analysis is applied, the minimum size of the reduced test
suite is bounded by the number of possible SIPs, regardless of the test strategy
used to generate the original test suite. Conversely, by applying dynamic
dependency analysis, the minimum size of the reduced test suite may not be
bounded a priori and therefore depends on three factors: the size of the original
test suite, the test strategy used to generate the original test suite and the length of
the test cases in the original test suite.

- Since dynamic dependency analysis takes into account the repetition of the same
dependency between transitions, we obtain more sophisticated interaction patterns
as compared to those obtained by static dependency analysis. Therefore, it is
appropriate to apply static dependency analysis during early stages of testing, and
then dynamic dependency analysis in a later phase to exercise more sophisticated
interaction patterns.

A reduced test suite should actually cover at least all static interaction patterns w.r.t.
each requirement under test; otherwise, it may not be capable of detecting some faults
existing in those missing patterns of interaction. This is why our approach reports a set of
SIPs (w.r.t. requirement under test) that are not covered by any test case in the original

and thus the reduced test suite.

6.2 Summary of Contributions
Below we list the major contributions of the thesis:

We placed the approach in [1] in a formal setting and extended the applicability of
requirement-based test suite reduction to a more complete definition of EFSM and thus to

a larger subset of SDL than the ones considered in [1].
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We have proposed algorithms to generate interaction patterns of a test case w.r.t. a
requirement under test. Such interaction patterns are either static or dynamic. To compare
interaction patterns and determine whether they are equivalent or not, we have developed
and tested two algorithms: an algorithm for comparing two SIPs and an algorithm for
comparing two DIPs. An algorithm to investigate a set of SIPs (w.r.t. the requirement
under test) that are not covered by any test case from a given test suite has also been
proposed, and implemented.

We have developed a test suite reduction program which consists of two sub-
programs: STSR and DTSR, to be used depending on which dependency analysis is
applied.

We have shown that the approach of test suite reduction using EFSM dependency
analysis is successful in its aim to reduce the size of test suites as observed by the results

after applying STSR and DTSR to four case studies.

6.3 Directions for Future Research
It would be interesting to see this work improved and/or extended in the following
directions:

- We assumed that each requirement can uniquely be represented by a single
transition in the given EFSM. It would be interesting to expand the approach presented in
this thesis to those EFSMs where some requirements may uniquely be represented by
more than one transition.

- So far, we randomly select one test case from a class of equivalent test cases.

A strategy to select a representative test case for each equivalence class should be
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developed. This would require a fault model which considers the effects of the input
parameter values on revealing faults.

- After the reduced test suite is obtained, we report a set of SIPs (w.r.t. the
requirement under test) that are not covered by any test case in the original test suite. It
would be useful to have test cases automatically generated according to the set of missing

SIPs.
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APPENDIX A: ATMI1 System

A.1 Requirements of the ATM1 System

R = {r| ris a requirement which is a transition} or

R = {r| ris arequirement which is a sequence of transitions}.

R={rl, r2, r3, r4, r5 }for the ATM1 EFSM where:

r1: User fails to enter a correct pin that matches with the PIN stored in the ATM card in
less than four attempts. If pins don’t match, and less than four attempts were
performed, the system displays an error message, increments the number of
attempts and prompts for pin. At the fourth attempt, if user still fails to enter a
correct pin, the system prints an error message and ejects the user’s ATM card.

rl=T2T2T2T3

r2: After entering a correct pin in less than four attempts, user selects withdrawal
function. The system adjusts the balance, and displays a menu with withdrawal,
deposit, balance inquiry, and exit functions.

r2=xT4 TS5

r3: After entering a correct pin in less than four attempts, user selects deposit function.
The system adjusts the balance, and displays a menu with withdrawal, deposit,
balance inquiry, and exit functions.

r3=xT4T6

r4: After entering a correct pin in less than four attempts, user selects balance function.
The system displays the balance, and then a menu with withdrawal, deposit, balance
inquiry, and exit functions.

rd=xT4T7
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rS: After entering a correct pin in less than four attempts, user selects exit function and
the system ejects the user’s ATM card.
r5=xT4T9
x : T2 may be inserted 0, 1, 2 or 3 times

T# is the transition under test (TUT)

A.2 The EFSM Model of the ATM1 System

Continue/Display menu

PIN(p)
[(p != pin) and (attempts < 3))/ Withdrawal(w)/

Display error, =b-
attempts = attempts+1; o=bow
Prompt for PiN;
\ T8

T2 TS
Card(pin, b)/ PIN(p) .
Prompt for PIN; p==piny T4 TG—DbeEOSIEf%)/ S3
T1 attempts =0 Display menu -
T7
PIN(p)
[(p '= pin) and (attempts == 3))/ - \
Display error; Exit/Eject card Balance/

Eject card; ’ print(b)

LT39

A.3 SDG of the EFSM of the ATM1 System

ool Lxate) Lapandenie

mes s e Copitrod Dependence
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A.4 Three Test Suites for the ATM1 System derived from three techniques namely,
branch coverage, all-uses coverage and IPQO,-df-chains coverage.

Branch Coverage

Complete Test Suite: {

T1 T4 TS5 T8 T6 T8 T7 T8 T9,
TIT2T2T2T3

}

All-uses Coverage

1. Identify all du-pairs from the EFSM model

Variables Def(s) Use(s)
1 pin pin pin pin
pm dr Pr2>Pr3>Pra
attempts attempts attempts
attempts dTl Cry s P7g
attempts attempts attempts attempts
dr, Cr2 " >sPr2 sPr3
b b
b dr, Crs
b
Crs
b
Cry
b b
drs Crs
b
Cre
b
Cry
b b
dzg Crs
)
Crg
b
Cry
w w
w d T5 C TS5
d d
d dre cT6
P p
p drz pT2
P p
drs p73
P P
dr4 pT4
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2. Construct an activating path for each du-pair

# DU-Pair | DU-Pairs Activating Paths
1 [d7"p2 T1T2
5 [drn pe T1IT2T2T2T3
3 |am e T
4 [d ;tltempts , p;téempts ] T1 T2
5 [d ;tltempts c ;téempts ] T1 T2
6 [d ;t;empt.\' , ;t;empt-Y ] T2 T2
7 [d ;t;emptx c ;t;empts ] T2 T2
8 [ empis | atempis | T2T2T2T3
9 [d2,,c’.] T1 T4 TS5
10 [d2,, ct.] T1 T4 T6
11 [d’;l,c?7] T1T4T7
12 [dl;s’cg“s] T5 T8 TS
13 [d’,,c’] TS5 T8 T6
14 [d?S,C?ﬂ T5 T8 T7
15 [, c’] T6 T8 T5
16 [d2, c’] T6 T8 T6
7 1ds, 1) T6 T8 17
18 [d7s,crs] R
19 [d7, C 7] T6
20 [d7,, 7] T2
21 [d75,¢75] 3
22 T4

[d],,ci,]

3. Generate test paths to cover all activating paths.

Test id(s)

Test Paths

DU-pairs covered by a test path

1

T1T2T2T2T3

1,2,4,5,6,7,8, 20,21

T1 T4 T5T8T5 T8 T7 T8 T9

3,9,12,14, 18,22

T1T4T6 T8 T6 T8 TS T8 T9

3,10, 15, 16, 18, 19, 22

2
3
4

TIT4TTITETST8T6 T8 T7 T8 TY | 3,11,13,17,18,19,22
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IPO,-df-chains Coverage

1. Identify all ipo-pairs and their IPO,-df-chains from the EFSM model

# ipo-pairs IPO,-df-chains and activating paths

[a—y

[d;;n, pm] {dgzln, pm Cl1

T1T2 T2 T2T3

b b b b b b b C2
[d7;,uz7] {dTl’uTG’dT6’uT5’dT5’uT7}

T1T4 T6 T8 TS T8 T7

) b b b b b C3
{dn’ ure’ dzg, Uzs, d7s, Ups, dyg, Uy }

T1 T4 T6 T8 TS T8 TS T8 T7
b | C4

b b b b b b
{drwuro’dre’urs’drsvurevdre’ T5’dT5’uT7}

T1T4T6T8TST8T6T8TSTETT

3 b 3 3 b b » b
{dTl’ uTG’ dyg,Uzs, dps, Ups, dps, Uzg, dog, Ugs, G5

d?s’ uT7 }
TIT4T6 T8 TST8T5 T8 T6 T8 T5 T8 T7

b b b b b b b b
{dTl’ uT6’ dze, Urss dys, Uzgs dyg, Uzg, dpg, Ups, C6

d?s’ uT7 }
TIT4T6 T8 TS5 TS T6 TS T6 T8 TS T8 T7

b 46 b b b  qb b b b
{dTl’ ure’ dres Urs, dps, Urg, drg, Urs, dps, Ups, C7

dgs’ uT7 }
TIT4T6 T8 TS T8 T6 TS TS T8 TS T8 T7

b b b b b b b 3
{dTl’ urs’ dyg,Ugs, dps, Urs, dgs, U, dyg, Urg, C8

b
dl;o’urs’ dl;s’ urs}
TI T4T6 T8 TS5 T8 TS T8 T6 T8 T6 T8 TS T8 T7

b b b b b b b b
{dna ure’ dyg,uzs, dps, Ups, d7s, Ugg, dgg, Urs, C9

b
d?s’ uTS’ dl;s’ Uz}
TI T4 T6 T8 TST8 TS TR8T6 T8 TS T8 TS5 T8 T7

b b b b b b b b b
{dTl’ Urgs dpgs Ups, dps, U, dyg, Upg, g, Ugs, C10

b
dl;s’ urs’ dlr)s’ ury}
TITAT6 TS TS TS T6 TS T6 T8 TS T8 T5 T T7

b b b b b b b b
{dTI’uTG »d7g,Uzs ,dps, Uy, dyg, Upg , dog, Ugg Cll

b
’dl;é’urs ’dlr’s’ul;s ,d’;s,uT.,}
TIT4T6 TSI T5 T8 TS TR T6 T8 T6 T8 TS T8 T5
T8 T7
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{dgl’ugﬁ ’dgé’ul;‘ﬁ ’dl;‘ésugs ,dgs,u{;';}
T1T4T6 T8 T6 T8 TS T8 T7

C12

by b b b b b b b b
{d7;,Uz6 »dpgs Upg s dpgs Ups s dps, Urs , dys,

b
urs}
T1 T4 T6 TS T6 T8 TS T8 T5 T8 T7

C13

b b b b b b b b b »
{d7;,u76 > d7g, Urg » 76, Ups , dys, Ugg , g, Ups

b
’dl;s’uT7}
T1 T4 T6 T8 T6 T8 TS T8 T6 T8 TS T8 T7

Cl4

b b b b P b b » b
{d71,Uze »dygsUpg s dpg, Ugps o dys, Ups , dys, Ugg

b
’d?mul;s . dl;s’uﬁ}
TIT4T6T8T6 TS TS5 T8 TS5 T8 T6 T8 TS5 T8 T7

C15

b b 3 b b b b b b b
{d7,uzg ,dyg,Upg s dpg, s s dys,Upg ,dyg, Ugg

b b b b
Ay, Ugps s dps,upg )

T1T4T6 T8 T6 T8 T5 T8 T6 T8 T6 T8 TS T8 T7

Cl16

P b b b b b b b b
{d7,,u76 ,d7g, Upg »d7g, Ugs s dys, Ugg , Ay, Ugs

b
’dgs’ul;s ’dé)“s’uﬂ}
TIT4T6TET6 TETS T8 T6 T8 TS T8 T5 T8 T7

C17

b b b b b b b b b b
{d7,uz6 s dyg, Upg s dpg, Ugs s dys, Ups , dys, Uy

b
’d;mul;a ,d?(,, u;5 ,d?S,uﬁ}
T1T4 T6 TS T6 T8 T5 T8 TS T8 T6 T8 T6 T8 TS
T8 T7

Cl18

b b b b b b b b b b
{d7,,u76 »d7g,Upg »d7g, Ups s dps, Ugg , d7g, Upg

b
’dl;e’ul;s ’dgs’ul;s ’dl;s’uﬂ}
T1 T4 T6 T8 T6 TS TS T8 T5 T8 T6 T8 T5 T8 TS
T&T7

C19

) 3 b 3 b b b b b
{d71, Uz dgg, Uz s dyg, Ups s dys, U, drg, Ugg

b
’d?m ul;s ) d?s’ul;s ’dgs’uT7}
TIT4T6 T8 T6 TS TSTE8T6 T8 TG T8 TS T8 TS
T8 T7

C20

b b b b b b b b 3 b
{d7,uze ,dpg, g ,dpg, ups s dyg,upg ,dys, ugg

’d?mul;e ’d;wu;s ’dl;s’ul;s ’d?S’uITJV}
TIT4T6 T8 T6 TRTS T TS T8 T6 T8 T6 T8 TS
T& TS T8 T7

C21

b
{dgl’ u?s ) dl’I)'S’ urs}
T1 T4 T5T8T7

C22
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b
{d7,,u7s ,d7s,u75, drs urs }
T1 T4 T5 T8 T5 T8 T7

C23

b
{dl;‘l’uis ,dgs’uga ’d?‘mu?s ’dl;s,uﬂ} C24
T1 T4 T5T8T6 T8 TS T8 T7
{dl;l’ulr’s ’dl;s’ul;s ’dl;s’ul;ﬁ ’dl;“é’ul;s ’dis’ C25
b
Urs }
TIT4T5T8 TS5 T8 T6 T8 TS T8 T7
{dl;l’ul;s ’dlr’s’ulr’s ’dga’ulzj*e ’d;mu?s ’dgs’ C26
b
Urs }
TIT4TS5TET6 TR T6 T8 TS T8 T7
{d?wugs ’dgs’ugs ’dge’ugs ,d’;s,u% ,d?5, C27
b
urs }
T1 T4 T5T8T6 TS TS5 T8 TS5 T8 T7
{d?wu?s ’dgs’ugs ’dl;s’ugé vdlrle’ul;a ’dge’ul;s C28
b
’dgs’uﬂ}
TIT4T5TETS5TE8T6 T8 T6 T8 TS T8 T7
{dl;nu?s ’dgs’ul;s ’dl;s’ul;e ’d?mul;s ’dl;s’ul;s C29
b
’dl;s’uT7}
TIT4TSTETST8T6 T8 T5 T8 TS5 T8 T7
{d;vu?s ’dgs’ul;e ’dgé’ul;ﬁ ’dge’ul;s ’dl;s’ul;s C30
b
’dgs’uﬂ}
TIT4TST8T6 TS T6 T8 TS T8 TS T8 T7
{dl;l’ul;s ’dgs’ugs ’dl;s’ugé ’dgo’ulr)a ’d?mu[;s C31
b
’dgs’ugs ,dl;s,u”}
TIT4TSTETSTET6 T8 T6 T8 T5 T8 T5 T8 T7
b
{d;pugs ’dgs’uge ’dga,uﬂ} €32
T1 T4 T5T8T6 TS T7
{db Y LI L L ub } C33
71> Yrs » Upss Ugpg » Qpgs Upg , Uy, Uy
T1 T4 TST8T6 T8 T6 T8 T7
{dIT)'l’ul;'S ’dl7)‘5’u17)'6 ’dgﬁ’ugs ’dl;'s’ul;‘G ’dl;'ﬁ’ C34
b
ur;}
TI T4 T5T8T6 TS TS T8 T6 T8 T7
C35

b b b b b b b b b b
{d7,uzs ,dyg,upg ,dyg,upg ,dyg,ugs ,dyg, ugg

b
) d?‘ﬁ’uT7 }
T1 T4 T5T8T6 T8 T6 TS TS5 T8 T6 T8 T7
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b b 5 b b b P v b
{drsu7s s dys,upg s dyg, U s A, Ups  dipg, Urpg

b
. dl;e’ urs }
TI T4 T5T8T6 TS TS5 T8 T5 T8 T6 T8 T7

C36

{d;I’u?‘S ,d;s,u?G ’dl;e’ugs ’dl;s’ul;s ’dl;avul;e C37
b

>d?6’uT7}

T1T4T5T8T6 T8 T5 T8 T6 T8 T6 T8 T7

{dl}l,ul;s vdl;s’uge ’dgﬁ’ug‘ﬁ ’d?mu?s ,d;yllf)” C38
b

’d?“S’UIT)‘G sdl;e’uﬂ}

TIT4TSTET6 TS T6 T8 TS T8 TS T8 T6 T8 T7

{dl;l’ul;s ’dlr)s’ulr’e ’dl;e»uga ’dge’ugs ’dl;s’ul;é C39
b

’dl;s’uge ’dl;e’uﬁ}

TITATSTEST6 TS T6 TS TS T8 T6 T8 T6 TR T7

{dl;l’ul;s ’dgs’ugs ’d?mugs ’dgs’ugs ’dl;s’ul;a C40
b

’dl;e’ul;s ’dl;"é’uT7}

TIT4ATSTST6 TSI TS T8 TS T8 T6 T8 T6 T8 T7
{d?nu?‘s ’dgs’ugs ’le’e’uga ’dl;ﬁ’ugs ,d;5,u[;5 C4l
b

’dl;s’uge ’dgc’uga ’dgcauﬂ}
TIT4TSTET6 TET6 T8 TS5 T8 T5 T8 T6 T8 T6
T8 T7
b
{dgl’ulrls ,d;5,u;5 ’dl;s’ugﬁ ’dl;muﬁ} C42
T1 T4 T5T8 T5 T8 T6 T8 T7
{dl;l’ul;s ’dl;s’ul;s ’dl;s’uga ’dl;e’ul;s ’dl;e’ C43
b
urs}
TI T4T5T8 TS5 T8 T6 T8 T6 T8 T7
{dgl’ugs ’dgs’ugs ,dl}S,U?G ’dgc’ul;“s ’dl;“svul;é C44
b

»dl;e’uﬂ}
TIT4TS5T8TST8T6 T8 TS5 T8 T6 T8 T7
{d?uu'}s ’dgs’ugs ’dgs’uga ’dgﬁ’u?G ’dgs’ugs C45
vdl;s’uga ’dge’u%}
TI T4 T5TE8T5 T8 T6 T8 T6 T8 TS T8 T6 T8 T7

C46

PN b b b b b b 3 b
{d7,,ups ,dys,uzs ,dys,upg ,dyg, uzg ,dyg, ugs

b b b b
sdys,Uzg , dyg, Upy }

T1T4T5T8 TS T8 T6 T8 TS T8 T5 T8 T6 T8 T7
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b b P b b b b b b
{dr,urs ,drs,ups ,drg,upg, dyg, upg , dys, ugg

b
’dga’ul;a ’dgﬁ’uT7}
T1T4T5T8TST8T6 T8 TS T8 T6 T8 T6 T8 T7

C47

{dlb"l’ul;“S ’dlr’s’ugs ’dlr)s’ugs ’dga’ugs ’dgwu[;s C48
b
’dl;s’ul;s ,d;s,ul;6 ’d?G’uT7}
TIT4T5T8 TS T8 T6 T8 T6 T8 TS T8 T5 T8 T6
T8 T7
{dgl’ugs ’dis’ugs ’dgs’ul;e ’dge’uge ’dlr’a’ugs C49
b
’dli)“S’ugtS ’dl;ssulr,ﬁ ’dl;muﬁ}
TIT4TS5T8 TS T8 T6 T8 T6 T8 TST8 T6 T8 T6
T8 T7
{dl;l’ul;"S ’dl;s’ul;s ’dl;s’ul;e ’dl;a’ugs ’dgs’ul;s C50
b
’dgs’ul;e ’dgﬁ’u?G ’dlr)e’uﬁ}
TIT4T5TS8T5 T8 T6 TS TS T8 TS5 T8 T6 T8 T6
T8 T7
{dl;l’ul;s ’dl;s’ugs ’d;S’u?6 ’dl;é’u?G ’dga’ul;s C3l1
b
’dgs’ugs ’dgs’uge ’dga’ul;a ’d?w Urs }
TIT4T5T8 TS5 T8 T6 T8 T6 T8 TST8 TS T8 T6
T8 T6 T8 T7
b
{dgl’ul;‘G ’dl;ﬁ’uﬁ} C32
T1 T4 T6 T8 T7
b
{dl;"l’u?‘6 ’dlr’ﬁ’ulr’s ,d;G,uﬂ} C53
T1 T4 T6 T8 T6 TS T7
b
{d?wu?ﬁ ’dgs’ugs ,d?s,ul}ﬁ ’dgs’uﬁ} C54
T1 T4 T6 TS T5 T8 T6 T8 T7
{dgl’ulT)‘G ’dl;é’uga ’dl;s’ul;s ’dl;s’uge ’dge’ G55
b
urs}
T1 T4 T6 TS T6 TS TS T8 T6 T8 T7
{dg‘l’ug‘é ,d?6,u[;5 ’dgs’ugs ’dgs’ul;e ’dl;a’ C56
b
urs }
T1I T4T6 TS TST8 TS5 T8 T6 T8 T7
C57

b b b b b b b b 3
{dri,urg , drg,ups s dys, U, dyg, uzg , dogs

b
urs}
T1 T4 T6 T8 T5 T T6 T8 T6 T8 T7
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b b b b b b b b b b
{dr,upe s dpgsUrg s dyg, Ups s s, Upg , Ao, Upg C58

b b
s dygs Ury }

T1 T4 T6 T8 T6 T8 TS T8 TS5 T8 T6 T8 T7

b b b b b b b b b b
{d7,,uzg ,dyg,upe s dpg,upg ,dpg, ugg , dyg, Ugg C59

b
7d?6’uT7}
TI1 T4T6 T8T6 TS TS T8 T6 T8 T6 T8 T7

b b P b b b b b b
{d7,uzg . dyg,ups ,dys, ugg s dyg, Upg , diyg, Ugg C60

b b
sy dpg,upy }
TI T4T6 T8 TS TS TS T8 T6 T8 T6 T8 T7

b b b b b b b b b b
{d7,, 076 ,d7g,Urg s d7g, Ugps s dps, Ups , dig, Ugg Col

b
’d;G’ug‘ﬁ : dl}(),u”}
TITAT6TIT6 TR TS T8 TS T8 T6 T8 T6 T8 T7

b
{d7,urg) o2
T1T4T7
. attmepts attemips . . : . attempts attempts
Note : [d7""", urz = ] is not included because its df-chain {d;[*", uz;,™",

. . . ! ¢ in . . e .
dyme ugme At uge™t Ay urs } violates the definition since there are

three occurrences of ugy,™", d77™" in the df-chain.

2. Generate a set of test paths that cover each IPO,-df-chain at least once

Test id(s) | Test Paths IPO,-df-chains
covered by
a test path
1 T1 T2T2T2T3 Cl
2 T1T4T6T8 TS T8 T7 T8 TY C2
3 T1T4T6T8TST8TSTET7TETY C3
4 T1T4T6T8TST8T6 T TS5 T8 T7 T8 T9 C4
5 T1 T4 T6 T8 TS T8 TS T8 T6 T8 TS5 TET7 T8 TI C5
6 T1 T4 T6 T8 T5 T8 T6 T8 T6 T8 T5 T8 T7 T8 T9 C6
7 T1T4T6 T8 T5TET6TETSTETSTETT7TETI C7
8 T1 T4 T6T8TSTETSTET6TET6TETSTETT7TETY C8
9 T1 T4 T6T8TSTE TS TET6TETSTETSTET7TETI C9
10 T1T4 T6 T8 T5 T8 T6 T8 T6 T8 TS T8 TS5 T8 T7 T8 T9 C10
11 TIT4AT6 T8 TS T8 TS T8 T6 T8 T6 T8 TS T8 TS5 T8 T7 C11
T8 T9
12 T1T4T6 T8 T6 T8 TS T§ T7 T8 T9 C12
13 T1T4T6 T8 T6 T8 TS T8 TS5 T8 T7 T8 T9 C13
14 T1 T4 T6 T8 T6 T8 TS5 T8 T6 T TS5 T8 T7 T8 T9 Cl4
15 T1 T4 T6 T8 T6 T8 TS5 T8 TS T8 T6 T8 TS TET7TETI C15
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16 T1T4T6 T8 T6 T8 TS5 T8 T6 T8 T6 T8 TS5 T8 T7 T8 TI Cl6
17 T1IT4T6TET6 T8 TS T8 T6 TE TS T8 TS T8 T7 T8 T9 C17
18 T1T4T6 T8 T6 T8 TS T8 TS T8 T6 T8 T6 T8 T5 T8 T7 C18
T8 T9
19 T1 T4 T6 T8 T6 T8 TST8 TS T8 T6 T8 TS T8 T5 T8 T7 C19
T8 T9
20 T1 T4 T6 T8 T6 T8 TS T8 T6 T8 T6 T8 T5 T8 T5 T8 T7 C20
T8 T9
21 T1T4 T6 T8 T6 T8 TS T8 T5 T8 T6 T8 T6 T8 TS5 T8 T5 C21
T8 T7 T8 T9
22 T1 T4 TST8T7T8TY C22
23 T1T4TST8 TS T8 T7 T8 T9 C23
24 T1 T4 TST8T6 T8 TS5 T8 T7 T8 T9 C24
25 T1T4TST8 TS T8T6 T8 TS5 T8 T7 T8 T9 C25
26 T1 T4 TS5 T8 T6 T§ T6 T8 TS T8 T7 T8 T9 C26
27 T1T4T5T8T6 T8 TST8 TS5 T8 T7 T8 T9 C27
28 T1 T4 T5T8TST8T6 T8 T6 T8 TS T8 T7 T8 TY C28
29 TIT4TST8TSTET6 T§ TS T8 TS T8 T7 T8 T9 C29
30 TIT4TSTET6 T8 T6 T§ TSTE TS TS T7 T8 TY C30
31 T1 T4 TST8TS5T8T6 T8 T6 TS TSTETSTETTT8TY C31
32 T1T4T5T8T6 T8 T7 T8 T9 C32
33 T1 T4 T5T8T6 T8 T6 T8 T7 T8 T9 C33
34 T1T4 TS5 T8 T6 T8 T5 T§ T6 T8 T7 T8 T9 C34
35 T1T4 TS5 T8 T6 T8 T6 T§ T5 T8 T6 T8 T7 T8 T9 C35
36 T1T4TST8T6 T8 TS T8 TS T8 T6TET7 T8 TY C36
37 T1 T4 T5 T8 T6 T8 TS5 T§ T6 T8 T6 T8 T7 T8 T9 C37
38 T1T4T5T8 T6 T8 T6 T8 TS T8 TS T8 T6 T8 T7 T8 T9 C38
39 T1T4T5T8T6 T8 T6 T8 TS T8 T6 T8 T6 T8 T7T8T9 C39
40 T1 T4 T5T8 T6 T8 TS5 T8 TS5 T8 T6 T8 T6 T8 T7 T8 T9 C40
41 T1 T4 T5T8 T6 T8 T6 T8 T5 T8 TS T8 T6 T8 T6 T8 T7 C41
T8 T9
42 T1T4TST8 TS5 T8 T6 T8 T7 T8 T9 C42
43 T1 T4 TST8 TS T8 T6 T8 T6 T8 T7 T8 T9 C43
44 T1 T4 T5ST8 TS T8 T6 T§ TS5 T8 T6 T8 T7 T8 T9 C44
45 T1 T4 TST8 TS5 T8 T6TE T6 TS TSTET6TET7T8TI C45
46 T1 T4 TS5 T8 TS T8 T6 T8 TS5 T8 TS T8 T6 T8 T7 T8 T9 C46
47 TIT4 TS5 T8 TS T8 T6 T8 TS T8 T6 T8 T6 T8 T7 T8 T9 C47
48 TIT4TST8TST8T6 T8 T6 T8 T5 T8 TS T8 T6 T8 T7 C48
T8 T9
49 T1 T4 TST8 TS T8 T6 T8 T6 T8 TS T8 T6 T8 T6 T8 T7 C49
T8 T9
50 T1 T4 TST8 TS T8 T6 T8 T5 T8 T5 T8 T6 T8 T6 T8 T7 C50
T8 T9
51 T1T4 TS5 T8 TS T8 T6 T8 'T6 T8 TS T8 TS5 T8 T6 T8 T6 C51
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T8 T7 T8 T9
52 T1 T4 T6T8T7T8TI C52
53 T1T4T6 T8 T6 T8 T7 T8 T9 C53
54 T1T4T6 T8 TS5 TET6 T8 T7 T8 T9 C54
55 T1T4T6 T8 T6 T8 TS T§ T6 T§ T7 T8 T9 C55
56 T1 T4 T6T8 TS5 T8 TS TET6 T8 T7 T8 T9 C56
57 T1T4T6 T8 TS5 T8 T6 T8 T6 T8 T7 T8 T9 C57
58 T1T4 T6 T8 T6 T§ TS T§ TS T8 T6 T8 T7 T8 T9 C58
59 T1T4T6 T8 T6 T8 TS T8 T6 T8 T6 T8 T7 T8 TY C59
60 T1T4T6 T8 TS T8 TS T§T6 T8 T6 T8 T7 T8 TY C60
61 T1T4T6T8 T6 T8 TSTE TS TET6T8T6 T8 T7T8TI C61
62 T1T4T7T8T9 C62

A.5 Test Results after applying STSR and DTSR programs to the test suites in A.4

By applying STSR

Branch Coverage

Transition

Number of
test cases

Number of
reduced test cases

List of eliminated test cases
(specified by test ids)

T3

T5

T6

T7

T9

[y [FUNEN [FUNENS VDG JUIEY

[Unrgy YUY [FURYY FUINS O

All-uses Coverage

Transition

Number of
test cases

Number of
reduced test cases

List of eliminated test cases
(specified by test ids)

T3

T5

T6

T7

T9

WD ]I

— DN | W |

Test_3, Test_4
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IPO,-df-chains Coverage

Transition | Number of Number of List of eliminated test cases
test cases reduced test cases (specified by test ids)
T3 1 1
T5 58 14 | Test_7,9, 10, 11, 14, 15, 16,
17, 18, 19, 20, 21, 27, 29,
30, 31, 32, 33, 34, 35, 36,
37, 38, 39, 40, 41, 42, 43,
44, 45, 46, 47, 48, 49, 50,
51, 54, 55, 56, 57, 58, 59,
60, 61
T6 58 14 | Test_3, 7, 9, 10, 11, 13, 14,
15, 16, 17, 18, 19, 20, 21,
27, 29, 30, 31, 32, 33, 37,
39, 40, 41, 42, 43, 44, 45,
46, 47, 48, 49, 50, 51, 52,
53, 54, 55, 56, 57, 58, 59,
60, 61
T7 61 29 | Test_7,9, 10, 11, 14, 15, 16,
17, 18, 19, 20, 21, 27, 29,
30, 31, 37, 39, 40, 41, 44,
45, 46, 47, 48, 49, 50, 51,
57, 59, 60, 61
T9 61 1| Test_3 —Test_62
By applying DTSR
Branch Coverage
Transition Number of Number of | List of eliminated test cases
test cases reduced test cases (specified by test ids)
T3 1 1
T5 1 1
T6 1 1
T7 1 1
T9 1 1
All-uses Coverage
Transition Number of Number of | List of eliminated test cases
test cases reduced test cases (specified by test ids)
T3 1 1
T5 3 3
T6 2 2
T7 2 2
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| 19 | 3] 1| Test_3, Test_4
IPO,-df-chains Coverage
Transition | Number of Number of List of eliminated test cases
test cases reduced test cases (specified by test ids)
T3 1 1
TS5 58 30 | Test_32, 33, 34, 35, 36, 37,
38, 39, 40, 41, 42, 43, 44,
45, 46, 47, 48, 49, 50, 51,
54, 55, 56, 57, 58, 59, 60, 61
T6 58 30 | Test_3, 7,9, 10, 11, 13, 17,
19, 20, 21, 27, 29, 30, 31,
32, 33, 42, 43, 52, 53, 54,
55, 56, 57, 58, 59, 60, 61
T7 61 61
T9 61 1| Test_3 - Test_62
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A.6 SIPs w.r.t. TS

G T5
e e
///
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A.7 “.efsm” file for the EFSM of the ATM1 system

ATM_System
504

transition T1

01

Card(pin, b) /
Prompt_for_PIN()
attempts := constant

transition T2

11

PIN(p)

p, pin, attempts /* [(p!=pin) and (attempts<3)] *//
Display_error()

attempts := function(attempts)

Prompt_for_PIN()

transition T3

14

PIN(p)

P, pin, attempts /* [(p!=pin) and (attempts==3)] *//
Display_error()

Eject_card()

transition T4

12

PIN(p)

p, pin /* [p==pin] *//
Display_menu()

transition T5

23
Withdrawal(w) /

b := function(b, w)

transition T6

23

Deposit(d) /

b := function(b, d)

transition T7
23
Balance() /
print(b)
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transition T8
32

Continue() /
Display_menu()

transition T9
24

Exit() /
Eject_card()

A.8 An example “.ts” file for the EFSM of the ATM1 System

ATM_System
T5 Té6

test Test_1 T1 T4 TS T8 T9

test Test_ 2 T1 T4 TS T8 T5 T8 T9

test Test_3 T1 T4 TS5 T8 T6 T8 T9

test Test_4 T1 T4 TS T8 T7 T8 T9

test Test_S5 T1 T4 T6 T8 TS T8 T9

test Test_6 T1 T4 T7 T8 T5 T8 T9

test Test_7 T1 T2 T4 TS5 T8 T9

test Test_8 T1 T2 T4 T5 T8 TS T8 T9

test Test_9 T1 T2 T4 TS T8 T6 T8 T9

test Test_10 T1 T2 T4 TS T8 T7 T8 T9
test Test_11T1 T2 T4 T6 T8 TS T8 T9
test Test_12 T1 T2 T4 T7 T8 TS T8 T9
test Test_13 T1 T2 T2 T4 TS5 T8 T9

test Test_14 T1 T2 T2 T4 TS5 T8 TS T8 T9
test Test_15T1 T2 T2 T4 TS T8 T6 T8 T9
test Test_16 T1 T2 T2 T4 TS T8 T7 T8 T9
test Test_17 T1 T2 T2 T4 T6 T8 T5 T8 T9
test Test_18 T1 T2 T2 T4 T7 T8 TS T8 T9

A.9 An example “.sip” file for the EFSM of the ATM1 System

ATM_System
T5

ip ST5_0 Test_1 Test_3 Test_4 Test_6 Test_7 Test_9 Test_10 Test_12 Test_13 Test_15
Test_16

node 0 T1

node 1 T4

inc O dat

node 2 TS

inc 1 ctl

inc 0 dat
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ip ST5_1 Test_2 Test_8 Test_14
node 0 T1

node 1 T4

inc O dat

node 2 T5

inc 1 ctl

inc O dat

inc 2 dat

ip ST5_2 Test_5 Test_11 Test_17
node 0 T1

node 1 T4

inc O dat

node 2 T5

inc 3 dat

inc 1 ctl

node 3 T6

inc 1 ctl

inc 0 dat

ip UT5_0
node 0 T1
node 1 T4
inc O dat
node 2 T5
inc 1 ctl
inc O dat
inc 2 dat -
inc 3 dat
node 3 T6
inc 1 ctl
inc 2 dat
inc 3 dat

ip UT5_1
node 0 T1
node 1 T4
inc 0 dat
node 2 TS
inc 3 dat
inc 1 ctl
node 3 T6
inc O dat
inc1ctl
inc 2 dat
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ip UT5_2
node 0 T1
node 1 T4
inc O dat
node 2 TS
inc 1 ctl
inc 2 dat
inc 3 dat
node 3 T6
inc O dat
inc 1 ctl
inc 2 dat

ip UT5_3
node 0 T1
node 1 T4
inc O dat
node 2 TS
inc 3 dat
inc 1 ctl
node 3 T6
inc O dat
inc 1 ctl
inc 2 dat
inc 3 dat

ipUT5_4
node 0 T1
node 1 T4
inc O dat
node 2 T5
inc O dat
inc 1 ctl
inc 3 dat
node 3 T6
inc 1 ctl
inc 2 dat
inc 3 dat

ip UT5_5
node 0 T1
node 1 T4
inc O dat
node 2 TS5
inc 3 dat
inc 1 ctl
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node 3 T6
inc 0 dat
inc 1 ctl
inc 3 dat

ip UT5_6
node 0 T1
node 1 T4
inc O dat
node 2 TS
inc 1 ctl
inc 2 dat
inc 3 dat
node 3 T6
inc 0 dat
inc 1 ctl
inc 2 dat
inc 3 dat

ip UT5_7
node 0 T1
node 1 T4
inc O dat
node 2 T5
inc 1 ctl
inc 2 dat
inc 3 dat
node 3 T6
inc O dat
inc 1 ctl

ip UT5_8
node 0 T1
node 1 T4
inc O dat
node 2 TS
inc O dat
inc1ctl
inc 3 dat
node 3 T6
inc 1 ctl
inc 2 dat

ipUTS_9
node 0 T1
node 1 T4
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inc 0 dat
node 2 TS
inc 1 ctl
inc O dat
inc 2 dat
inc 3 dat
node 3 T6
inc 1 ctl
inc 2 dat

ip UT5_10
node 0 T1
node 1 T4
inc 0 dat
node 2 T5
inc 1 ctl
inc 2 dat
inc 3 dat
node 3 T6
inc O dat
inc 1 ctl
inc 3 dat

ATM_System
T6

ip ST6_0 Test_5 Test_11 Test_17
node 0 T1

node 1 T4

inc O dat

node 2 T6

inc 1 ctl

inc 0 dat

ip ST6_1 Test_3 Test_9 Test_15
node 0 T1

node 1 T4

inc O dat

node 2 T5

inc 1 ctl

inc O dat

node 3 T6

inc 2 dat

inc 1 ctl
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ip UT6_0
node 0 T1
node 1 T4
inc O dat
node 2 T6
inc 0 dat
inc 1 ctl

ipUTé6_1
node 0 T1
node 1 T4
inc 0 dat
node 2 T6
inc 0 dat
inc 2 dat

ip UT6_2
node 0 T1
node 1 T4
inc O dat
node 2 TS
inc O dat
inc 1 ctl
inc 2 dat
inc 3 dat
node 3 T6
inc 2 dat
inc 1 ctl
inc 3 dat

ip UT6_3
node 0 T1
node 1 T4
inc O dat
node 2 TS
inc 3 dat
inc 1 ctl
inc 2 dat
node 3 T6
inc 0 dat
inc 1 ctl
inc 2 dat

ip UT6_4
node 0 T1
node 1 T4
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inc O dat
node 2 TS
inc 3 dat
inc 1 ctl
node 3 T6
inc O dat
inc 1 ctl
inc 2 dat
inc 3 dat

ip UT6_5
node 0 T1
node 1 T4
inc O dat
node 2 TS
inc 3 dat
inc 1 ctl
inc 2 dat
node 3 T6
inc O dat
inc 1 ctl
inc 2 dat
inc 3 dat

ip UT6_6
node 0 T1
node 1 T4
inc O dat
node 2 TS
inc 1 ctl
inc 3 dat
node 3 T6
inc O dat
inc 1 ctl
inc 2 dat

ip UT6_7
node 0 T1
node 1 T4
inc 0 dat
node 2 TS5
inc O dat
inc 1 ctl
node 3 T6
inc 2 dat
inc 1 ctl
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ip UT6_8
node 0 T1
node 1 T4
inc O dat
node 2 TS
inc 0 dat
inc 1 ctl
node 3 T6
inc 2 dat
inc 1ctl
inc 3 dat

ip UT6_9
node 0 T1
node 1 T4
inc 0 dat
node 2 TS5
inc O dat
inc 1 ctl
inc 3 dat
node 3 T6
inc 2 dat
inc 1 ctl

ip UT6_10
node 0 T1
node 1 T4
inc O dat
node 2 T5
inc O dat
inc 1 ctl
inc 3 dat
node 3 T6
inc 2 dat
inc 1 ctl
inc 3 dat

ip UT6_11
node 0 T1
node 1 T4
inc O dat
node 2 TS
inc 0 dat
inc 1 ctl
inc 2 dat
inc 3 dat
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node 3 T6
inc 2 dat
inc 1 ctl
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APPENDIX B: ATM2 System

B.1 Requirements of the ATM2 System

R = {r| ris arequirement which is a transition} or

R = {r| ris arequirement which is a sequence of transitions}.

R=1{rl,r2,r3,rd, r5, r6, r1, r8} for the ATM2 EFSM where:

r1: When the system is on, a user inserts an ATM card into the card reader slot but fails
to enter his/her Personal Identification Number (PIN) within a given time. System
ejects the card and displays welcome message.
rl =T3 T8

r2: After inserting an ATM card, a user fails to enter a correct pin that matches with the
PIN stored in the ATM card in less than four attempts. If pins don’t match, and less
than four attempts were performed, the system displays an error message, increments
the number of attempts and prompts for pin. At the fourth attempt, if user still fails to
enter a correct pin, the system prints an error message and ejects the user’s ATM
card.
r2=T3T5T5T5T6

r3: After a user inserts an ATM card and enter a correct pin in less than four attempts, the
system obtains his/her balance then displays option menu
r3=T3XT7T9

r4: A user selects withdrawal from the option menu and enters withdrawal amount within
a given time. However, the amount specified is more than amount available in the
ATM cash dispenser. System indicates that requested amount is unavailable and asks

the customer to specify amount then waits for the amount.
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r4=T12 T14

r5: A user selects withdrawal from the option menu and enters withdrawal amount within

a given time. However, the amount specified is more than account balance. System
indicates that account balance is not enough and asks the customer to specify amount
then waits for the amount.

r5=TI12T16

r6: A user selects withdrawal from the option menu and enters withdrawal amount within

r7:

r8:

a given time. System updates the user’s account and the amount of money currently
in the ATM, waits for the user to take cash for a given delay then displays the option
menu.

r6 =T12 T15

A user selects Balance Inquiry from the option menu. The system displays Balance
for a given delay and displays the option menu.

r7=T10

A user selects deposit from the option menu, enters deposit amount and inserts cash
within a given delay. System informs the user that the transaction is success then
displays the option menu.

r8 =T17 T18 T20

x : TS5 may be inserted 0, 1, 2 or 3 times

T# is the transition under test (TUT)
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B.2 The SDL Diagram of the ATM2 System

)

system ATM_System

41/4) I

SIGNAL

tumON, displayMSG(CharString), CardInseérted(integer,integer),
amount(integer); PIN(integer),getBalance(integer), Balance(integer),
withDrawal,withdraw(integer),deposit,depositAmount(integer),
checkBalance,cancel, displayBalance(integer),displayAvailableAmount(integer
takeCashRq(integer),updateAccount(integer,integer),ackDepositDone(integer)
cashinserted,delay,turnOFF ejectCard,displayOption;

turnON,CardInserted,amount,PIN,withDrawal, deposit,checkBalance,cancel,
displayBalance, displayAvailableAmount,withdraw,depositAmount,amount,getBalance
Balance,updateAccount,cashinserted,delay,turnOFF

S2B

B2S

ATM Block

{displayMSG,ackDepositDone,takeCashRq,ejectCard,displayOptio}
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S2

B2

block ATM_Block

turnON,CardInserted,amount,PIN,withDrawal, deposit,checkBalance,cancel,
displayBalance, displayAvailableAmount,withdraw,depositAmount,amount,getBalance,

Balance,updateAccount,cashinserted,turOFF delay

B2ATM
ATM

ATM2$

[getBalan ce,u pdateAccounﬂ

ATM2Bank

Bank2ATM
[Balance}

[displayMSG,ackDepositDone,takeCashRq,ejectCard,dispIayOptio}

Bank

119




process ATM

displayMSG(enterAmount)

waitAmount

DCL

m._ATM, accountNumber,cardPIN,userPIN,b,attempts,w,d integer;

enterAmount CharString := 'Please enter the amount of money

currently in the ATM’,

TIMER T-WaitPIN, - T_WaitAmount, T-WaitCash :=10.0;

IDLE

|

amount(m_ATM)

Cardlnserted(accountNumber,cardPIN<)< turnOFF

displayMSG('Welcome’)

_J_
o}
Z
=
@

o
=
D
»
@
3
=3
@
a
o

b=
(=)
=
m

displayMSG(’enter PIN’)

set{ now=+10, T_WaitPIN)

l

attempts:i= 0
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process ATM

rue)

displayMSG('wrongPIN’)

(Faise)

attempts: ;= attempts'+ 1

waitPIN

waitPIN

PIN(userPIN)

ardPIN = userPIN>

(True)

T_WaitP|

displayMSG('TimeOut & removeCard’)

ejectCard

displayMSG('Welcome')

(False)

displayMSG(removeCard’

displayMSG('Welcome’)

getBalance(accountNumber)

IDLE

(waitBalance

Balance(b)

displayOption
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process ATM

withDrawal checkBalance deposit < cancel <

displayBalance(b)

deposit
P displayMSG('removeCard’

ejectCard

displayMSG('Welcome’)

option
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process ATM

displayMSG('specifyAmount’)

set(T_WaitAmount)

waitWithdrawAmount

T_WaitAmount

withdraw(w)

L

{False)

(False)

(Trye) (True)
displayMSG(unavailableRegAmount’)
b= b-w,

[ M ATM = mATM - w

displayMSG('unavailableRegAmount’)

displayAvaiIableAmoun!(m_AE l
updateAccount(accountN u@

I

set(now+10,T:WaitAmount)

takeCashRq(w)

displayOption

displayAvailableAmount(b

set(now+10; T_WaitAmount)

waitWithdrawAmount
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process ATM

deposit

displayMSG(’specifyAmount’)

set(now+10, T_WaitAmount)

waitDepositAmount

depositAmount(d)

displayMsg(insert cash')

set(now+10, T-WaitCash)

cashinserted

ackDepasitDone(d)

displayOption

T_:WaitCash

displayOption

T_WaitAmount

displayOption
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B.3 The EFSM Model of the ATM2 System

@

C(waimithﬁmwkmwn

Ti6
Transition
T1 turnON()/
displayMSG(enterAmount)
T2 amount(m_ATM)/
displayMSG(‘Welcome’)
T3 CardInserted(accountNumber,cardPIN)/

displayMSG(‘enter PIN’)
set(now+10,T_WaitPIN)
attemtps := 0

T4 Turnoff()

TS PIN(userPIN)

[userPIN != cardPIN && attempts <3]/
displayMSG(‘wrongPIN’)

attemtps := attempts + 1

T6 PIN(userPIN)

[userPIN != cardPIN && attempts >= 3]/
displayMSG(‘removeCard’)

ejectCard()

displayMSG(‘Welcome’)

T7 PIN(userPIN)
[userPIN == cardPIN}/
getBalance(accountNumber)

T8 [T_WaitPINY/
displayMSG(‘TimeOut & removeCard’)
ejectCard()
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displayMSG(‘Welcome’)

T9 Balance(b)/
displayOption()

T10 checkBalance()/
displayBalance(b)
delay()
displayOption()

T11 cancel()/
displayMSG(‘removeCard’)
ejectCard()
displayMSG(‘Welcome’)

T12 withDrawal/
displayMSG(‘specifyAmount’)
set(Now+10,T_WaitAmount)

T13 [T_WaitAmount]/
displayOption()

T14 withdraw(w)

[m_ATM < w]/
displayMSG(‘unavailableReqAmount’)
displayAvailableAmount(m_ATM)
set(now+10,T_WaitAmount)

T15 withdraw(w)

[m_ATM >=w and w <=Db]/

b :=b-w

m_ATM := m_ATM-w
updateAccount(accountNumber, b)
takeCashRq(w)

delay()

displayOption()

T16 withdraw(w)

[m_ATM >=wand w > b]/
displayMSG(‘unavailableReqAmount’)
displayAvailableAmount(b)
set(now+10,T_WaitAmount)

T17 deposit()/
displayMSG(constant)
set(now+10,T_WaitAmount)

T18 depositAmount(d)/
displayMSG(constant)
set(now+10,T_WaitCash)

T19 T_WaitAmount/
displayOption()

T20 cashlnserted()/
ackDepositDone(d)
delay()
displayOption()
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T21 | T_WaitCash/displayOption()

B.4 Three Test Suites for the ATM2 System derived from three techniques namely,

branch coverage, all-uses coverage and IPO,-df-chains coverage

Branch Coverage

Complete Test Suite: {
T1T2T3TSTST5T6 T4,
TIT2T3TET3T7TOTIOTI2TI4 T13 T12T16 T15T17 T19 T17 T18 T20 T17 T18

T21 T11 T4
}

All-uses Coverage

1. Identify all du-pairs from the EFSM Model

Variables Def(s) Use(s)
attemtps attemtps attemtps
attempts dr; Prs " > Prs
attemtps attemips attemtps attemtps
drs Crs  sPrs  sPrs
B b b b b b b
dzg Cr10>C715:C116> Pris» Prig
b b b b b
drs Cri5:Cr16> Priss Prig
ardPIN cardPIN cardPIN cardPIN cardPIN
¢ drs Prs  »Pre s Pra
D d d
drg Cra
m ATM m_ ATM m_ATM _ m_ATM _m_ATM __m_ATM
— dr; Crisc  >Pria  >Pris  »Pris
m_ATM m_ATM m_ATM m_ATM m_ATM
drss Crisc »Prizc  >Pris  »Pris
T WaitAmount d T _WaitAmount T _WaitAmount
- T14 Pris
T _WaitAmount T _WaitAmount
dris Pri3
T _WaitAmount T _WaitAmount
drg Pris
T WaitCaSh d T _WaitCash T _WaitCash
- T18 Pra
; T _WaitPIN T _WaitPIN
ait d
- 73 Prs
USCI'PIN d userPIN userPIN
TS Prs
userPIN userPIN
drs Prs
d userPIN userPIN
T7 T7
w w
w dr, Pris
w w w
dris Cris55 Pris
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w
dT16

w
Pris

2. Construct an activating path for each du-pair

# DU_Pair DU-Pairs Activating Paths
1 [dtemos | p atiemips | T3 TS

> [dgiemes | p attemips | T3TSTST5T6

3 [dem ;t;emtps ] T5T5

3 s o 1515

5 [demps | p atemps | T5T6

6 [d7,, C710] o110

7 [d”,c;ls] T9 T12 T15

g [drg, 0?16] T9 T12 T16

9 [dTQ’pTIS] T9 T12 T15

10 [d’rgapTlé] T9T12T16

11 [dgls,clﬁs] TI5T12T15

12 [dﬂs,cgm] T15T12T16

13 [dTls’p?“IS] TI5STI2TI15

14 [dns’P;m] T15T12T16

15 [d cardPIN p;zzsrdPlN ] T3 T5

16 [d PV | p cardPiN | T3TSTST5T6

17 [as cardPIN ;a7rdPIN ] T3 T7

18 [dns’clrlzo] T18 120

19 [drs 4™ ;nwATM ] T2T3T7T9TI2TI16
20 [dr-ATM  pr-ATH | T2T3T7T9T12T14
71 [d”; ATM,prTnISATM] T2T3T7T9TI12T15
22 [dm_ATM , prTn16ATM ] T2T3T7T9T12TI16
73 [d7=ATM | o m=ATH T15T12T16

24 [ AT proATH T15T12T14

75 [d-ATM | AT ] T15T12T15

26 [d7"™ | prA™ | T15T12T16

77 [T Waithmouns T _waichmowrt 1~ [ T14 T13

28 [ d;I_GWaitAmount , p;l3WattAm0unt] T16 T13

29 [ d;ﬁwmAmnum , ;I_QW(utAmoum] T17 T19
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30 [d ;‘fgWaitCash , ;_Z_IWaitCash ] Tl 8 T21
31 [drs"™, prs" ™ ] T3T8
3 [, pr ] TST5
33 [ i) T6

34 [d7;™, pr "] T7

35 [d)s Pl T14

36 [dis, 1] T15

37 [d¥15’ p¥15] TIS

38 (A2, po] T16

3. Generate test paths to cover all activating paths

Test id(s) | Test Paths DU-pairs covered by a test path

1 TIT2T3T7T9 T12T16T13 17, 28, 34, 38
T11 T4

2 T1T2T3T7T9T12 T14 T15 12, 14, 17, 20, 23, 26, 34, 35, 36, 37, 38
T12T16 T15ST11 T4

3 TIT2T3T7T9 T12T15TI12 17, 24, 27, 30, 34, 35, 36, 37
T14 T13T17T18 T21 T11 T4

4 TIT2T3T8T3TST7TOTIO | 1,6,15,31
T11T4

5 TIT2T3TS5TST5T6 T4 1,2,3,4,5,15,16,32,33

6 T1T2T3T7T9T12T15T12 7,9,11,13, 17, 21, 25, 29, 34, 36, 37
T15T17TI19T11 T4

7 T1T2T3T7T9 T12T16 T15 8,10, 17, 18, 19, 22, 34, 36, 37, 38
T17 T18 T20T11 T4

IPO,-df-chains Coverage

1. Identify all ipo-pairs and their [PO,-df-chains from the EFSM model

# ipo-pairs IPO,-df-chains

1 [d;lls’u(rlzo] {d;‘iIS’u;l‘ZO} Cl

D) [d7ATM g moATH | (= ATH o ATHy C2
{dmoATM ym ATM | qm AT moATM y C3
{dm- AT u;nfsATM ’ drTnl_SArM , ;nl_SATM ’ d;zl_SATM , Ca
ugs™ )

3 [d7is> urTnliATM ] {d7is. uris, d’TnlgATM ur™ ) G5
{d7is> ups, d;“nfsATM ) ;’BATM ’ d?l—sATM ; ;nllATM } C6
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4 [dTg’ul;w] {dm’u;lo} C7
{d7y,u7,5,d7;5, U7y ) C8
{dT9’uT15’d[;15’u?“15’dg‘lS’ul;lo} C9

S [dns’uno] {dTIS’uTIS’dZ;“IS’u;)"IO} C10
{dTIS’uTIS’d?‘lS’ugIS’d?‘IS’uglo} Cll

6 [dTQ’u?"IG] {dT9’uT16} Cl2
{dT9’uI;15’dl;15’u1;16} C13
{dT9’uT15’d?lS’u;IS’d;IS’u;IG} Cl4

7 [dns’urm] {dns’uns’dgls’ul;m} C15
{dTIS’uTIS’d?‘lS’ugIS’d[;‘IS’u7b“16} C16

8 [d71ss urs] {d7is,ups ) C17

2. Construct an activating path for each IPO,-df-chain

# Activating Path

Cl T18 T20

C2 T2T3T7T9T12T14

C3 T2T3T7T9T12T15T12T14

C4 T2T3T7T9TI12TI5TI2TI5TI12T14

C5 Ti5T12T14

C6 T15T12T15T12T14

C7 T9 T10

C8 T9 T12 T15T10

C9 T9T12T15T12T15TI10

C10 T15T10

Cl11 T15T12T15T10

C12 TO9TI2T16

C13 TOT12 T15T12T16

Cl4 TOTI2TI5TI12T15TI2T16

Cl5 T15T12T16

Cl6 T15T12T15T12T16

C17 T15

3. Generate a set of test paths that cover each IPO,-df-chain at least once
Test id(s) | Test Paths IPO,-df-chains covered by
a test path
1 TIT2T3T7T9T12T14T13T11 T4 C2
2 TIT2T3T7T9TI12T15T12T14 T13 | C3,CS5, C17
Ti11T4
3 TIT2T3T7T9TI2TI5TI12T15T12 | C4,C5,C6,C17
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T14 T13T11T4

4 T1T2T3T7TO9TI2TISTI0OTI1 T4 C8, C10, C17

5 TIT2T3T7T9TI2T15TI2T1ST10 | C9,Cl10, C11, C17
T11T4

6 T1T2T3T7T9TI2T16 TI5ST11 T4 C12, Cl17

7 T1T2T3T7T9TI2T15T12T16 T1S | C13,C15,C17
T11 T4

8 TIT2T3T7TOTI2TISTI2TIS T12 | Cl4, C15, Cl6, C17
T16 TIST11T4

9 TIT3TST7TOTIOTI7TI8 T20T11 | C1,C7
T4

B.5 Test Results after applying STSR and DTSR programs to the test suites in B.4

By applying STSR

Branch Coverage

Transition Number of Number of

List of eliminated test cases

test cases reduced test cases (specified by test ids)

T6

T8

T9

T10

T14

T15

T16

[ B N T Y Sy U U

T20

ot | e | i | | e | et | it | et

All-uses Coverage

Transition | Number of Number of List of eliminated test cases
test cases reduced test cases (specified by test ids)
T6 1 1
T8 1 1
T9 6 1 Test_2,3,4,6,7
T10 1 1
T14 2 2
T15 4 2 Test_6,7
T16 3 2 Test_7
T20 1 1
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IPO,-df-chains Coverage

Transition | Number of Number of List of eliminated test cases
test cases reduced test cases (specified by test ids)
T6 0 0
T8 0 0
T9 9 1 Test_2,3,4,5,6,7,8,9
T10 3 3
T14 3 3
T15 7 2 Test_4,5,6,7, 8
T16 3 3
T20 | 1
By applying DTSR
Branch Coverage
Transition Number of Number of | List of eliminated test cases
test cases reduced test cases (specified by test ids)
T6 1 1
T8 1 1
T9 1 1
T10 1 1
T14 1 1
T15 1 1
T16 1 1
T20 1 1
All-uses Coverage
Transition Number of Number of | List of eliminated test cases
test cases reduced test cases (specified by test ids)
T6 1 1
T8 1 1
T9 6 1 Test_2,3,4,6,7
T10 1 1
T14 2 2
T15 4 2 Test_6,7
T16 3 2 Test_7
T20 1 1
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IPO,-df-chains Coverage

Transition | Number of Number of List of eliminated test cases
test cases reduced test cases (specified by test ids)

T6 0 0

T8 0 0

T9 9 1 Test_2,3,4,5,6,7,8,9
T10 3 3

T14 3 3

T15 7 3 Test_4,5,6,7

T16 3 3

T20 1 1
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Appendix C: Vending Machine System

C.1 Requirements of the Vending Machine System

The system sells three products: gam, M&Ms and beer which cost $.35, $.50 and $.80,
respectively.

R = {r| ris arequirement which is a transition} or

R = {r| ris arequirement which is a sequence of transitions}.

R ={rl, r2, r3, r4, r5} for the Vending Machine EFSM where:

r1: The customer selects an item, deposits coins, and the machine dispenses the item only

if it is available and if the payment is sufficient

rl =(T3 orT4)x T8

r2: If the item selected is sold out, the machine displays an error message and prompts for

item selection.

r2=T2

r3: When the customer deposits coins, the machine validates them then displays the total

amount inserted.

r3=T5

r4: The machine returns the correct change when the customer deposits too much money

and when coins for change are available. The machine then displays the change

amount and the welcome message.

r4 =T11

r5: If there are not enough coins for change in the machine, it will show a credit towards

the next purchase and prompt for item selection.

r5 =T12
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x : TS5 may be insertedl to 15 times

T# is the transition under test (TUT)

C.2 The EFSM Model of the Vending Machine System

T5 T6
CoinReader(coin) CoinReader(coin)
[Valid(coin) = = true and [Valid(coin) = = false] /

Dispense(coin)

totalDeposit + CoinValue(coin) < price] /
totalDeposit = totalDeposit + CoinValue(coin)
Inc(Q, D, N, coin)
Display(totalDeposit, M2)

Display(M8, totalDeposit, M2)

SelectionMonitor(selection) Ti12

[Avail(selection, B, G, M) >0 and credit == 0] /

totalDeposit = 0 [changeAvailable(change, Q, D, N) = = false] /

credit = change

T price = PriceRegister(selection)
Display(M2, price isplay(M6, M7, credit, M1)
Read(Q, D, N, B, G, M) / play(M2, p ¥
credit =0

Display(MO, M1)

Start

CoinReader(coin)
[Valid(coin) = = true and
ptalDeposit + CoinValue(coin) > price
IDeposit = totalDeposit + CoinValue(cpin)
Inc(Q, D, N, coin)
change = totalDeposit - price
Dispense(selection)
Dec(B, G, M, selection )

SelectionMonitor(selection)
[Avail(selection, B, G, M) >0 and credit >
price = PriceRegister(selection)
price = price - credit
totalDeposit = 0
Display(M2, price)

T2

SelectionMonitor(selection)

[Avail(selection, B, G, M) ==0
Display(M3, M4)

LY
electionMonitor(selection)
[selection = = C] /
Dispense(totalDeposit)
Dec(Q, D, N, totalDeposit)

T10
electionMonitor(selection)
[selection = = C]

[changeAvailable(change, Q, D, N) = = true] /
Dispense(change)
Dec(Q, D, N, change)
) by . Display(change, M5)
CoinReader(coin)
[Valid(coin) = = true and
totalDeposit + CoinValue(coin) = = price}/
Inc(Q, D, N, coin)
Dispense(selection)
Dec(B, G, M, selection)
Display(M5)
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Symbol Definitions
- MO: message “Welcome! Buy something... Warning: If I do not have enough
change I will dispense the product and give a credit for the next purchase”.
- MI: message “Enter your selection: G, M, B, C to Cancel.”.
- M2: message “Insert coins: Quarter, Dime, Niquel”.
- M3: message “Sorry, item is sold out”.
- M4: message “Make another selection”.
- MS5: message “Thank you!”.
- M6: message “Sorry! I am out of change”.
- M7: message “Credit: $”.
- M8&: message “Invalid Coin”.
- Q: total number of quarters in the machine.
- N: total number of nickels in the machine.
- D: total number of dimes in the machine.
- B: total number of beers in the machine.
- G: total number of gums in the machine.
- M: total number of M&Ms in the machine.
- price: price of the selected item. price € {35, 50, 80}
- selection: selection of the customer. selection € {B, G, M, C}
- totalDeposit: total amount of money a customer deposits.
- coin: coin inserted by the customer. coin € {Quarter, Dime, Nickel}

- value: value of the inserted coin. value € {5, 10, 25}

- change: amount to be returned when the total deposit is greater than the price.
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credit: amount of credit available for the customer’s next purchase.

Inputs, Outputs, Functions, and Procedures

States

Read(Q, D, N, B, G, M): reads initial amounts of Q, D, N, B, G, M.
SelectionMonitor(selection). reads the selection made by the customer.
CoinReader(coin): reads the inserted coin.

Display(M): displays M on the machine’s display panel.

Dispense(X): dispenses X to the customer. X € {selection, totalDeposit, change,
coin}

Avail(selection, B, G, M). returns the number of the selected item, selection,
available in the machine.

PriceRegister(selection): returns the price of the selected item, selection.
Valid(coin): returns true if coin € {Quarter, Dime, Nickel}.

CoinValue(coin): returns 25 or 10 or 5, the value of coin.
changeAvailable(change, Q, D, N): returns true if the machine has enough coins
to provide the correct change.

Inc(Q, D, N, coin) : According to the type of coin, increments Q, D, or N by 1.
Dec(Q, D, N, X): According to the value of X, decrements Q, D, or N by the
corresponding number of quarters, dimes and nickels in X. X € { totalDeposit,
change}

Dec(B, G, M, selection) : According to the type of selection, decrements B, G, or

Mby 1.

Start: Idle state.
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S1: Waiting for selection.
S2: Accepting coins.
S3: Making change.

Exit.

C.3 Three Test Suites for the Vending Machine System derived from three
techniques namely, branch coverage, all-uses coverage and IPO,-df-chains

coverage.

Branch Coverage

Complete Test Suite: {
T1IT3T5T6 T8 T12 T4 T7,
T1 T3 TS T8 T11,

T1 T3 T9,

T1 T10,

T1T2

}

All-uses Coverage

1. Identify all du-pairs from the EFSM Model

Variables Def(s) Use(s)
B dz, ngcgs’PIng’PngIT;‘t
dgs C?7,Cfs,p?2,pg3,pg4
change 4 R R
Credit d;rledit C;r:dit , p;r;dit , p;r:dit
d;rleélit c ;r:dit , p;'_r3edit , p;r:dit
D dpy 07?5’057’058’(:?9
d7s Crss Crrs Crs Cro
d?s C?s’CIT)wCIT)s’C7?9vp7l“)11’C?11’
p7l")12
G dz, C?pC?g,p?Z,p%,p%
dgs C?wcgsapgz’pgs,pgw
M dyy C%,C%,p%,p%,p%
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M M M M M M
T8 Cr7:C785Pr2s P13y Pry
N N N N N _N
dr Crs>Cr7,Crg,Cry
N N N N N
drs Crs5:C77,Crg,Cr9
N N N N N N N
dzs Cr5:C77:Cr85C79> Pr1i> Crins
N
Priz
PriCC price price price price price price
dry Cr3 »Crg »Prs sPr7 »Prs
price price price price price price
dzy Crs »Crg >Prs sPr7 >Prs
[ Q Q Q Q
Q dz, Crs>C717:Crg>Cr9
e Q Q Qo o
drs Cr5:C77,Crg,Cr9
Q Q Q Q Q Q Q
drg Crs:€775Cr8>Cr9s Cr115 Prirs
Q
Pri2
SeleCtion selection selection
d T2 T2
d selection c selection selection selection selection
T3 T3 »¥TT >~ T8 s T3
selection selection selection selection selection
dry Cra  +Cr7  »Crg  >Pry
d selection selection
T9 Pry
d selection selection
T10 Prio
tOtalDepOSit totalDeposit totalDeposit c totalDeposit totalDeposit
T3 Y TS > ¥To6 » € T8 ?
C totalDeposit totalDeposit totalDeposit
79 4 TS5 ’ T ’
totalDeposit
T8
d totalDeposit totalDeposit totalDeposit totalDeposit
T4 75 *MT6 > VT8 ?
totalDepaosit totalDeposit totalDeposit
Cro » Prs » Pr7 )
totalDeposit
T8
d totalDeposit totalDeposit totalDeposit totalDeposit
TS TS5 » Crg »Crg )
totalDeposit totalDeposit totalDeposit
T9 4 T5 4 T7 ’
totalDeposit
Prs

2. Construct an activating path for each du-pair

# DU_Pair DU-Pairs Activating Paths
1 [d2,cs] T1T3TST7

2 [dZ,c2] T1T3 TST8

3 [d7,, P72 T1 T2

4 [d7,, p7s] R

> [d71, Pra] T1 T4
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6 [d2,,c2 ] T8 T12T4T7
7 [d2,,c2] T8 T12 T4 T8
8 [d7;. p?, ] 811272

9 [d2,,p2 ] T8 T12T3 *
10 [d2,p2.] T8 T12 T4

11 [d¢ change ;i;alnge] T8 T11

2 [d¢ change C;ﬁ;z;nge] T8 T12

13 [d* change ;ii{;ngE] T8 T11

14 [d<" ch[mge , planse T8 T12

15 [derear | ¢ oredi | T1 T4*

16 9 o R

17 [deredr | pered ) T1 T4*

I8 R Ti2T4

9 4" e ] 1

20 (47" P ] T2 T

21 [d e | peredi T12 T4

22 [d2, 2] T1T3T5

23 [d2,c2 ] T1 T3 T7*

24 [d2,c2 ] T1 T3 T8*
5 [d2,c2)] T1T3T9

26 [d75, c75] BT

27 (47, c7] BT

28 [dTS ’ TS] TS T8

29 [d2, c2,] T5T9

30 [d2, c2 ] T8 T12 T4 TS
31 [d2,,c2 ] T8 T12 T4 T7
32 [d2,, c2 ] T8 T12 T4 T8
33 [d2,c2] T8 T12T4T9
34 [de,C?u] T8 T11

35 [d7y. PP i

36 [drs, Priz] T8 T2

37 [d%, S ] T1T3T5T7
38 [d%, ¢S] T1T3T5T8

140




39 (47, p7,] T1T2

40 [dS, p&,] T1T3

41 [d$,p%,1 T1 T4*

42 [d%,c% ] T8 T12 T4 T7
43 [dS,cS%] T8 T12 T4 T8
44 [dS,ps] T8 T12 T2
45 [dS, p4,] T8 T12 T3*
46 [d%., pS,] T8 T12 T4
47 [d¥, e T1 T3 T5T7
48 [dﬂ , Cyg] TIT3T5T8
49 [d¥,p¥1 T1T2

30 [dn’ p%] TIT3

51 [d71, pr.] T1 T4

52 [dX,c¥] T8 T12 T4 T7
53 [dY, el T8 T12 T4 T8
54 [d¥,p¥l T8 T12 T2
55 [dye, p¥] T8 T12 T3*
56 [dye,pa] T8 T12 T4
57 [d2,cy] T1T3 TS5

58 [d¥, e T1 T3 T7*

59 [dr, CITVB] T1 T3 T8*
60 [dY, e ] T1 T3 T9

61 [d”, C;"S] T5TS5

62 [drs’ C1TV7] T5T7

63 (A5, c7o] 15 T8

64 [y, ci] T5T9

65 [dy,c] T8 T12 T4 TS
66 [dY,cM] T8 T12 T4 T7
67 [d¥,c)] T8 T12 T4 T8
68 [d2,c] T8 T12 T4 T9
69 [d¥,cr 1 T8 T11

70 [drs’ P¥11] T8 T1l

71 [de,p;Vu] T8 T12
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72 [dfs, 5] T3

73 [d25ce, ¢ b T3 TS5 T8

74 [d2gee, peree T3 T5

75 [d2gee, pbrice T3 TS T7

76 [d27ee, p e T3T5T8

77 AT T4

78 [d27ee, ¢ price T4 T8

79 [d2ie, o T4 TS

80 [df5, piye T4T7

81 [d2rice | p price T4 T8

82 [d2,c&] TIT3TS

83 [d2,c2 ] T1 T3 T7*
84 [d%,c%] T1 T3 T8*
85 [d%,c%] T1T3T9

86 [d%,c4] T5 TS

87 [d2,c%] T5T7

88 [d%,c%1 T5T8

89 [d7s, c7, ] 519

90 [d%,c5] T8 T12 T4 T5
91 [d%,c%] T8 T12 T4 T7
92 [d%,c%] T8 T12 T4 T8
93 [d%,c% ] T8 T12 T4 T9
94 [d%,c4,] T8 T11

95 [, p2,1 T8 T11

96 [d%,p%,] T8 T12

97 [d: selectmn P ;eéectwn ] T2

9 8 [ d: \dectton \electwn ] T3

99 [dseection o ;e;e”w"] T3T57T7

100 [ selection | ¢ selection | T3 T5T8

101 [d selectmn ,P aTe3lecnon ] T3

102 [d: Aelectmn c ;eiectton ] T4

103 [d .\electton Aelectmn ] T4 T7

104 [d: Aelectton c ;eéecttan] T4 T8
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105 [ 2etection ;eiection] T4
106 [d: selection P ;eglection ] T9

107 At ] T10
108 [d7 fotalDeposit ’T”;"’D“P”“’ i T3 TS5
109 [ tolalDepmtt tatalDeprmt ] T3 T6
110 [d" tomlDeptmt c ;?;alDepout ] T3 T8*
111 [ mmtoepow c t;;alDepmtt ] T3 T9
112 [d” totalDepout D ;?;alDepnstt ] T3 TS
113 [d” totalDepout P ;?;alDep(A " T3 T7*
114 [d totalDepmtt totalDepout ] T3 T8*
115 [d ?;alDeposit tatalDepmtt ] T4 T5
116 [d ;{)ZalDepoatt c ?tGalDepout ] T4 T6
117 [d ?ZalDepmzt totalDepmtt 1 T4 T8
118 [’ t{)talDeposit mmloepm 3 T4 T9
119 [d" mtalDep(ml xTo;aJDepmu ] T4 T5
120 [d"”"lDeP”“’ ., P ’T";“’D”P‘”” ] T4 T7
121 [d" totalDepout t()talDepm " T4 T8
122 [d" totalDepmtt totalDepom‘ ] T5 TS
123 [d totalDeposit mmwepam ] TS5 T6
124 [dicPerostt ¢ ‘T"E’;“’D‘P“‘” ] T5 T8
125 [d ;’;“’De!’”“‘ c ’T”;”’Depm “1 TS5 T9
126 [ ceiDeposic ;?;alDepoatt ] T5 T5
127 [ dtotulDepout .p t;;alDepout ] TS T7
128 [ dmtalDepout tollDeposit | TS5 T8

’pT8

* means an activating path is infeasible.

3. Generate test paths to cover all activating paths

Test id(s) | Test Paths DU-pairs covered by a test path

1 T1 T2 3, 39,49

2 T1TI10 107

3 T1T3T9 4, 16, 25, 40, 50, 60, 85, 111

4 T1T3T5T7 1,4,16,22,27,37, 40, 47, 50, 57, 62, 74,
75, 82, 87,99, 108, 112, 127

5 T1T3T5T8T12T4T9 2,4,10, 12, 14, 16, 18, 21, 22, 28, 33, 36,

38, 40, 46, 48, 50, 56, 57, 63, 68, 71, 73,
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74,76, 82, 88, 93, 96, 100, 108, 112, 118,
124, 128

2,4,10, 12, 14, 16, 18, 21, 22, 28, 29, 30,
36, 38, 40, 46, 48, 50, 56, 57, 63, 64, 65,
71,73,74, 76,79, 82, 88, 89, 90, 96, 100,
108,112, 115,119, 124, 125, 128

2,4,10,11, 12, 13, 14, 16, 18, 21 , 22,
28, 34, 35, 36, 38, 40, 46, 48, 50, 56, 57,
63, 69, 70, 71,73, 74, 76, 82, 88, 94, 95,
96, 100, 108, 112, 116, 124, 128

2,4,7,8,10,12, 14, 16, 18, 21, 22, 28,
32,36, 38, 40, 43, 44, 46, 48, 50, 53, 54,
56,57,63,67,71,73,74,76, 78, 81, 82,
88, 92, 96, 100, 104, 108, 112, 117, 121,
124,128

6 TIT3T5 T8 TI12 T4 T5T9

7 T1T3T5T8 T12 T4 T6 T8 Tl

8 TI T3 TST8T12T4 T8 T12 T2

9 T1T3T6T5T5T6T8T12 T4
T7

4,6, 10,12, 14, 16, 18, 21, 26, 31, 36, 40,
42, 46, 50, 52, 56, 61, 66, 76, 80, 86, 91,
96, 103, 109, 120, 122, 123,126

IPO,-df-chains Coverage

1. Identify all ipo-pairs and their IPO,-df-chains from the EFSM model
# ipo-pairs 1PQ,-df-chains
1 [d7,, ur,] {d7i,uz,} C1
2 [d ;e;ection , ugz] {d;e;ection u ;eéection , dgg ,u ;32 } C2
3 [d ;eiection , ugz] {d;eiecti(m , u;eéection , d?s ,u 7152 } C3
4 [d7,, uz,] {d7, uz,) C4
5 [d ;eéection ,u g2] {d;‘%lection .U ;eslection , dgg ,u 7(52 } Cs
6 [d ;eiection ,u 52] {d ;eiectian u ;eéection , dgg ,u 7(32 } Co6
7| wh ] (df ufh) C7
8 [d ;ealection ,u 71\:12 ] {d;e;ectivn u ;eéectinn , d 7A~/13 ,u 7A~/I2 } C8
] [d;e‘l‘ection ,u 71\:12] {d ;‘e‘ltection U ;eéection , d 71\:18 ,u TMZ } C9
10 [ d ;eéection ,u ;Jzice { d ;e3lection u selection , d ;;ice , ;)gice , d ;i;;ange Ju ;i;(;nge , C 10
At ug, g, uge
11 [ d;?;alDepoxit u ;zice { d;;galDepoxit ,u ;);alDepasit , d ;I;ange u ;}iz;nge , d;rlezdit , ;r:dit , C]_ 1
ag uti)
{ dtTo;alDeposit , tTo;alDepoxit , d;:);alDeposil , tToEt;alDeposit , d ;l;ange , C 12
U, ' ugnt dg u g
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{ d totalDepmtt totalDeposit d totalDep(mt totalDeposit C 1 3
TS5 Ts ’
d totalDepmzt totalDeposit d change change d credit U credit
T8 T12 > M TI12 T4
d price price }
T4 T4
selection price selection selection price price Change change C 1 4
12 [d uT4 {d uT4 ,d uT8 d T12 )
credit credzl price price
drp ,Up ,dr ", up” )
13 totalDeposit prtce totalDeposit totalDeposit change change credit credit C 1 5
[d7y yur {dr, » Urg ,dy U Ay Uz
d price price }
T4 > -T4
{ d tatalDepo.\tt totalDeposit d totalDepm zt totalDeposit d change C 1 6
TS5 T8 ’
Lhange d credit credit d price price }
T 12 T2 » T 4 2MT4 > VT4
{ d l()talDepmlt totalDeposit d t()talDepm lI totalDeposit C 1 ’7
T5 TS5 ’
d totalDepout totalDeposit d (hange change d credit ( redit
T8 T12 T2 » T4 ’
price price
dry ,uzg |}
totalDe, out totalDeposit chan e (h g dit credit
{d D D d g ange dcret ,u , C18
T8 Tl 2 T12 T4
d prwe prtce d change rhange d credit credit price
T12 T2 »YT4 T4
price
Urg }
{ d mtalDep(mt totalDeposit d totalDep()A lt totalDeposit d change C 1 9
TS T8
change credit credit przce price change chahge
Urp »drp > Upy A7y, Upg . dy Urp™
d credit credit price price }
T12 > T4 > MT4 > T4
totalDep(mt totalDeposit tatalDepmlt totalDeposit C20
{ d TS d T5 >
t()talDepoatt totalDeposit change change credit credit
dy » Urg ydrg U drn s urg
pnce prue change change credit credzt przLe
d ’ d T 12 d T2 » d
rice
uri e}
1 4 coin prtce coin com totachpo \tt totalDeposit rhange change C2 1
[d7s", u7 {d7ss ,dy T8 ,d7 Urp ™
d credit rredtt price price }
T2 » T 4 2MT4 VT4
coin cam totalDeposzt totalDeposit tatalDepo\zt C 22
{ T5 » d TS d >
totalDepastt d (hange rhange credit crerht price
T8 Urp Al > Upy T4 >
rice
uri}
coin cam t(nal Depos tt totalDeposit t()talDepm it C 23
{ T5 d T5 d ’
t()talDepw it totalDepm it totalDeposit change change
Urs ,d7 » Urg ,d TI2 >
d credit credtt d prtce price }
712 > T4
coin u)m tatalDep(mt totalDeposit change change C24
{drs", ,d7 » Urg ,dr Uriz ™ >
d credit ,u credit prtce prtce d change change d credit
T12 T4 > T12 T12 >
[ redlt price price
Ury rs >Ury |}
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{ coin com d totalDepmtt totalDeposit d totalDepout C2 5
T5 » TS
totalDepo»\'tt d change ('hange d credit rre(ht price price
T8 T12 T12 > T4 >MT4 > YT
ch(mge ch(mge credit credit prwe price
ydrg o ury s dry U dr, ur
com coin totalDe 0sit totalDeposit tr)lalDe 0sit
(g, ugn, dipaibeoit g paibeosic | g pialbep C26
Ts Ts ’
totalDepostt d tamlDepm lt totalDeposit d change ch(mge
TS T8 T12 ’
credit credit prme price change change credit
drp sury ,dry s ugg Sdpg L Up L dry
credit price price }
T4 >MT4 > 2T4
1 5 coin price coin coin totalDeposit totalDeposit (‘hange change C27
[dTS ? uT4 {dTS uTS d uTS d T12 >
credit credit prtce price
dry s upe . dpg ", up
{ d com com d tamlDepout totalDeposit d rhange u change C28
T8 T12 >*
credit credit prtce price ch(mg,e ch(mge credit
dnz Upg »dry supg > drg Uz »drn s
cre(ht prwe prwe
,dra s urg”}
totalDeposit totalDeposit totalDe 05it totalDeposit tomlDe osit totalDeposit
16 | [diPeot "]{d posit g ppiaibeposit. toalDeposit  touaiDeposit C29
T5 TS5 T5
t()talDepo sit totalDeposit tot(tlDepm it totalDeposit C 3 0
{d7 s Ugs ,d7 ,Urs ,
d mtalDepnszl totalDeposit }
T5
1 totalDep(mt totalDeposit t()talDepout totalDeposit tot(llDep(mt totalDeposit 1
T | [d7% rabeposit ] | {d ek toalDeposit 1 o ) C3
{ d tomlDeptmt totalDeposit d totalDepo\tt totalDeposit C32
TS5 TS ’
d totalDepm lt totalDeposit }
TS
1 8 com totalDeposit mm coin totalDepmtt totalDeposit totalDep(mt C33
[dys", uys ] {d7s"  ups, dr » Urs ,d7 J
mtalDe 0sit
Ugps P2}
totalDeposit totalDeposit totalDep()\tt totalDeposit
19| dus , 11{dy ,up } C34
tomlDep(mt totalDeposit totalDepm zt totalDeposit C3 5
{ d TS d T6 }
t()mlDepm lt totalDeposit totalDepm lt totalDeposit C 3 6
{ d T5 d 75 ’
d tatalDepout totalDeposit }
» Urg
totalDeposit totalDeposit tatalDep() sit totalDeposit
20 [d ,ul 11 {d¥ ,ul } C37
totalDeposit totalDeposit /1 )talD 0sit totalD it
{d eposi ,u p d 0 eposi u (¢ eposi } C38
TS T6
totalDeposit totalDeposit mtalDe 0sit total D it
{d POS ,u D d D u ¢ epos , C39
TS T5
d tatalDep()\tt totalDeposit }
T6
coin totalDeposit coin (‘mn totalDepo\ lt totalDeposit
21 [ TS » 2'T6 ] { T5 » d T6 } C40
coin com tutalDepm lt totalDeposit tomlDepo sit 4
{ T5 » d TS5 d 4 Cal
tatalDeposlt
Urg }
coin rom tomlDep(mt totalDeposit mtachpmtt 42
{ T5 » d T5 d ’ C
totalDepawt tutalDep(mt totalDeposit
Urs ,d7 » Urg }
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selection price selection aelectwn prlCe price
22| [, ugre] {drs™", upy yUry ) C43
selection selection prtce price change change 4
{dry ™, urd™™, dry™, ugg™, dyg™, ury ™ Cd4
credit rredn price price
d T12 » T4 ’ d T4 > ¥T7 }
Aelectton price AeleCttOﬂ aelection price price
23 [d T7 {d T4 dT4 > TT } C45
selection selection price price change change
{drg ™ up ™™, dry ™ ugg  dyg L Uy C46
d credit credtt price price }
T12 » T4 YMT4 > P TT
totalDepout price tatalDep()\zt totalDeposit change change credit credit
24 [d7s T7 {drs T8 sdyg U dn LU, C47
d prtce ,u price }
T7
{ d totalDep(mt u totulDep(mt d totalDep(mt u totalDeposit d (‘hange 48
T8
change d credit credit price price
T12 T12 » T4 *MT4 >N TT }
2 totalDepmtt price t()mlDepmtt totalDeposit change change credit credit
5 [d7s r1 ] {dz7s T8 ,dr Urp > drg Uz, C49
d price price }
T4 > -T7
{ d totalDepmtt u totalDeposit d totalDep(mt ,u totalDeposit d change C 50
TS T8
change d credit ('redzt d pm'e prtce }
T12 T12 > T7
coin price coin cam totalDepmzt totalDeposit change change
26 [ T5 » 2717 ] { TS5 » d T8 d T12 ’ CSI
d credit credlt price price }
T12 > Urs > T4 > 2T7
coin cmn tntalDepo\n totalDeposit IutalDepmzt
{ 75 d Ts d ’ C52
totalDep(mt change change credit credtt price
Urg d Uiy Az Uz dg™,
price
ur; "}
T7
27 [ coin U i;tce ] { com ,u ;{;n d totalDep(mt ;i)ft;alDepr).m d change change C 53
T12 ’
credit credtt przce price
d T2 » d T7 }
totalDepos u‘ totalDeposit t()talDepm it t()talDepoxtt
28 | [d a 1| {d¥ , u } C54
{ d totalDepo.\tt ;?galDepoxzt d tatalDep(mt tT(‘Jf]alDeposit } CS 5
29 [ d totalDepostt totalDepovit ] { d totalDepmzt totalDeposit } C 56
T7 > T7
{ d totalDepout totalDeposit d totalDepout totalDeposit } C 57
TS T7
30 [ coin totalDeposit ] { coin cr)m d totalDepo\tt totalDepm it C 5 8
,u }
TS » 2117 TS » T7
{ d coin u coin d totalDepostt totalDeposit d t()talDepmtt C 5 9
TS TS
t()talDep()stt }
T7
1 selection change selection selection price prt( ¢ [é hange Lhange
3 [dT3 > U T1 ] { T3 > ¥ T3 d d Tll } C60
.\electmn \electton price prtce change Lhange
{dr » Urs T3 > ,d7 Urz™ > C61
dit credzt rice rice (‘han ¢ ch(m ce
dere d p p d i ge )
T12 > Uz
totalDeposit change IotalDepm lt totalDeposzt rhtlnge rhan ge
32| [d7 sUry ] {dr3 T8 ,d7 Uy ) C62
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{ d tatalDepm it totalDeposit d tatalDepmn totalDeposit d [& hange C63
TS T8
change
Uri J
{ d t()talDep(mt ,u totalDeposit d totalDepoAlt ,u totalDeposit C64
T5 TS ’
d totalDep(mt totalDeposit d change change }
T8 Tll
{ d tatalDepout totalDeposit d change change d credit credit C6 5
T8 T12 T2 » T4 ’
price price change change
dry“,uzg »dgg ,Upy )
{ d t()talDeprmt tatalDepastt d t()talDep(mt totalDeposit d change C66
TS5 T8
change credit credit prtce price change ( hange
Urpp dnz JUrg Ay, upg, dy ur ot
{ d totachpo.wt u totalDeposit d tatalDmen ,u l()l(llDep()A it C6‘7
TS5 TS ’
d totalDep(mt totalDeposit d change change d credit cre(lit
T8 T12 Ti2 » T4 4
przce price change change
JUrg »drg L, Upy )
totalDepam tatalDepostt change change credit credit C6 8
{drs T8 sdpg s Upp L dry L ur,
prtce price change change credit credn price
dry“,uzs »dr Urp - drg s A7
prlCe change change
d Tll }
{ d totalDeprmt totalDeposit d totalDep()A l[ totalDeposit d change C69
TS5 T8
change d credit credit d price prtce d (hange change
T12 T2 » T4 » T4 0 T12 4
credit credit przce price change change
dryp ,Ury »dzy ,Uzg ,d7 L
{ d tatalDepo.\tt totalDepastt d totalDepa.\zt totalDeposit C7 O
TS TS5 3
totalDepaatt totalDeposit change change credit credit
dy T8 drg U dr LU,
prrce price (hange change credit credit price
dry upg dyg s upy ,dpy s ug™, d”,
prtce rhange (hange
d Tl] }
33 aelecttan change .\elecnan selectir)n price przce change change C71
[d T1 1 ] { d T4 T4 > d Tl 1 }
aelectwn Aele(twn prtce pr:ce change change
{d7s ,df , dghonse g chanse C72
credit credit prtce prtce change change
drp, ,urp, ,dp ,dy L
totalDeposit change totalDeposit totalDepo.ut change change C7
34 [d7y Uz ) {drs » Urg NP P 3
{ d toralDepo.\ it .u totalDeposit d tatalDepam u totalDeposit d (hange C7 4
TS T8
change }
T11
{ d mtalDepm'zt ,u totalDeposit d totalDep(mt U totalDeposit C7 5
T5 TS 4
d tatalDepmtt totalDeposit d change change }
78 Tll
totalDepmtt totalDeposit change change credit crea’it C7 6
{d T8 d T12 dT12 sUrg
d prtce prtce d change change }
T1 1
{ d totalDepmtt totalDepostt d totalDepout totalDeposit d change C7 7
Ts T8
( hange credit credit price price change change
Ury Az Uy, dr ™ ung™, dy uz s}
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It)talDep()s it totalDeposit t()talDep()A it totalDeposit
{d7 ,Ugs ,dy , Ugs ,

d totalDepmu totalDeposit d change change d credit credit

C78

T8 T12 Ti2 > T4 3
price price change change
ra sUrg ,dz ury e}
{ d totalDepo.\zt totalDepostt d change change d credit { redit C79
> Urg Urpp iz > Ur4 >
prtce prtce change change credit credit price
dr ,dy Uz dyy s ug , di,
prtce change change
d Tl 1 }
{ d totalDepostt totalDeposit d totalDepm lt totalDeposit d change C 80
TS5 T8
change credit credit pnce price change change
Urpe ,dry s Uurg ,dry™, urg . dy Urp™ s

credit crea'tt prtce prlce change change
d T12 > d d T] i }

totalDep(mt totalDepostt totalDepr).\tt totalDeposit
{d7 ,Urs ,dy , Ups ,

dtatalDepostt totalDeposit dchange change dcre(ht credit

C81

T8 T 12 T12 > T 4
prlce price change change credit credtt price
sUrg >dpg s Urp Ay, upy T4
prtce d change change }
Tl 1
3 5 coin change coin cozn totalDepam totalDeposit change change C 8 2
[drs"ury ] {d75", ,d7 T8 Y i}

{ coin ( oin d totalDepmlt totalDeposit d tatalDep()\lt
TS5 » TS5
tatalDepoxzt change change

Urg d s Ug )

»

C83

{ coin cotn dtotalDepout totalDeposit dtotalDep(mt
TS » TS

totalDepostt dtotalDepostt totalDeposit dchange change}

3

C84

Ts T8 Tl 1
{ coin com d t()talDepmtt totalDeposit d changc r hange C 8 5
T5 »° T8 T12 ’

d credit credtt d prtce prtce d change change }
T12 » Tll

coin cotn totalDe osit totalDeposit totalDe osit
{dz5", N | i P

2

C86

tatalDepostt change change credit credit prtce
T8 ,d7 Urg »dyp »Uzs »dg
przce change change
d Tl 1 }
com coin I()talDe osit totalDeposit totalDe 0sit
{dg, ugyr, dpgioerest g paibeot | giabeest C87
TS5 TS5
wtalDeposzl d totalDep(mt totalDeposit d change change
T5 T8 T 12 >

credit credit prtce price change change
drp suzy dr s ugg ,dyg upy )

coin coin tatalDepostt tatalDepm it change chan ge
{d7s",uzs',d » Urg »d7 Uriz s
d credit credtt d price price d change change d credit
T2 » T 4 T4 > VT8 T 12 T2
credit prl(‘(. price changc c hang
Uz, ,dry urg . drg L Up

C88

coin cr)zn t{)talDe osit totalDeposit t()talDe 0sit
{d75", i A N Fo

’

t()talDep()stt change change credit credit price

Urs ,d7 Urp >y Uy > dzy™,
prtce change change credit credit prtce price
,d7 Urpy > dpp »ugys ,dy ™, uzg™,

change change
drg *up; )

C89
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coin coin totalDepom totalDeposit tatalDep(mt
{d7s",ups . dyg » Urs ,d7

totalDeposit totalDepmzt totalDeposit change ch(mge
Urs ,d7 » Urg ,dr Urz™

dcredzt credzt dpnce prtce dchange change dcredit
T12 » T12 > MTI2 0

C90

u;r:a'zt d pme u ;);tre dchange u;i{a]nge }
36 [ d;:;‘m u ;f;alnge] { dwm u ;{gn dtotalDep()ut u %alDepmu d Lh(mge (T hl(;nge } 91
{ ;‘t)gm ’ u;(;m dmtalDepmtt u;;galDepostt drhange u;li(;ngc ’ C9?2
;rlezdtt , rredtt d prtce ane dchange ;};(inge }
{ ;{;m u ;c;m dtotalDepout u;{);alDepastt dchange ;I;t;nge , C93
d;rleg'tt , credxt d prwe prtce dchange ;hlaznge d;rlezdit ,
u ;r:dtt d prtce pnce dch(mge ;Fialnge }
37 [d7,uy,] {dn’urs’drs’uru } C94
{dTl’uTS’dTS’uTS’dTS’u?ll} C95
38 [dy mm uTll] { ;{)sm’u;osm’ TS’uT8’dT8’u?ll} C96
{d75", ugy’, ?s’urs’drs’urs’drs’um} C97
39 [d75", uzy ] {dfg", usy', d7g, uzy, ) C98
40 [dn’u?]u] {dTl’uTS’dTS’uTll } C99
{dn’urs’drs’ursvd?/s’ulrvu} C100
41 [d75", ugy, ] { ;gsm’u;asm’drs’urs’drs’uyu} C101
{d75, ugy', dos, ugs, dos, ugy, d7g, ugy ) C102
42 [d7g", ury, ] {dfy", usy', dfg, ufy, } C103
43 [d2,ud,] {dTl’uTS’dTS’uTll } C104
{dTl’uTS’dTS’uTS’dTE;’u%I } C105
44 [ ;Osin’uru] { ;osm’u;osm’drs’urs’drs’uTll} C106
{ ;Osm’ ;osmvdrs’urs’drs’um’drsvurn} C107
45 [d75", u%x] {d;(gnvu;(;n dTS’uTll } C108
46 [ d credtt ;rle2dit { dcredzt , ;r:dir , d zezce , prwe dchange ;i;(;nge , d;rxezdit , C109
g
47 [ ;e;ectian , ;r]eéiit {d \elem(m sele(‘tmn d prtce prtce d rhange ;};{;nge , Cl 10
G ui
{d selection ,u ATe3lemon d prxce uﬁgce dchange ;l;aznge , Cl 1 1
d;r]e;lt , u;r:dtt , 7;3Zce uﬁ;:ce dchange ’;";{;nge d;rlezdit ,
ugs )
48 [ dlatalDep(mz u;rlezdu { dmtalDepmtt utTu;alDepo.m d(/umge ;/}(;nge d;‘rleZ{m , ;rle;/u } C 1 12
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{ d taralDepaut totalDeposit d totalDep(mt totalDeposit d change Cl 13

TS T8
change credit credit
Urge »drn »Urp
totalDe osit totalDeposit totalDe mtt totalDeposit
{ d POt 22 d P posit Cl14
Ts T5
d t(nalDepaut totalDeposit d (hange (hange d credit credit }
T8 T12 T12 > T12
totalDeposit totalDeposit chan e chan {3 credit (redit
{d posit. 4y P d g ¢ d , , Cl15
T8 T 12 T12 T 4
d prtce pnce d change change d credit crea'tt }
T12 T12 > T12
{ d totalDep(mt tatalDeposn d tatalDep(mt totalDeposit d change C 1 16
T5 T8
change credit credit price pme change (hange
Ury Az > Urg > drg, ,dy Urpp s
d credit credit }
T12 ° T12
{ d t()talDep(mt totalDeposit d t()talDepmzt totalDeposit C 1 17
TS TS5 ’
d latalDepmtt totalDeposit d change thange credit credit
T8 Urpp " s 8 s T4
prtce price change change credit credit
dry upg dpg Uz »dry Uz |
Aelectton credit Aelecttan .\electwn prtce price change change Cl 1 8
[drs Urip {dr A7y ugg s dpgt urgt,
credit ,u credit
T12 T12
{ d selectmn selectzon d przce prtce d change Lhange Cl 19
Tl2 >
credit credit prtce price change change
dT]2 s Urg s sUrg dpg U
d credtt credu
T12 T12
[ d tatalDep(mt credit { d totalDep(mt totalDeposit d ci hange ch(mge d credit credit } C 1 20
T12 T8 T]2 T2 T12
totalDe osit totalDeposit tatalDe 08 lt totalDeposit chan e
{ d P u P d P p d i1 C121
TS5 T8
change credit credit
Urp A7 U )
{ d tolalDep(mt ,u totalDeposit d totalDepaAtt ,u totalDeposit , C 1 22
TS TS5
tatalDepmtt totalDeposit change change credit credit
d; U7g sArg s Uppy s, dyy Uy )
totaIDepmtt totalDeposit change change credit credit C 1 23
{drs » Urg ,d7 Urp e o drn LUz,
prtce prtce change change credit credit
dz ,d7 Uz > drn > U, )
totalDe 0sit totalDeposit t()talDe 0sit totalDeposit change
{(digtateposit g tomaiDeposic. - o toralDeposit.  1oaiDeposic - change 1 C124
TS T8 T
change credit credit prtce price change r hange
Upy o dyn > Uurg A7y, ugg L dy Uriz™
d credit u credit
T12 T12
{ d mtalDepzmt ,u totalDeposit d totalDep(mt u totalDeposit C 1 2 5
TS TS »
totalDepo.\'it totalDeposit change change credit credit
d Urg d’l8 712 dnz »Bra >
prtce price change change credit credit
d7i upg sdpg o Ut dey LUy, )
[ coin credit { coin cnm d mtalDep(mt totalDeposit d change change C 1 26
TS » Y TI12 T5 » T8 T12 ?
credit credit
dri; U7y
{ coin u)m d t()talDep(mt totalDeposit d totalDepout C 1 27
TS » T5 ’
tatalDepm'tt d change change d credit credtt }
T8 T12 T12 > T12
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coin coin totalDeposit totalDeposit totalDeposit C 1 28
{dys", uzs", dos »Urs »drs :
totalDeposit totalDeposit totalDeposit change change
Urs » d7s » Urg sdzg Uz
d credit u credit
T12 * YTi12
coin coin totalDeposit totalDeposit change change
{d7s", ups', dys » Urg ydyg U C129
credit credit price price change change credit
dry >urps ,dr urg ,dzg - U ,dmy
credit
u
T12
coin coin totalDeposit totalDeposit totalDeposit C130
{d7s", ups ,dzs » Urs »d7s )
totalDeposit d change change d credit credit d price price
T8 > MT8 *MTI2 2 MTI2 2 MT4 2 MT4 0 VT8
change change credit credit
dzg " Upp LAy, Ur
{ d coin coin d totalDeposit totalDeposit d totalDeposit C 1 3 1
s » Urs » Urs » Urs » s )
totalDeposit totalDeposit totalDeposit change change
Urs , d7s » Urg s dzg © s Urp,
credit credit price price change change credit
dry surs ,dp s upg ,dzg s uppt ,diy
credit
Uy |
712
coin credit coin coin totalDeposit totalDeposit change change C 1 32
[drs > Uzp {drg ,urg > dyy » Urg sdyg s Upg
d credit u credit
712 » Y TI2
{ d coin u coin d totalDeposit totalDeposit d change u change , Cl133
T8 » ©T8 *» T8 > T8 *MT8 T12

d credit credit d price price
T12 > ~T4 > >~T4 > ™78
credit

Uriz

d change change d credit
> M T8 > Y T2 >

T12 >

2. Construct an activating path for each IPO,-df-chain

# Activating Path

Cl T1T2

C2 T3TS T8 T12 T2
C3 T4 T8 T12 T2

C4 T1T2

C5 T3 TS T8 T12 T2
Co6 T4 T8 TI12 T2

C7 T1T2

C8 T3 TS5 T8 T12T2
C9 T4 T8 TI2 T2

C10 T3 TS5 T8 T12 T4
Cl1 T3 T8T12T4*

C12 T3 TS T8 T12'T4
C13 T3T5 TS T8 T12 T4
C14 T4 T8 T12 T4

Cl15 T4 T8 T12 T4

Cl16 T4 TS T8 T12 T4
C17 T4 TS5 T5T8T12 T4
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C18 T4 T8 T12T4 T8 T12 T4
Cl19 T4 TS5 T8 T12T4 T8 T12 T4
C20 T4 TSTST8T12T4 T8 T12 T4
C21 T5 T8 T12 T4

C22 TST5T8T12T4

C23 T5T5 TS T8 T12 T4
C24 T5 T8 T12 T4 T8 T12 T4
C25 T5STS5T8T12T4 T8 T12 T4
C26 T5 TS5 TS T8 T12T4 T8 T12 T4
C27 T8 T12 T4

C28 T8 T12 T4 T8 T12 T4
C29 T3 T5

C30 T3T5TS

C31 T4 TS

C32 T4 T5TS

C33 T5T5

C34 T3 T6

C35 T3T5T6

C36 T3ITSTST6

C37 T4 T6

C38 T4 TS T6

C39 T4 T5 TS5 T6

C40 T5T6

C41 T5T5T6

C42 T5T5T5T6

C43 T3T5T7

C44 T3T5T8T12T4T7

C45 T4 T7

C46 T4 T8 T12 T4 T7

C47 T3 T8 T12 T4 T7*

C48 T3 T5 T8 T12 T4 T7

C49 T4 T8 T12 T4 T7

C50 T4 T5T8T12 T4 T7

C51 TS T8 T12 T4 T7

C52 T5TS5 T8 T12 T4 T7
C53 T8 T12 T4 T7

C54 T3 T7*

C55 T3T5T7

C56 T4 T7

C57 T4 T5T7

C58 T5T7

C59 T5 TS5 T7

C60 T3TST8TIL

C61 T3TSTE8T12T4 T8 T11
Co62 T3 T8 T11*

153




C63 T3 TS T8 T11

Co64 T3 TS TS T8 T11

C65 T3T8T12T4 T8 T11*

C66 T3T5T8T12 T4 T8 T11

C67 T3TSTST8T12T4 T8 T11

C68 T3T8T12T4 T8 TI2T4 T8 T11*
C69 T3T5T8T12T4 T8 T12 T4 T8 T11
C70 T3ITSTS5TETI2T4 T8 T12 T4 T8 T1l
C71 T4 T8 T11

C72 T4 T8 T12T4 T8 T11

C73 T4 T8 T11

C74 T4 T5T8TI11

C75 T4 T5T5 T8 T1l

C76 T4 T8 T12 T4 T8 T11

Ci7 T4 T5T8T12T4 T8 TI11

C78 T4 T5T5T8T12T4 T8 T11

C79 T4 T8 T12T4 T8 T12T4 T8 T11
C80 T4 T5T8T12T4T8T12T4 T8 T11
C81 T4TS5TST8TI2T4 T8 T12 T4 T8 T11
C82 T5T8T11

C83 T5TS5T8TI1

C84 TSTSTS5ST8TI1

C85 TST8T12T4 T8 T11

C86 TS5T5T8T12T4 T8 T11

C87 TSTSTST8TI2T4 T8 T11

C88 TST8TI12T4 T8 T12T4 T8 T11
C89 TST5TE8T12T4T8T12T4 T8 T11
C90 TSTSTST8TI2T4 T8 T12T4 T8 T11
C91 T8 T11

C92 T8 T12T4 T8 T11

C93 T8TI12T4T8TI12T4 T8 T11

C9%4 TI T3 T8 T11*

C95 TIT3T5T8TI11

C96 TS T8 T11

C97 TSTST8TI11

C98 T8 T11

C99 T1I T3 T8 T11*

C100 T1T3T5T8TI11

C101 T5 T8 T11

C102 T5ST5T8TI11

C103 T8 T11

C104 TIT3 T8 TI1*

Cl105 TIT3TST8TI11

C106 T5ST8 T11

C107 TSTST8TIL
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C108 T8 T11

C109 T1T4 T8 T12*

Cl110 T3 TS5 T8 TI2

Cl11 T3TST8T12T4 T8 T12
Cl112 T3 T8 T12*

Cl113 T3T5T8TI12

Cl114 T3TSTST8TI12

Ci15 T3 T8 T12 T4 T8 T12*
Cl116 T3TST8T12T4 T8 T12
Cl117 T3T5ST5TET12T4 T8 T12
Cl118 T4 T8 T12

Cl119 T4 T8T12T4 T8 T12

C120 T4 T8 T12

Cl21 T4 T5 T8 T12

C122 T4 TS TS5 T8 T12

C123 T4 T8 T12 T4 T8 T12

C124 T4 T5T8T12 T4 T8 T12
C125 T4TSTST8T12T4 T8 T12
C126 TS T8 T12

C127 TS T5T8TI12

C128 TSTST5T8TI12

C129 TS5T8T12T4 T8 T12

C130 TST5T8TI12T4 T8 T12
C131 TST5TST8TI2T4 T8 T12
C132 T8 T12

C133 T8 T12 T4 T8 T12

* means an activating path is infeasible.

3. Generate a set of test paths that cover each IPO,-df-chain at least once

Test id(s) | Test Paths IPO,-df-chains covered by
a test path
1 T1T2 Cl1,C4,C7
TIT3TST8TI2T2 C2, C5, C8, C29, C110, C113,
C126,C132
3 TIT3TS5T5T8TI2T4T5T8 T12T4 | C3, C6, C9, C13, C14, Cl15, 16,
T8 T12 T4 T8 T12 T2 C19, C21, C22, C24, C27, C28,
C29, C30, C31, C33,C114, C118,
C119, C120, C121, C123, Cl124,
C126, C127,C129, C132, C133
4 TIT3TS5T7 C29, C43, C55, C58
5 T1T3TS T8 T12 T4 T7 C10, C12, C21, C27, C29, C44,
C45, C48, C51, C53, C56, C110,
C113, C126, C132
6 T1IT3T5T8T12T4 T8 T12 T4 T7 C10, C12, C14, C15, C21, C24,
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C27, C28, C29, C45, C46, C49,
C53, C56, Cl110, Cl111, Cl113,
Cl116, C118, C120, C126, C129,
C132,C133

T1IT3TS5T8T12T4T5 T8 T12 T4 T7

C10, C12, C16, C21, C27, C29,
C31, C45, C50, C51, C53, Cs6,
C110, C113, C121, C126, C132

TIT3TST8TI2T4T5T5 T8 T12T4
TSTST8T12T4 TS T7

C10, C12, C17, C21, C22, C27,
C29, C31, C32, C33, C57, C58,
C110, C113, C122, C126, C127,
C132

T1T3T5T8T12T4 T8 T12 T4 T8 T12
T4 T8 TI12T4 TS T8 T12T4T7

C10, C12, C14, Cl15, Cl6, C18,
C21, C24, C27, C28, C29, C31,
C45, C50, C51, C53, C56, C110,
Cl111, C113, Cl116, C118, C119,
C120, C121, C123, C126, C129,
C132,C133

10

TIT3TST5T8TI12T4 T8 T12T4 TS
T8 T12T4 T8 T12 T4 TS5 T6 T5 TS T7

C13, C14, C15, Cl16, C19, C21,
C22, C24, C25, C27, C28, C29,
C30, C31, C33, C38, C40, C58,
C59, Cl114, C117, C118, C120,
C121, C124, C126, C127, C129,
C130, C132, C133

11

TIT3TS5T8T12T4 TS T5 T8 T12T4
T8 T12T4T6 TS TS T8 T12 T4 T7

Cl10, Cl12, C14, C15, C17, C20,
C21, C22, C24, C25, C27, C28,
C29, C31, C32, C33, C37, C45,
C51, C52, C53, C56, C110, C113,
C118, C120, C122, C126, C127,
C129, C130, C132, C133

12

T1T3T5T8T11

C29, C60, C63, C82, CI1, C95,
C96, C98, C100, C101, Cl103,
C105, C106, C108

13

T1T3TST5T8 T11

C29, C30, C33, Co64, C82, C83,
C91, C96, C97, C98, C101, Cl102,
C103, C106, C107, C108

14

TIT3TSTET12T4 T8 T11

Cl10, C12, C21, C27, C29, C6l,
Co66, C71, C73, C85, C91, C92,
C98, C103, C108, C110, C113,
C126, C132

15

TIT3TST5T8 T12 T4 T8 T11

C13, C21, C22, C27, C29, C30,
C33, C67, C71, C73, C85, C86,
C91, C92, C98, Cl103, CI108,
Cl114, C126, C127, C132

16

TIT3TSTE8TI12T4 TS T8 T11

C10, C12, C21, C27, C29, C31,
C74, C82, C91, C96, CI98, C101,
C103, C106, C108, C110, C113,
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C126,C132

17

TIT3T5T8TI2T4T5T5T8TI1

Cl10, C12, C21, C27, C29, C31,
C32, C33, C75, C82, C83, C91,
C96, C97, C98, Cl01, Cl102,
C103, C106, C107, C108, C110,
C113, C126, C132

18

TIT3TSTST5T8T12 T4 T8 T11

C21, C22, C23, C27, C29, C30,
C33, C71, C73, C85, C86, C87,
91, C92, C98, Cl103, Cl108,
C126, C127, C128, C132

19

TIT3T5T8T12T4 T8 T12 T4 T8 T11

Cl10, C12, C14, C15, C21, C24,
C27, C28, C29, C69, C71, C72,
C73, C76, C88, C91, C92, C93,
C98, C103, C108, C110, CI111,
Cl113, C116, C118, C120, C126,
C129, C132, C133

20

TIT3TSTS T8 T12 T4 T8 T12 T4 T8
T11

C13, C14, C15, C21, C22, C24,
C25, C27, C28, C29, C30, C33,
C70, C71, C72, C73, C76, C88,
C89, C91, €92, C93, C98, C103,
C108, C114, C117, C118, C120,
C126, C127, C129, C130, C132,
C133

21

T1T3T5T8T12 T4 T5 T8 T12 T4 T8
TI1

C10, C12, C16, C21, C27, C29,
C31, C71, C73, C77, C85, C91,
C92, C98, C103, C108, Cl110,
C113,C121,C126, C132

22

TIT3TST8TI2T4T5T5 T8 T12 T4
T8 TI1

Cl10, C12, C17, C21, C22, C27,
C29, C31, C32, C33, C71, C73,
C78, C85, C86, C91, C92, C98,
C103, C108, C110, C113, C122,
C126, C127, C132

23

TIT3T5T8TI2 T4 T8 T12 T4 T8 T12
T4 T8 T11

Cl10, C12, C14, C15, C18, C21,
C24, C27, C28, C29, C71, C72,
C73, C76, C79, C91, C92, C93,
C98, C103, C108, C110, CI111,
Cl113, Cl116, C118, C119, C120,
C123, C126, C129, C132, C133

24

TIT3TST6TSTS TS T8 T12 T4 T8
T12 T4 T8 T11

Cl14, C21, C22, C23, C24, C25,
C26, C27, C28, C29, C33, C35,
C40, C71, C72, C73, C76, C88,
C89, C90, C91, C92, C93, C9I8,
C103, C108, C118, C120, C126,
C127, C128, C129, C130, C131,
C132, C133

25

T1T3TST8T12T4T5 T8 T12T4 T8

C10, C12, C14, C15, Cl16, C19,
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T12T4 T8 T11

C21, C24, C27, C28, C29, C31,
C71, C72, C73, C76, C80, C88,
C91, €92, C93, C98, C103, C108,
C110, C113, C118, C120, C121,
Cl124, Cl126, C129, C132,C133

26

TIT3T5T5T6T8T12T4T5T5TS8
T12 T4 T8 T12 T4 T8 T1l

Cl10, Cl14, C15, Cl17, C20, C21,
C22, C24, C25, C27, C28, C29,
C30, C31, C32, C33, C36, C40,
C41, C71, C72, C73, C76, C81,
C88, C89, C91, C92, C93, C98,
C103, C108, C118, C120, C122,
C126, C127, C129, C130, C132,
C133

27

TIT3T6TSTSTST6 TS TS TS T8
TI2T4TSTST6 TS TS TS T8 T11

C21, C22, C23, C27, C31, C32,
C33, C34, C39, C40, C41, C42,
C82, C83, C84, C91, C96, C97,
C98, C101, C102, C103, C106,
C107, C108, C126, C127, C128,
C132
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C.4 Test Results after applying STSR and DTSR programs to the test suites in C.3
By applying STSR

Branch Coverage

Transition | Number of Number of List of eliminated test cases
test cases reduced test cases (specified by test ids)
T2 1 1
T5 2 11| Test_2
T8 2 1| Test_2
T11 1 1
T12 1 1

All-uses Coverage

Transition | Number of Number of List of eliminated test cases
test cases reduced test cases (specified by test ids)
T2 2 2
T5 6 3| Test_5, Test_7, Test_8
T8 5 3 | Test_6, Test_8
T11 1 1
T12 5 3 | Test_6, Test_7

IPO,-df-chains Coverage

Transition | Number of Number of List of eliminated test cases
test cases reduced test cases (specified by test ids)
T2 3 3
TS 26 6 | Test_4, 5, 6, 10, 11, 12, 14,

15, 16, 17, 18, 19, 20, 21,
22,23, 24, 25, 26, 27

T8 25 6 | Test_5, &, 9, 10, 11, 12, 14,
16, 17, 18, 19, 20, 21, 22, 3,
24, 25, 26, 27

T11 16 6 | Test_18, 19, 20, 21, 22, 23,
24, 25,26, 27

T12 23 6 | Test_5, 8, 9, 10, 11, 14, 16,
17, 18, 19, 21, 22, 23, 24,
25, 26, 27
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By applying DTSR

Branch Coverage

Transition | Number of Number of List of eliminated test cases
test cases reduced test cases (specified by test ids)
T2 1 1
T5 2 1| Test_2
T8 2 1| Test_2
T11 1 1
T12 1 1

All-uses Coverage

Transition | Number of Number of List of eliminated test cases
test cases reduced test cases (specified by test ids)
T2 2 2
T5 6 3 | Test_4, Test_6, Test_7
T8 5 3 | Test_5, Test_7
T11 1 1
T12 5 3 | Test_5, Test_6
IPO,-df-chains Coverage
Transition | Number of Number of List of eliminated test cases
test cases reduced test cases (specified by test ids)
T2 3 3
T5 26 13 | Test_4, 5, 6, 12, 14, 15, 16,
19, 20, 21, 22, 23, 25
T8 25 21 | Test_5, 12, 14, 16
T11 16 16
T12 23 17 | Test_5, 14, 16, 17, 19, 21
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Appendix D: Cruise Control System

D.1 Requirements of the Cruise Control System (CCS)
A Cruise Control System (CCS) maintains the speed of a car at a pre-selected value. The
CCS calculates the required output to be passed on to the actuator and maintains the
cruise speed by controlling the throttle. Physically the system consists of a control
module, a sensor that measures wheel revolutions, the accelerator, the brake, and a
control panel with all the displays and buttons to inform the user. There are six
control buttons on the control panel: On, Off, Set, Resume, Accel and Coast.
There are two displays on the control panel: the current speed and the cruise
speed.
R = {r| ris a requirement which is a transition} or
R = {r| ris arequirement which is a sequence of transitions}.
R={rl,r2,¢3,rd,r5, r6,r7,r8, r9, r10, r11} for the CCS EFSM where:
r1: When the CCS is on, the user can set the cruise speed as the current speed by
using the Ser button. The CCS is now activated. The CCS will store the current
speed as the new set value for the cruise speed. The current speed must be at least
40km/h. The CCS displays the cruise speed set. The unit used in the speed display
is km/h.
rl =T2
r2: The CCS measures the current speed every 2 seconds and shows it on the control
panel’s speed display. The speed is measured by a sensor detecting wheel

revolutions of the car.

r2=T3
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r3:

rd:

rs:

r6:

rT:

r8:

r9:

If the current speed is greater than the cruise speed, the cruise control calculates
the required speed value to decrease the current speed.

3=T4

If the current speed is smaller than the cruise speed, the cruise control calculates
the required speed value to increase the current speed.

rd=T5

If the current speed drops below 35km/h, the CCS is suspended automatically.
r5=T8§

The user can increase the cruise speed using the Accel button. Every hit on the
Accel button will increase the cruise speed by 1km/h.

6 =T6

The user can decrease the cruise speed by using the Coast button. Every hit on the
Coast button will decrease the cruise speed by 1km/h.

r1=T7

When the user presses the brake pedal, the CCS is suspended and the car speed
changes according to the manual control. Cruise control may be reactivated by
using the Resume button.

r8=T9

When the user presses the accelerator pedal, the CCS is suspended and the car
speed changes according to the manual control. The CCS may be reactivated by
using the Resume button.

9 =T10
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r10: The Resume button reactivates the CCS and the current speed is reset to the last

set cruise speed.

rl0 =T11

r11: While CCS is activated, the user turns the CCS off by using the Off button.
r11=T13

D.2 The EFSM Model of the CCS

T4
SensorSpeed(current speed)
[current speed > cruise speed]/

dec = current speed - cruise speed
current speed = current speed - dec

display(current speed) T5
T3

SensorSpeed(current speed)
SensorSpeed(current speed) [current speed < cruise speed
[current speed = = cruise speed}/

and
2 display(current speed) current speed = deactivating speed}/ T8
Set(current speed, brakeR, accelR) inc = cruise speed - current speed SensorSpeed(current speed)
[current speed = min speed current speed = current speed + inc
Tl and current speed < max speed
On() and brakeR = = true and accelR = = true]/
[engine On = = true]

[current speed < deactivating speed]/
display(current spee:

CS = suspended

cruise speed = current speed
/CCS =on CCS = activated
s1 display(cruise speed)

gt
Brake() /
CCS = suspended

Coast(current speed) 6

Accelerator() /
[current speed = min speed]/ 1 CCS = suspended
Ti4 cruise speed = cruise speed - step speed
OFf() pesisplay(cruiscpspccd) D spe Resume(current speed, bl:u eR, accelR)
JCCS = off {current speed = min speed
T6 and
O“ff?) Accel(current speed)

/CCS = off

current speed < max speed

[current speed <max speed)/ and accelR = = true

cruise speed = cruise speed + step speed

and brakeR = = true)/
display(cruise speed) current speed = cruise spepd
CCS = uctivates
T2 display(curreptSpeed)
Off ()

/ CCS = off

Symbol Definition

System inputs

On(): the On button is pressed by the driver.

Off(): the Off button is pressed by the driver.

Set(current speed, brakeR, accelR): the Set button is pressed by the driver.
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- Resume(current speed, brakeR, accelR). the Resume button is pressed by the
driver.

- SensorSpeed(current speed): the CCS reads the current speed of the car.

- Accel(current speed): the Accel button is pressed by the driver.

- Coast(current speed): the Coast button is pressed by the driver.

- Brake(): the brake pedal is pressed by the driver.

Accelerator(): the accelerator pedal is pressed by the driver.

System outputs
- current speed: current driving speed of the car.
- cruise speed: speed stored in the controller to be maintained.
System variables
- CCS: status of the CCS. CCS € {on, off, activated, suspended}
- dec: amount of speed to be decreased by the accelerator to reach the cruise speed.
- inc: amount of speed to be increased by the accelerator to reach the cruise speed.
- brakeR: Boolean variable indicating that the brake is released if set to true.
- accelR: Boolean variable indicating that the accelerator is released if set to true.
- engine On: Boolean variable indicating that the engine is On if set to true.
- current speed
- cruise speed

Constants

- max speed: maximum cruise speed. max speed is 180 km/h.

- min speed: minimum cruise speed. min speed is 40 km/h.
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- deactivating speed: speed that suspends the CCS automatically. deactivating
speed is 35 km/h.

- step speed: step speed is 1 km/h.

States

Start: the CCS is Off.

S1: Ready. The CCS is On and not yet activated. It is waiting for the driver to activate
it by setting a cruise speed using the Set button.

S2: Set. A cruise speed is set and the CCS is maintaining it. The CCS is now
activated.

§3: Wait. The CCS is suspended and there is a cruise speed set. The CCS is waiting
until the driver presses the Resume button to reactivate the CCS.

Exit: The CCS is Off.

D.3 Three Test Suites for the CCS derived from three techniques namely, branch
coverage, all-uses coverage and IPO,-df-chains coverage.

Branch Coverage

Complete Test Suite: {

T1 T14,

T1T2T3T4 T8 T11T9 T12,
T1T2T5T6T7T10T11 T13

}

All-uses Coverage

1. Identify all du-pairs from the EFSM model

Variables Def(s) Use(s)
accelR daccelR Py
dzi™ i
brakeR dbrakek p arkeR
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d brakeR P brakeR
Tl T11
CI'Ui se § eed cruise _ speed cruise speed cruise _ speed cruise _ speed
-Sp dz; Cr T3 T4 ,
cruise _ speed ,C cruise _ speed cruise _ speed
Pra Ts TS )
cruise _ speed ,C cruise _speed ,C cruise _speed
T6 77 T11
d rrune _speed cruise _ speed cruise _ speed cruise _ speed
T3 »Cry T4 ,
c cruise _ speed cruise _ speed cruise _ speed
T5 TS5 T6 ’
cruise _ speed cruise _ speed
Cry » Cpyj
cruise _speed cruise _ speed C cruise _ speed cruise _ speed
77 Prs »Pra )
c cruise _ speed crutxe_speea’ C cruise _ speed
TS TS T6 ’
cruise _ speed ,C cruise _ speed
T7 TH
current speed current _ speed c current _ speed current _ speed
- T2 T2 »Pra2
current _speed c current _speed current _ speed
73 T3 »Pr3
d current _speed C current _speed current _speed
T4 s Pry
d current _speed c current Apeed current _speed
TS TS
d current _speed current _speed
Prs
d current _ speed current _speed
T7
current _ speed current _speed
T8 T8
d current _ speed current _ speed current _ speed
T11 Crn » Priy
Dec de(‘ dec
dy Cr4
inC inc inc
TS Crs

2. Construct an activating path for each du-pair

# DU-Pair

DU-Pairs

Activating Paths

accelR accelR

[dry"" . pry ] 12
accelR accelR

[d7yy > Pry | Tl
brakeR brakeR

[dlrakeR | pbrakeR ) T2
brakeR brakeR

[d7 > Pry ) T11

[ cruise _ xpeed crume _speed T2
T2

[ d cruise - speed

crume _speed

T2 T3

[ d crutse speed

crume _speed

T2 T4

[d cruise __ speed

T4

T2 T4

O 00 N O] | B W

[d cruise _ speed

cruise _

speed
»Crs

T2T5

—
(o)

[d cruise _ speed

k4

cruise _ speed

Prs

T2T5

[am—y
—_—

cruise _ speed
[d75" %,

crume _speed

]
]
]
p cruise _ speed ]
]
]
]

T2 T6




12

[d cruise

_speed cruise _ speed
€19 ]

T2 T7

13 [d e speed | cruie_speed | T2T9 T11
14 [ d cruue _ speed ; p;r;me speed ] T6 T3

15 [dcse —speed  crue ~speed | T6 T4

16 [d;rgwe-weed , p;r;;»e speed 1 T6 T4

17 [ reise-speed | crise_peed | T6 TS5

18 [ gruise - specd ,p;rsm\f peed 1 T6 T5

19 [ risepeed ¢ cruve _speed | T6 T6

20 [di’é"”‘”’“‘l cpp ] T6 T7

21 [ crise—spesd ¢ crise _peed | T6 T10 T11
22 [ d cruise _ speed , p;r;u.se speed ] T7 T3

23 [ d;r;nse_.\‘peed , ¢ cruie-peed | T7 T4

24 [d7y -7, p?Z’” weed ] T7T4

25 [l s —speed " e e | T7T5

26 [ crse—speed p;r;me speed | T7T5

27 [ crise speed | crise_spesd | T7 T6

28 [d¢ crutse_SPeed C;r_.,me .speed] T7 T7

29 [ Crise—speed | cruise_speed | T7 T8 T11

30

[ d current speed

,C current _ speed
T2

T2

31

[d current _ speed

current _speed

» Pra

T2

32

k]

[d<urrent speed furrcnz _speed

T3

33

[ d current _ speed

current speed

T3

34

[ d current _ speed current _ speed

»Cry

T4

35

[ d current _speed

current _ speed

» Pra

T4

36

[ d current _Speed

CTS

T5

37

[ d current _speed

current _speed
b

T5

38

[ d current _speed

current _ speed

»Pre

T6

39

[ d current _Speed current _ speed

»Prr

17

40

[ d current _speed
T8

current _ speed

s Prs

T8

41

[ d current _ speed current _ speed

T11

» €711

T11

42

[ d current _speed

T11

current _ speed

]
]
]
]
]
]
current _speed |
]
]
]
]
]
»Pri ]

T11

43

dec dec
[dT4 ? C T4

T4

44

[d7;, ¢

inc
T5

T5
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3. Generate test paths to cover all activating paths

Test 1d(s) Test Paths DU-pairs covered
by a test path

1 TIT2T3T9TII T6 T4T7 T3 T8 T11T13 | 1,2,3,4,6, 13, 15, 16, 22, 30,
31, 32, 33, 34, 35, 38, 39, 40,
41,42,43

2 T1T2T4T6 T3 T10T11T7 T4 T13 1,2,3,4,7,8, 14, 23, 24, 30,
31,32, 33, 34, 35, 38, 39, 41,
42,43

3 T1T2T5T6 T7T6 TS5 T13 1,3,9,10, 17, 18, 20, 30, 31,
36,37, 38,39, 44

4 T1T2T6 T6 T7 TS5 T10T12 1,3,11, 19, 20, 25, 26, 30, 31,
36,37, 38, 39, 44

5 T1T2T7T7T6T9 T12 1,3,12,27,28, 30, 31, 38,39

IPO,-df-chains Coverage

1. Identify all ipo-pairs and their IPO,-df-chains from the EFSM model

Ipo-pairs

current _ speed
LN (5

IPO,-df-chains
current _ speed current _ speed current __speed cruise _ speed cruise _ speed
» Ury 1| {dr; » Urs s » Uy ’ Cl
dec dec current _ speed current _ speed
dry,urg,dyg »Ury }
T2 T4
current _ speed current _ speed cruise _speed cruise _ speed C2
{d72 »Urg ,d75 » Urg )
cruise _ speed cruise _ speed dec dec current _speed
dT6 » T4 ’dT4’uT4’dT4 ’
current _ speed
T4
T2 T6 T4
current _ speed current _ speed cruise _ speed cruise _ speed
{dT2 > ¥T2 ? dT2 > B T7 ’ c3
cruise _ speed cruise _ speed dec dec current _ speed
dT7 > T4 ’dT4 > Y T4 ’dT4 »
current _speed
u }
T4
T2 T7 T4
current _speed current _ speed cruise _ speed cruise _ speed
{d73 »Ury ,d73 » Urg , | C4
d cruise _ speed cruise _speed d cruise _speed cruise _ speed
T6 » ' T6 > T6 > Y T4 4
dec dec urrent _ speed current _ speed
Ay, Uzy, Ay =7 ugy™ }
T2T6 T6 T4
current _ speed current _ speed cruise _ speed cruise _ speed
{dr; » Ury ,d7s » Uz , | ©3
d ;rgise_ speed u ;r;u‘se_ speed , d ;r;ise _speed u ;r:ise_ speed ,
dec dec current _speed current _speed
dzy,ury.dyy JUpy P
T2T6 T7 T4
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current _ speed current _ speed crut\e speed cruise _ speed
{ ~speed peed | cruise _speed g P C6
T2 T2 T7 ’
cruise _ speed cruise _ speed c rume \peed cruise _ speed
7 » Urg , d7 »Ury )
d dec u dec current _ speed u current _ speed }
T4 2 T4>MT4 s Y T4
current _speed current _ speed (ruue speed cruise _ speed
{ ~sp ,u p d P ,u 4 , C7
T2 T2 T7
d cruise _speed cruise _ speed d cruise Apee(l cruise _ speed
77 * T T4 ’
dec dec current _ speed ¢ urrent _speed
drg,ury,dr, »Ur }
current _ speed current _ speed crm\e speed cruise _ speed
{ el et e peed | C8
T2 T2 T6
cruise _ speed ,u cruise .\peed cruise _ xpee(l u cruise _ speed
T6 76 T6 T7 ?
cruise _speed cruise _ speed d dec dec current _ speed
77 »Ury 74 s Urs » Upy >
current _ speed }
T4
{ d current speed current _ speed d crume Apeed cruise _ speed C9
T2 T6 ’
cruise _ speed ,u cruise _ speed d cruue Apeed cruise _ speed
T6 T6 T7 ’
cruise _ A‘peed cruise _ speed d cruise _speed u vrume _speed
T7 T7 ’
d dec u dec current _speed current _speed }
T4 > Y T4 T4 > U T4
current _ speed current _speed crm\e speed cruise _speed
{ -speed P d peed 4 -speed C10
T2 T2 T6
cruise _ speed cruise _ speed cruue speed cruise _ speed
T6 » Ury ,d7 » Urg ,
cruise _ speed U cruise _ speed d dec u dec current _ speed
T6 T4 T4 % T4 T4
current _ speed
Ury }
current _speed current _ speed (‘rune speed cruise _ speed
{ - 5p u P d D u P , C1l1
T2 T2 T6
cruise _ speed cruise _ speed cruise Apee(l cruise _ speed
T6 » Ury »dry » Urg )
cruise _ speed cruise _ speed d crume _speed cruise _ speed
76 » Ury »Ury ’
d dec u dec current _ speed ,u current _ speed }
T4 > T4 MT4 T4
T2T6 T7 T6 T7 T4
current _speed current _speed cruue speed cruise _ speed
{ ~speed P d peed P , Cl12
T2 T2 T6
cruise _ speed cruise _ speed d cruise speed cruise _ speed
T6 > B T7 T7 ’
cruise _ speed cruise _ speed d dec de(: d current _ speed
T7 * VT4 74 s Urg s Upy ’

current _speed }

uy
T2 T6 T7 T7 T4
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{ d current _speed ,u (Tuzrrent Apeed ;rzuise _speed ,u ;rgixe _speed , C 1 3
cruise _ speed cruise _speed d cruise tpeed cruise _ speed
T6 s U T7 T7 ’
cruise _ speed cruise _ speed d crume _speed u cruise _speed
T7 > T6 T4 s
dec dec current _ speed current _ speed
dry,ury,drg »Ury }
T2T6T7T7 T6 T4
{d current _ speed u current _ speed d (ruue _ speed ,u cruise _ speed C 14
T2 T7 ’
d cruise _ speed cruise _ speed d crune speed cruise _ speed
T6 T6 ’
d crune _speed U ;r:t’se_xpeed d ;i(;r ,u ?e: , ;u;rent_.\'peed ,
current _ speed
Ury }
T2 T7 T6 T6 T4
{ d current _speed u current _speed d crume _speed ,u cruise _ speed C 1 5
T7 ’
d crut.se Apeed cruise _ speed d crume speed cruise _ speed
T6 T6 ’
d cruise _ speed cruise _ speed cruise _ speed
d cruise _spee: ,u d
T7 T4 I
dec dec current _ speed current _ speed
d7g,Ury,dz, »Ury }
T2T7T6T6TT7 T4
{ current _ speed u current _ speed d cruue _speed ,u cruise _ speed Cl6
T2 T2 T7 4
d cruzse Apeed cruise _ speed d cruue .speed cruise _ speed
T6 T7 ’
cruise _ speed cruise _ speed dec dec current _ speed
dz; > Urg dzy,ury,drg )
current _ speed
Ury }
T2 T7 T6 T7 T4
{ ;uzrrent _speed ,u ;uzrrent speed d crume _speed ,u ;r;rtxe speed , C17
cruise _speed cruise _ speed cruue speed cruise _ speed
,u ,dy ,u
T7 T6 T7 ’
ise _ speed cruise _ speed rrut\e speed cruise _speed
d cruise _ spee: D d U
T6 T4 I
dec dec current _ speed current _ speed
de’uT4’ T4 > Ury }
T2T7T6T7T6 T4
{ ;u{rent_ speed ,u ;uzrrem speed d cruue _speed u ;r_t;ixe_ speed , C 1 8
cruise _speed ,u cruise _ speed d cruise Apeed cruise _ speed
T7 T7 T6 ?
d crume .\peed cruise _ speed d dec dec current _speed
T4 14> Ur45 07y ’
current _speed
Ury }
T2T7T7T6T4
{ ;u{rent_ speed ,u ;uzrrent speed d cruise _ speed ,u ;r;u\e speed , C 1 9
cruise _ speed cruise _ speed cruue speed cruise _ speed
I | P Y 4 P ugs T
d cruzse speed ;ngtse speed d cruue _speed ,u ;r:tse _speed ,
d dec dec current _speed current _ speed }
T4 > T4 > MT4 s ¥ T4
T2 T7 T7 T6 T6 T4
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[

current _

T2

speed

current _

TS

speed ]

{ current _ speed u current _ speed d Lrume _Speed ,u cruise _ speed
T2 » VT2 T5
inc inc current _ speed current _ speed
rs»Urs, Ars » Urs }

T2 TS

)

C20

{ d current .\peed current _ speed d crume _speed u cruise _ speed C21
T2 T6 4
d cruise _speed cruise Apeed inc inc current _ speed
»Urs rs» Urs, rs )
current _ speed
Urs }
{ d Current Apeed current _ speed d crm.se _speed cruise _ speed C22
T2 * T 4
d crume Apeea' cruise _ speed d inc mc d current _ speed
Ts TS» T5 > 4
current _ speed }
T5
current _ speed rrent eed crum d cruise _ speed
{d pee u current _sp d e _ spee; ,u D , C23
T2 T6
d crume Apeed cruise __ speed d Lrume speed u cruise _ speed
76 T5 >
inc inc current _ speed current _ speed }
75 Urs, Urs » Urs
{d current _ speed ,u current _speed , cruise _speed , cruise _ speed , C24
T2 T2 T6
d crmse Apeed cruise _ speed d cruise _ speed cruise _ speed
T7 » Urs )
inc inc current _ speed current _ speed }
75> Urs, drs » Urs
T2T6 T7 TS5
{ d rurrent _speed ,u current _ speed d rmme Apeed cruise _ speed C 2 5
T2 T7 ’
cruise _ .\'peed cruise _ speed d cruise Apeed u cruise _ speed
T7 T6 TS *
inc inc current _ speed current _ speed
75 Urs, Urs > Urs }
current _speed current _ speed crume _speed cruise _ speed C26
{d7; » Ury ,d7 Ury ’
d Lrume _speed cruise _ speed d cruise _ speea' cruise _ speed
»Urg TS )
inc inc current _ speed current _ speed }
75 Urs, Urs » Urs
current _speed current _ speed crune eed cruise _ speed
{ d P u P d _spee p , C27
T2 T6
d cruise .\peed cruise _ speed d (‘rul\(_‘ \peed cruise _ speed
T6 77 4
d cruise _ speed U cruise _ speed d inc m(: current _ speed
TS5 TS T 5*MTS ’
current _ speed
Urs }

T2T6T6 T7 TS
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{ current _speed ,u current _speed d crm.\e _ speed ,u cruise _ speed C28
T2 T2 T6 >
cruise _ speed cruise _ speed d cruise _ \peed cruise _ speed
76 » Urg 7 )
cruise _ speed cruise _ speed d cruise _ speed U cruise _ speed
T7 » U T7 T4 ?
d dec dec current _ speed u current _ speed }
74> Urs»Ury T4
T2T6 T6 T7 T7 TS5
current _ speed current _speed crune _speed cruise _ speed C29
{d7; »Urz ,d7 » Urg ’
d cruise _ speed cruise _ speed d cruise .\peed cruise __ speed
> U T7 T6 ’
d cmtse Apeed cruise _ speed d inc mc current _ speed
T5 Ts5» T5 > M TS 4
current _ speed }
TS
T2T6 T7T6 TS5
{ d current Apeed current _ speed d cruise _ speed u cruise _ speed C30
T2 T6 ’
cruise _ speed cruise _ speed d crume speed cruise _ speed
T6 T7 > TG ’
cruise _ speed cruise _ speed d crm\e Apeed cruise _ speed
T6 > ¥ TT TS5 ’
inc inc current _ speed current _ speed
s> Urs, Ars » Urs }
T2T6 T7 T6 T7 TS
current _ speed current _ speed crume _speed cruise _ speed C3 1
{d72 »Ury ,d7 » Urpg )
cruise _ speed cruise _speed d cruise Apeed cruise _ speed
T6 » Urg 77 ]
cruise _ speed cruise _ speed d inc m(: current _ speed
T7 > ¥ TS TS5 Ur 5°*MT5 °
current _ speed }
TS5
T2T6 T7 T7 T5
current _speed current _speed crm se _speed cruise _ speed C3 2
{dr2 » Uro ,d7 Urg )
d crume .\peed cruise _ speed d crmse Apeea' cruise _ speed
T7 > U TT ’
crume _speed cruise _ speed cruue _speed cruise _ speed
d; , Uge ,d7 ,Uzs ,
inc inc current _ speed current _ speed }
75 Urs, Urs » Urs
current _speed current _speed crm\e speed cruise _ speed C33
{d72 » Uy ,d7 » Ury ’
cruise _ .\'peed cruise _ speed d Lrume \peed cruise _ speed
T7 T6 > VTG ’
d crume Apeed cruise _ speed d inc mc current _ speed
T5 T5» T5 > ¥Ts ’
current _ speed
Urs }
current _ speed current _ speed Lruue _speed cruise _ speed C3 4
{d7? s Ura ,d7 Ursy ,
cruise _ speed cruise _ speed d 4 rut se \peen’ cruise _ speed
T7 >V T6 T6 ?
cruise _ speed cruise _ speed cruise _speed cruise _ speed
T6 > T > M T > Y TS 4
inc inc current _ speed current _ speed
75> Urs,» Urs » Urs }
T2 T7T6 T6 T7 TS
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{ current _ A‘peed current __ speed cruise _ speed cruise _ speed C3 5
T2 T2 T2 T7 ’
crume _speed cruise _ speed cruise _ speed cruise _ speed
d; , Uz ,d7g ) i ,
d cruise _speed cruise Apeed inc u inc current _ speed
» Urs r5> Urs> Urs )
current __ speed }
TS
{ current _ speed u current Apeed cruise _ speed cruise _ speed C 3 6
T2 T2 T2 T7 ’
cruise _speed cruise _ speed cruise _ speed cruise _ speed
T7 » Y T6 > MT6 T7 ’
cruise _ speed cruise _ speed d cruise _speed cruise _ speed
T7 * ¥ T6 TS5 4
inc inc current _ speed current _ speed
75> Urs, Qs » Urps }
T2 T7T6 T7T6 TS
current _§, eed current _ speed crume speed cruise _ speed
{d75 =" peed | denie-eed g P C37
T2 T7 ’
d cmzse _speed ,u cruise _ speed d cruise apeed cruise _ speed
T7 T6 ’
d crume Apeed cruise _ speed d inc mc current _ speed
T5 T5» TS 4 ?
current _ speed }
TS5
T2T7T7T6TS
{ current _ speed current _speed cruise _ speed cruise _ speed C3 8
T2 > T2 > T2 T7 ’
d crume _speed u cruise _ speed d cruise Apeed cruise _ speed
T7 T6 ’
d cruue _ speed cruise _ speed d crume .\peed cruise _ speed
» Urg T5 ’
inc u inc current _ speed current _ speed }
T5> Y T5°%T5 > TS

T2T7T7T6T6 TS5

[ d L‘urrent Apeed

cruise _ speed
T6

]

d current _speed current _ speed cruise _ speed
{ s Ury . d73

cruue speed cruise _ speed
dg* -7 u peed y

T6
T2 T6

cruise _ speed
s Ugg

B

C39

current _ speed current _ speed er\e speed cruise _ speed
{dz2 » Ury »d7 T6 , |C40
d crutse _speed cruise Apeed cruise _ speed cruise _ speed }

» Uz T6 T6
T2 T6 T6
{ d current _speed ,u ;uzrrent speed d cruue _ speed ,u ;r’l;tse speed , C41
cmue Apeed cruise _ speed cruise _ speed cruise _ speed

d T6 d T6 }
T2 T7T6

current _ speed current _ speed crume speed cruise _ speed
{dr; »Ury ,dy s Urg , | C42

d cruise _ speed u cruise __ speed d cruise _ .s'pec(l

T7 > T7 T7
d cruue speed cruise _ speed }
T6

T2 T7T7 T6

cruise _ speed

T6 4
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{ dcurrent speed current _ speed dcmne Apeed

sy Ury

cruise _ speed
T6

y

C43

d cruue spee(l cruise _ speed d cruzse Apeed cruise _ speed
T7 T6 ’
cruise _ speed cruise _ speed
dzs s Ure }
T2 T6 T7 T6
{ current _ .\'peed current _speed d (‘mue Apeed cruise _ speed C44
T2 T2 T7 ’

dcrume speed cruise _ speed dcruue Apeed

s Up

crm.\e _speed cruise _ speed
d; ) g }

T2 T7T6T6

cruise _ speed

T6

3

{ current _ speed ucurrent speed dcrune speed

T2 *2T2

cruise _ speed ,u cruise _ speed d cruise speed
T7 T1

cruise _ speed cruise _s ee(l
U o=t d e

T2 T7T7T6T6

d cruise _ speed
T

cruise _ speed

» Urg

cruise _ speed

T6

T6

’

cruise _ speed }

2

C45

{ drurrent speed current _ speed dcrume Apeed

»Ura
d crume Apeed cruise _speed cruise _speed
T6 > MT6
crmse_ speed ,u cruise _ speed d cruue speed
T7 T6

T2T7T6T7T6

cruise _ speed
T7

cruise _ speed

T17

T6

2

cruise _ speed }

?

C46

cruise _ speed
T6

cruise _ speed

current _speed current _ speed cruue Apeed
{d; ,u ,dy
T2
d cml\e apeed cruise _ speed d Lrume Apeed ,u
T7 T7
cruise _ speed cruise _ speed cruise _speed
T7 » Uzg » Grg T6

T2T6T7T7T6

b

cruise _ speed }

b

C47

[ d current Apeed

cruise _

T7

speed ]

{ current _ speed ucurrent speed drrm\e speed

T2 > T2
d cruise _ speed ,u cruise _ speed }

7
T2 T7

cruise _speed

» Ury

K

C48

current _ speed current _ speed crune speed cruise _ speed
{ ~speed peed | 42 P peed | C49
T2 T2 T7
d Lrume Apeed cruise _ speed d cruue \peed cruise _ speed }
77 » Urg
T2 T7 T7
{ d current speed current _ speed cruise _speed u cruise _ speed C 50
T2 » VT2 T6 ’
d crutae Apeed cruise _ speed d cruise _speed cruise _ speed }
T7 T7

T2 T6 T7

current _ speed
{d72 »Urs
crume _speed cruise _ speed cruise _ speed
d7 »Urg »drs
crume _speed cruise _ speed
dr » Urq }

T2 T6 T6 T7

current _ speed dcrume Apeed

cruise _ speed
T6

cruise _ speed

» Urg

2

b

Cs1
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{ dcurrent speed ucurrem‘ speed dcruz\e speed

T2

d crmse_ speed cruise _ speed d cruise _ speed

s Up

d cruise xpeed

T2 T7T6 T7

cruise _ speed }
T7

y Urg

cruise

cruise _ speed

T7

»

_speed

)

C52

cruise _ speed

Cs3

current _speed current _ speed cruise _ speed
{d7 , Ugy ,d7) Uz ,
cruise _ speed cruise _ speed d cruise \pee(l cruise _ speed
T6 »Urg 7 )
cruise _ speed u cruise _ speed }
77 * T
{ d current Apeed current _ speed d crut\e _speed u cruise _ speed C54
T2 T6 4
d cruise speed cruise _ speed cruise _ speed cruise _ speed
To6 > M TG T7 ’
d cruz\e speed cruise _ speed d rrune _speed ,u cruise _ speed }
T7 T7
{d current _ speed u current _ speed d CI’lAlAe speed u cruise _ speed CSS
T2 T6 ’
cruise _ .\'peed cruise _ speed

cruise _ speed drmne \pee{I

T6 T7
cruise _ speed u cruise .\peed cruise _speed
T6 T7 T7

T2T6 T7T6 T7

76

cruise _ speed

» Upy

k]

}

cruise _ speed

C56

d current _ speed crume speed
{ dcurrent spee ,u p d D
T2 T7 4
cruise _ speed cruise _speed cruue apeed cruise _ speed
u ,d7 ,u
T7 > T6 T6 4
('rmse Apeed cruise _ speed cruise Apeed cruise _ speed
d T7 d T7 }
T2 T7 T6 T6 T7
current Apeed current _ speed current _ speed current _ speed crume _speed cruise _ speed
[d Tl ] {d uT2 d uTll s C57

current _ speed current _ speed }
T11 » YTl

T2 T8 T11

{ ;uzrrem _speed u ;uzrrent speed d ¢ rm.\e _speed ;rgise _speed , C 5 8
Lruue Apeed cruise _ speed curreni _ speed current _ speed

dr Til , A7) » Uz }

T2 T6 T9 Tl 1

current Apeeti current _speed crune _speed cruise _ speed

{dr T2 ,d7 » Urg , | C9
cruise _ speed cruise _ speed current _ speed current _ speed }
T7 > Y TIL > MTH Til

T2 T7 TIOTI11

{d current _ speed ,u ;u2rrent speed d cruue _speed Ju zTrgt\e speed , C60
crutse _ speed cruise _ speed cruise _ speed cruise _ speed

d To d u Til 4

dcurrent speed ucurrent Apeed}
T11 T11

T2 To6 T6 T§ T11
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{ current _speed u current _ xpeed cruise _ speed u cruise _ speed C6 1
T2 » VT2 T2 * 7 T6 ?
crume _speed cruise _ speed cruise _speed cruise _speed
dy > Ursg ,dry s Urpy )
current _ speed current _speed
T1l1 s YTl }
T2 T6 T7 T9T11
current _speed current _speed crume speed cruise _ speed
{ds ,uf ,dé ,ui , | €62
d cruise speed cruise _ speed d cruise .\peed cruise _ speed
T6 T11 ’
current _speed current _ speed
T11 » Uy }
T2T7T6TI0T11
{ current _ speed current _ speed cruise _ speed cruise _ speed C63
T2 »Urp » Aray » Urg )
cruise _ speed ,u cruise Apee(i cruise _ speed u cruise _ speed
T7 T7 T7 > YTl ’
d current _speed current _ speed
711 > Y T11 }
T2T7T7TETI11
current _speed current _ speed crm.\e _speed cruise _ speed C
{dg ,ugy ,ds , U , | Co4
d crutse bpeed cruise _ speed d crume Apeed ,u cruise _ speed
T6 T7 ?
cruise _ speed u cruise __speed d current _ speed current _ speed }
T7 T11 T11 > VYTl
T2 T6 T6 T7T9T11
current _ speed current _speed cruise _speed cruise _ speed C
{d73 s Urs »drs s Urg ) 65
d crume _speed cruise _ speed d crume Apeed cruise _ speed
T6 T7 ’
cruise _ speed cruise _ speed crutse _speed cruise _ speed
,ug ,d7 ,u
T7 T11 ’
current _ speed current _ speed
d T11 »u T11 }
T2 T6 T6 T7 T7 TI0T11
current _speed current _ speed crume _speed cruise _ speed
{ d , U T2 d u T6 5 C66
d ruise _ speed crume speed cruise _ speed
d crume _ spee u P d P _sp
T7 T6 ’
d rrm\e _speed cruise _ speed current _ speed current _ speed
» Urp » Gy » Uryy }
T2 T6 T7T6 T8 T11
current _speed current _speed crune speed cruise _ speed
{ds ,us ,d¢ us , | €67
crut.\e Apeed cruise apeed cruise Apeed cruise _ speed
d cruue speezi cruise _ speed d cruue speed cruise _ speed
T7 T11 ’
current _ speed current _ speed
Tl »Urp }
T2 T6 T7T6T7 T9 T11
{ d current _speed ,u current _ speed d cruise _ speed ,u cruise _ speed C68
T2 T2 T6 4
Lrutse Apee(l cruise _ speed crut\e .\peed cruise _ speed
d T7 d T7 )
cruise _ speed cruise _ speed current _ speed current _ speed }
7 » U » Gy > Uy
T2 T6 T7T7 T1I0TI11
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{ current _ speed ,u current _speed d crume Apeed cruise _ speed

T2 T2 T6

cruise _speed ,u cruise _ speed d cruise speed cruise _ speed

T6 T7 T7 ?
d cruue Apeed cruise _ speed d cruise _speed .u cruise _ speed

76 T11 ’

d current _ speed current _speed }

T11 T11

T2 T6 T7 T7 T6 T8 T11

y

C69

{ ;uzrrent _speed U ;uzrrent _speed , ;r;ise_ speed , ;r‘t;ixe_ speed , C7 0
d cruise Apeed ;rgise speed d cruise _speed ,u ;rzne speed ,
d crune _speed u cruise Apeed current _speed current _speed }
Tl T11 > YTl
T2 T7T6T6 T9 T11
{ current _ .s‘peed current _speed d cruise _ speed ,u cruise _ speed C7 1
T2 T2 T7 ’
d cruise _ speed cruise _ speed d cruise \peed cruise _ speed
T6 T6 4
cruise _ A‘peed cruise _ speed d crm se _speed cruise _ speed
T6 T7 > YTl ’
current _ speed current _ speed }
T11 s U T11
T2T7T6T6T7 TI10T11
{ d current .\peed ;uzrrent_speed , ;r;ixe_ speed U ;r;ne speed , C7 2
d cruise .\peed cruise _ speed d crume speed cruise _ speed
T6 T7 4
d cmme _speed u cruise Apeed current _ speed current _speed }
T11 T11 » YTl
T2 T7T6T7 T8 T11
{d current _ speed u ;uzrrent speed d(rune speed Ju ;r;z\e speed , C73
d cruise speed ;rgtse__ speed d cruise _ speed u ;r;me speed ,
d cruise _ speed ,u ;rgne speed d crut.\e Apeed ;rlultse_ speed ,
d current _ speed current _ speed }
T11 > YTl

T2T7T6T7T6T9TI1

{ d current Apeed current _ speed d cruise _ speed U cruise _ speed , C74
T2 T7
d rruue Apeed cruise _ speed d rrut ve _ speed cruise _ speed
T7 T6 4
cruise __ speed ,u cruise _ speed current _ speed current _speed }
T6 T11 » M T > Y TIL
T2T7T7T6TI0T11
current _speed current _S ee(l cruise _ speed cruise _ speed
{ d P ,u p —sp ,u P C75
T2 T2 T7 ?
cruise _ speed cruise _ speed d cruise _ speed u cruise _ speed
T7 T7 T6 ’
d crmse Apeed cruise _ speed d cruise _speed cruise _ speed
T6 » Ur )
d current _ speed ,u current _ speed }
Tl T11

T2T7T7IT6T6 T8 T11
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2. Construct an activating path for each IPO,-df-chain

Activating Paths
Cl | T2T4
C2 | T2T6T4
C3 | T2T7T4

C4 | T2T6T6T4

C5 |T2T6T7T4

C6 | T2T7T6T4

C7 | T2T7T7T4

C8 | T2T6T6T7 T4

C9 |T2T6T6 T7T7T4

C10 | T2T6 T7T6 T4

Cl11 | T2T6 T7T6 T7 T4

Cl12 | T2T6 T7T7 T4

CI13 | T2T6 T7T7 T6 T4

Cl14 | T2T7T6 T6 T4

CI15 | T2T7T6 T6 T7 T4

Cl6 | T2T7T6 T7 T4

Cl7 | T2T7T6 T7T6 T4

C18 | T2T7T7T6T4

C19 | T2T7T7T6 T6 T4

C20 | T2T5

C21 | T2T6 TS

C22 | T2T7T5

C23 | T2T6 T6 TS

C24 | T2T6 T7T5

C25 | T2T7T6 TS

C26 | T2TTT7 TS5

C27 | T2T6T6 T7T5

C28 | T2T6 T6 T7 T7 TS

C29 | T2T6 T7T6 TS

C30 | T2T6 T7 T6 T7 TS

C31 | T2T6 T7T7T5

C32 | T2T6 T7 T71T6 TS

C33 | T2T7T6 T6 TS

C34 | T2T7IT6 T6 T7 TS

C35 | T2T7T6T7T5

C36 | T2T7T6 T7T6 TS

C37 | T2T7TIT6 TS

C38 | T2T7T7T6 T6 TS

C39 | T2T6

C40 | T2T6 T6

C41 | T2T7T6

C42 | T2TTT7T6
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C43

T2T6 T7T6

C44

T2 T7T6T6

C45

T2T7T7T6T6

C46

T2T7T6T7T6

C47

T2 T6 T7T7T6

C48

T2 T7

C49

T2T7T7

C50

T2T6 T7

Cs1

T2T6 T6 T7

C52

T2T7T6T7

C53

T2T6 T7T7

C54

T2T6 T6 T7 T7

C55

T2T6 T7T6 T7

C56

T2 T7T6 T6 T7

C57

T2T8 T11

C58

T2 T6 T9TI1

C59

T2T7TI0OTI1

C60

T2 T6 T6 T8 T11

Co61

T2 To6 T7TT9TI11

C62

T2T7T6T10T11

C63

T2T7T7T8TI1

Co64

T2 T6 T6 T7 T9 T11

C65

T2 T6 T6 T7 T7 T10 T11

C66

T2 T6'T7 T6 T8 T11

Co67

T2 T6 T7T6 T7T9 T11

C68

T2 T6 T7 T7 T10Til

C69

T2 T6 T7T7T6 T8 T11

C70

T2T7T6 T6 TOT11

C71

T2T7T6T6T7T10T11

C72

T2T7TT6T7 T8 T11

C73

T2T7T6T7T6 TITI1

C74

T2T7T7T6TIOTI1

C75

T2T7TIT6 T6 TS T11

3. Generate a set of test paths that cover each IPO,-df-chain at least once

Test id(s) Test Paths IPO,-df-chains covered
by a test path
1 T1T2T4TI13 Cl1
2 T1T2T6T4T13 C2
3 T1T2T7T4TI13 C3
4 TIT2T6 T6T4T13 C4
5 T1T2T6T7T4TI13 CS5
6 T1IT2T7T6T4T13 C6
7 T1T2T7T7T4T13 C7
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8 T1T2T6T6T7 T4 T13 C8
9 T1T2T6T6T7T7T4T13 C9
10 T1T2T6T7T6T4TI3 Cl10
11 T1T2T6T7T6T7T4TI3 Cl1
12 T1T2T6T7T7T4TI3 C12
13 T1T2T6 T7T7T6 T4 TI3 C13
14 T1T2T7T6T6T4TI13 Cl4
15 T1T2T7T6T6T7T4TI13 C15
16 T1T2T7T6T7T4T13 Cl16
17 T1T2T7T6T7T6T4TI13 C17
18 T1T2T7T7T6T4T13 Cl18
19 T1 T2 T7T7T6T6 T4 T13 C19
20 T1T2T5TI13 C20
21 T1T2T6 T5T13 C21
22 T1T2T7T5T13 C22
23 T1T2T6T6 TS5 T13 C23
24 T1T2T6 T7T5TI3 C24
25 TIT2T7T6T5TI13 C25
26 T1T2T7T7T5TI13 C26
27 T1T2T6T6T7 TS5 TI3 C27
28 T1T2T6T6T7T7T5TI13 C28
29 T1T2T6T7T6TSTI13 C29
30 T1T2T6T7T6T7T5TI3 C30
31 T1T2T6T7T7T5TI13 C31
32 TIT2T6 T7T7T6 TS TI3 C32
33 T1T2T7T6T6T5TI13 C33
34 T1IT2T7T6T6T7TT5TI13 C34
35 T1T2T7T6T7TSTI3 C35
36 T1T2T7T6T7T6T5TI13 C36
37 TIT2T7T7T6 T5TI13 C37
38 T1T2T7T7T6T6 T5TI13 C38
39 T1T2T6T6 T13 C39, C40
40 T1T2T7T6TI13 C41
41 T1T2T7T7T6T13 C42
42 T1T2T6 T7T6 T13 C43
43 T1T2T7T6T6TI13 C44
44 T1T2T7T7T6T6TI13 C45
45 T1T2T7T6T7T6T13 C46
46 T1T2T6T7T7T6TI3 C47
47 T1T2T7T7TI13 C48, C49
48 TIT2T6T7TI13 C50
49 T1T2T6T6T7TI13 C51
50 T1T2T7T6T7TI3 C52
51 T1T2T6T7T7TI13 C53
52 T1IT2T6T6T7 T7TI13 C54
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53 T1T2T6 T7T6T7TI3 C55
54 T1T2T7T6T6T7TI13 C56
55 T1T2T8T11TI13 C57
56 T1T2 T6 T9T11TI13 C58
57 T1T2T7T10T11TI13 C59
58 T1T2 T6 T6 T8 T11 T13 C60
59 T1T2 T6 T7T9T11TI13 C61
60 T1T2T7T6 TIOT11T13 C62
61 T1IT2T7T7T8§T11T13 C63
62 T1T2 T6 T6T7T9T11Ti3 C64
63 T1T2 T6 T6 T7T7T10T11T13 C65
64 T1T2 T6 T7T6 T8 T11 T13 C66
65 T1T2 T6 T7T6 T7T9T11T13 C67
66 T1T2 T6 T7T7 T1I0 T11T13 C68
67 T1T2 T6 T7T7T6 T8 T11T13 C69
68 T1T2T7T6T6T9T11TI13 C70
69 T1T2T7T6T6T7T10T11TI3 C71
70 T1T2T7T6T7T8T11TI13 C72
71 T1T2T7T6 T7T6 T9 T11T13 C73
72 T1T2T7T7T6T10T11T13 C74
73 T1T2T7T7T6T6 T8 T11TI3 C75

D.4 Test Results after applying STSR and DTSR programs to the test suites in D.3

By applying STSR

Branch Coverage

Transition Number of Number of
test cases reduced test cases

List of eliminated test cases
(specified by test ids)

T2

Test_3

T3

T4

T5

T6

T7

T8

T9

T10

T11

| DN [ | | e | |t [ et | | D

T13

— DD | e | | | bt | et | [t o
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All-uses Coverage

Number of
test cases

Transition

Number of
reduced test cases

List of eliminated test cases
(specified by test ids)

T2

Test_2 — Test_5

T3

T4

T5

T6

17

T8

T9

Test_5

T10

Test 4

T11

W[ =i NN

T13

W N[t = NN N[N

IPO,-df-chains Coverage

Transition | Number of Number of List of eliminated test cases
test cases reduced test cases (specified by test ids)

T2 73 1| Test_2—Test_73

T3 0

T4 19 19

TS5 19 19

T6 63 9 | Test_5, 8,9, 11, 12, 15, 16,
21, 23, 24, 25, 27, 28, 29,
30, 31, 32, 33, 34, 35, 36,
37, 38, 39, 40, 41, 42, 43,
44, 45, 46, 48, 49, 50, 51,
52, 53, 54, 56, 58, 59, 60,
62, 63, 64, 65, 66, 67, 68,
69,70,71,72,73

T7 63 9 | Test_6, 10, 13, 14, 17, 18,
19, 22, 24, 25, 26, 27, 28,
29, 30, 31, 32, 33, 34, 35,
36, 37, 38, 40, 41, 42, 43,
44, 45, 46, 47, 48, 49, 50,
51, 52, 53, 54, 57, 59, 60,
61, 62, 63, 64, 65, 66, 67,
68, 69, 70,71, 72,73

T8 7 1| Test_58, 61, 64, 67,70, 73

T9 6 1| Test_59, 62, 65, 68, 71

T10 6 1 | Test_60, 63, 66, 69, 72

T11 19 19

T13 73 20 | Test_2 — Test_54
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By applying DTSR

Branch Coverage

Transition

Number of
test cases

Number of
reduced test cases

List of eliminated test cases
(specified by test ids)

T2

Test_3

T3

T4

T5

T6

T7

T8

T9

T10

T11

T13

e Y I e e e L e N e R L R L N 1 O

et | DD | pomt [ st f ot | | s |k | |t |t

All-uses Coverage

Transition

Number of
test cases

Number of
reduced test cases

List of eliminated test cases
(specified by test ids)

T2

Test_2 — Test_5

T3

T4

T5

T6

T7

T8

T9

Test_5

T10

Test_4

T11

T13

WIN [N =i

WD e == [N D | —

IPO;-df-chains Coverage

Transition | Number of Number of List of eliminated test cases
test cases reduced test cases (specified by test ids)
T2 73 1| Test_2 —Test_73
T3 0 0
T4 19 19
T5 19 19
T6 63 9 | Test_5, 8,9, 11, 12, 15, 16,
21, 23, 24, 25, 27, 28, 29,
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30, 31, 32, 33, 34, 35, 36,
37, 38, 39, 40, 41, 42, 43,
44, 45, 46, 48, 49, 50, 51,
52, 53, 54, 56, 58, 59, 60,
62, 63, 64, 65, 66, 67, 68,
69,70,71,72,73

T7 63 9 | Test_6, 10, 13, 14, 17, 18,
19, 22, 24, 25, 26, 27, 28,
29, 30, 31, 32, 33, 34, 35,
36, 37, 38, 40, 41, 42, 43,
44, 45, 46, 47, 48, 49, 50,
51, 52, 53, 54, 57, 59, 60,
61, 62, 63, 64, 65, 66, 67,
68, 69,70, 71,72,73

T8 7 1 | Test_58, 61, 64, 67,70, 73
T9 6 1| Test_59, 62, 65, 68, 71
T10 6 1 | Test_60, 63, 66, 69, 72
Tl11 19 19

T13 73 20 | Test_2 — Test_54
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