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ABSTRACT 

.:\n important problem in component-based software development is tesong for correct 

interactions of components. A promising approach is to use formal state-space models and 

analysis techniques for effective and automated testing. 1-lowe\·.::r, existing techniques arc not 

feasible as models and test cases are difficult enough for people to create, or alternatively, too 

complex for automatic tools to analyze. 

To m·ercome these two problems, this thesis presents an object-oriented moddling language 

that is easy to use for software design, but it also has formal semantics co allmvs models to be 

re-used for interaction testing. Formal coverage criteria and test n.:quircmcnts can be defined 

for the models, and test cases can be generated using a model-checking approach. The thesis 

also presents new algorithms created to contain the state explosion that occurs in test 

generation from large models of software components. The algorithms allow the analysis of 

much larger models than pre\-iously possible. The feasibility of using these techniques for 

interaction testing is demonstrated by an experiment on the design of an example software 

svstem. 
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Chapter 1 

INTRODUCTION 

Component-based software devdopment is expected to be an effective and \Videly used 

method of creating software. Ho\vever, a ma1or probiem 1s to ensure that compom:ncs that 

were devdoped separately work properly together. Little research and very few techniques 

exist for testing component interactions, compared to testing individual components or whole 

systems. The effectiveness of the proposed techniques is largely unknown, and the techniques 

may involve significant manual effort. 

Formal models of component interactions can simplify testing of component interactions by 

formally defining testing requirements for interactions, and automatically generating required 

test cases using model-checking technology. The approach allows more rigorous testing, since 

formal models and test selection criteria do not require individual interpretation by testers. 

Thus, the effectiveness of the test selection techniques can be evaluated objectively and various 

techniques compared. In addition, the techniques can be applied automatically, to ensure 

thorough testing and reduce cost at the same time. Formal models also benefit other areas of 

development such as debugging designs, or regression test generation. :\utomated generation 

of regression tests can ensure that design information is kept up-to-date with changes in code. 

Several researchers have proposed the use of model-checking technology to generate test cases 

from formal models. The technique has been applied to hardware[41], protocols[25l[29], and 

specifications of simple control systems[3][43l[20], but has never been applied to more 

complex models of software components. Previous applications have been necessarily simple 

as state explosion severely limits the size of models that can be model-checked. 

Another obstacle in applying formal models is that they are seen as being difficult to create and 

understand, compared to informal models. The problem is more pronounced when modelling 

software components, as compared to hardware, protocols, or simple software specifications. 

The usual formal description techniques used for test generation tend to be hard to use, lack a 

1 



CI-l.r\JYfER 1: INTRODUCTION 2 

friendly notation, or lack fearures for modelling software designs. Conversely, more friendly 

languages tend to be informal, or very c.lifficult to model-check. 

Thus, current methods are not feasible for testing component interactions. They either require 

too much manual effort for mo<lelling and testing, or create mo<lds that are much too 

complex for analysis. To be feasible, t\VO major obstacles must be on:rcome: the state 

explosion problem and the cost of creating formal models of soft\varc components. The goal 

of chis thesis is to prm-ide techniques to overcome these t\VO obstacles an<l make component 

interaction testing from formal models more feasible. This goal is \·cry ambitious as soft\vare 

design models are far bcyon<l the ability of current modd-checking technology. 

1.1 Contributions 

This dissertation presents results of research to make interaction test generation feasible. 

First, it presents a formal, object-oriented modelling language. calle<l ObjectState, which 

balances efficiency of analysis with ease of modelling. The language is based on the popular, 

but informal, object-oriented mo<lclling notation Ul\lL for Real-Time[52J, combined \,"1th a 

Pascal-like programming language to model local component data. :\ formal semantics is given 

for the language in terms of labelled transition systems (L TSs). L TS is a formalism used to 

srudv correctness of concurrent systems, and captures the essential characteristics of 
. . 

component tnteracuons. 

In addition, the language is extended to model formal test requtrements and a formal 

definition is given for the event-flow coverage criteria[S0] for selecting interaction test cases. 

Unforrunately, ObjectState models tend to be too large for even advanced model-checking 

techniques to handle. Thus, this thesis also presents new algorithms to reduce state explosion 

for test generation. The new algorithms are specifically designed for test generation, and can 

achieve much greater reduction than previous algorithms for verification. The new algorithms 

remo\·e many types of redundancy that cause state explosion. 

To evaluate the techniques in this thesis, tools were created to compile and analyze ObjectState 

descriptions. A large example software model was modelled in ObjectState, the call-processing 

soft\vare of a private branch exchange (PBX), and was analyzed using the tools. The results 
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showed that the model was reasonably easy to create, and that the algorithms allow useful 

subsets of the modd to be analyzed, where pre\;ous techniques fail. 

1.2 Overview 

The next chapter reviews existing tcchnic.1ues of interaction testing coverage criteria; formal 

semantics for design modelling languages; and reduction algorithms for model-checking. 

Chapter 3 introduces the syntax anc.1 semantics of the ObiectState language, and compares it to 

other modelling techniqm:s. It also presents the formal semantics for the Event-flow coverage 

criteria for interaction testing. Chapter -l presents two algorithms to enable scalable moc.lel 

checking for test generation. Proo is of correctness are included, as well as comparisons with 

other reduction algorithms. Chapter j e\·aluatcs the effecti\·eness of the modelling language 

and the algorithms using an example moc.ld of a realistic software design. Chapter 6 presents 

conclusions and fumre work. 



Chapter 2 

B.-\CKGROUND :\ND REL\TED \'\'ORK 

2.1 Chapter overview 

This chapter starts with an over.,ew ot the modds and test co\"erage in componenc inrt:ract.iun 

testing, and their advantages and limitations. It then describes pre\'ious rcchniques that use 

formal models to generate test cases, how they apply to component interaction testing, and 

their advantages and limitations. In particular, it discusses methods to handle state explosion. 

Finally, it describes the approach taken in this thesis, which attempts to adopt the advantages 

of previous techniques and address the limitations. 

2.2 Testing concepts 

Testing evaluates the quality of a program by running the program with actual input stimuli 

and examining the actual output behaviour. Testing is an appropriate technique for evaluating 

many quality factors, such as correctness, reliability, robustness. usability, performance, etc. 

This thesis focuses on correctness testing, which aims to detect the presence of defects in the 

program. In contrast, the related technique of reliability testing aims to evaluate the probability 

of failure of the program. 

:\ program is defined to be correct if its output conforms to its specification for all input. Since 

it is impractical to run any significant fraction of the possible inputs of a program, correctness 

testing focuses on testing for the presence of likely defects of the program. :\ defect is a part 

of the program which docs not satisfy its postcondition given its preconditions, or which 

requires preconditions that are not satisfied by the program. Usually these preconditions and 

postconditions are informal assumptions in the mind of the dcn:lopcr(s). 

The key concepts in correctness testing are program models and coverage criteria. The 

program model represents some aspects of a program that affects correctness of the program. 

The co\·erage criteria selects tests based on the program model that are likely to reveal defects. 
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For example, path resting is a rest selection technique based on the control tlow graph, a 

representation of possible sequences of e\·enrs in a program's execution. One cm-erage criteria 

is that each node in the control flow graph must be covered, which correspon<ls to selecting 

rests that exercise each statement in the program. :\nother technique, domain testing, is based 

on a partition of the possible values of a parameter to a program. The coverage criteria results 

in selecting rests that use an input from each class in the partition. 

Program models and coverage criteria arc formal if there is a mathematical relation between 

executions of the program and coverage of the model. For example, path testing is formal. In 

sequential, imperative programming languages, it is possible to define the siruations under 

which statements in the language (i.e. nodes in the control flow graph) are exccute<l. Domain 

testing is also formal, as it is possible to define the situations under which a parameter value is 

in a class of the partition. In contrast, for informal descriptions of a program, such as an 

informal flowchart. there is no mathematical relation between the test execuuon and when a 

statement has been covered. (Beizer's book[S] thoroughly CO\"ers these a11J other testin~ 

models and coverage criteria.) 

Testing ,vith formal models and coverage allows better control of quality because it is more 

independent of individual testers, and easier to quantify. Thus, the cffecti,·eness of different 

coverage criteria can be experimentally valic.bted and compared. :\r the same time. formal 

methods allow greater automation, and reduce cost. 

2.3 Component interaction testing 

This section discusses models and coverage that arc relevant to resting interactions. 

While many techniques exist for resting a whole program or individual program components, 

few models and coverage criteria exist for resting interactions between program components. 

The main obstacle has been obtaining models that capture information about interactions 

between components. 

Unit and system testing models are simply not adequate. By definition, interaction errors 

cannot be found by looking at components in isolation. These errors occur when one 
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component's precondition on the behaviour of the rest of the system is not satisfied, or its 

post-condition does not satisfy ocher components' assumptions. 

For example, consider a part of a program that allocates memory but does not free it. This is 

not an error, necessarily, as another part of the program may be responsible for freeing it. In 

that case, it would be an error to free the memory twice. Howe·er, it often happens that no 

part of the program eventually frees the memory, resulting in memory leaks. 

Thus, it can be seen that interaction errors cannot be found by unit testing, an<l are very 

difficult to find by system testing as they involve problems with internal actions. TI1ese actions 

are very difficult to observe and control from the system level. 

Hence, the first requirement for systematically testing component interactions is a mo<ld that 

caprures interactions, which in rum. requires a definition of component interactions. 

2.J. I Code-bu.red 1i1terucho11 ,node/.r 

One view of interactions comes from the perspective of the source code. 

• Call-graphs - Components are procedures, and an interaction 1s calling another 

procedure. Cm·erage requires each procedure call to be exercised. 

• Incerprocedural datatlow - Components arc procedures, and an interaction 1s the 

definition of a variable in one procedure and the use of the variable in another 

procedure. Coverage requires each definition of a variable in one procedure and its 

subsequent use in another procedure to be covered. 

• Module coupling - Components are modules. An interaction is calling a procedure in 

another module, passing values, data strucrures, references, or defining and using 

exported module variables. Offutt[56] defines coverage based on various levels of 

coupling. Module coupling coverage includes coverage from call-graphs (control­

coupling) or interprocedural data-flow (data-coupling). It also covers, for example, 

"tramp coupling paths": paths from a definition of a variable in module A, through a call 

to B, to its use in C. 

Other types of interactions can be concurrent object communication, such as Java 

synchronized methods and blocks, and Ada rendezvous. 
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Code-based models have the advantage that they are formal, and can be derived automatically 

from the code. One disadvantage is that many kinds of interactions cannot be seen from the 

source code. For example, when components are processes and interactions are inter-process 

communication, such as file 1/0, message passing, remote procedure calls, and so on, these 

interactions are not distinguished from internal procedures. Another disadvantage is that the 

control-flow and data-flow information can be too detailed for testing interactions, and leads 

definition of variables, but not the actual values of variables. Values of variables also affect the 

component's interactions, and hence problems can be missed by the code-based techniques . 

.?.}2 De.rign-bd.red intemdion modl'Lr 

In general, it is better to view interactions from the perspective of the object-oriented design 

models. 

Design models capture both the code-level interactions and interactions not \·isible in the 

code. In an object-oriented design model, an interaction is a "set of messages exchanged 

among a set of objects to accomplish a particular purposc"[58]. They arc abstract concepts to 

be designated by the designer. Testing from design models targets the interactions that exist in 

the mind of the designer-a more appropriate level of abstraction than source code or 

requirement specifications. 

Many popular object-oriented modelling notations use informal, extended finite-state 

machines (FSMs) to specify behaYiour of components. The notation defines messages and 

events, which cause the state machine to make a transition, or are caused by a transition of the 

state machine. 

FSM models are convenient for defining informal interaction co\·erage criteria. One example is 

every transition from every state of a state machine must be exercised. Intuith-ely, this allows 

the testing of other components against all the "different cases" of behaviour of a component. 

The MM-path approach[45] is more thorough than testing each transition. It requires the tester 

to identify MM-paths, which are sequences of transitions that are 'basic units' of interaction. 

Various heuristic rules are giYen to allow testers to identify ~~[-paths .. M.M-paths may overlap 
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(have identical sub-sequences), and, presumably, every interaction must belong to an M.1'-l­

path. Thus, this technique covers not only every transition, but also the uses of the transition 

in different cases. 

Because the informal state machine models lead to informal test requirements, there is no 

mathematical relation between test cases and coverage. Thus, the tester must interpret the 

model and the test sekction criteria, manually determine the tests to run, an<l subjecti,·ely 

evaluate coverage. For example, it is not possible to formally define when a transition has been 

"exercised", nor to generate a test case to exercise a transition. To allow automation, a formal 

modelling language is needed. With a formal model, the techniques can also be experimentally 

compare<l and \·alidatc<l objectively (independent of indi,;dual testers). 

2.]. J Fof7ll,1! inleruclion 111orklr 

To m·ercome the limitation of testing from informal moc.lels various techniques have been 

proposed for testing from formal models. 

In the Flattened REgular Expression (FREE) approach[7j, the tester is required to <lcrive 

formal state machine models suitable for generating executable test cases from the 

implementation. The tester creates the FREE state model by defining states as sets of values 

for component variables. That is, the component is in a state if the values of its variables are an 

clement of the set of values of the state. Interactions are designated by the modeller, including 

function call and return, or interrupt and rerurn. Transitions are triggered by interactions, and 

the destination states of the transitions are derived from the values of the variables after the 

interaction. 

To test interactions among components, the local state models are combined into a FREE 

mode machine, with internal interactions hidden. From the mode machine, test selection is 

based on Chow's method[16]: breadth-first generation of a tree of transitions from the initial 

state, and exercising e\·ery branch in the tree. 

This method is impractical, firstly, because it is very difficult to create the FREE state machine. 

Identif}mg appropriate partitions of 1,•ariable values, and transitions between them is very 
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labour-intensive. \Vorse still, the construction of the mode machine causes state explosion 

(Section 2.5), and makes test selection using Chow's method intractable. 

2.4 Testing from formal models 

The approach of testing from formal models has been explored many times. Much work has 

focussed on the theory of testing, formally relating coverage and test generation co some 

concept of correctness. 1\[uch of the work in protocol testing[SJ has been in this category. 

Other formal techniques, such as :\STOOT[l 7], targeted system testing from formal 

specifications of in<li\idual classes, or modules, or systems as a whole. These works <lid not 

address the following issues that are basic requirements for practical interaction testing: 

• creating complex interaction models, 

• deriving formal test criteria and generating test cases, 

• and analyzing large interaction models. 

This thesis adopts the same basic ideas for test selection and test generation from state space 

models as pre\ious studies, but focuses on efficiency of creating and analyzing models. Finally, 

there has been practical work on handling non-deterministic responses from the system, and 

generating executable test cases. \X'hile these issues are not addressed in this thesis, bur would 

be important in acrual applications co testing. 

2.-1. I Formal 1norlel/i11g h11gt1r{l}'f 

The first problem is co create a formal model suitable for testing as easily as an informal design 

model. Rather than directly creating the formal state space models, as in the FREE method, 

they would be automatically generated from an object-oriented design model with a formal 

notation. However, many formal notations for state space models are not suitable for this task. 

Their mathematical concepts and syntax are unfamiliar and difficult, and they lack facilities for 

simple modelling of components and local component data. In addition, many notations 

generate state spaces that are coo large to analyze for testing, or even infinite. 

Previous formal testing techniques used notation designed for modelling hardware, 

communication protocols, software specifications, such as LOTOS[13], Esterel[43], 

SDL[28][20], and SCR[3]. Esterel and SCR focus on the control aspect and ignore the data 
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aspect of systems. Thus, they are difficult to use for modelling software components 

interaction, which depend on complex data types. However, they do have the advantage of 

keeping models small and facilitating analysis. SOL and LOTOS simplify specifications by not 

setting t1 pni.m'bounds on model elements (such as number of processes or communication 

buffer sizes), leading to huge or infinite models. They can support data types through the :\CT 

ONE algebraic specification language, which also causes large or infinite models. :\s a result, 

Gd:; •:::r:; ~~!T!pk ~y~t~!T!~ c:!!'\ b,: rnnd,:lk.-1 1nd :111:1ly7C•d. elf these. SDI. has notation and 

features that arc most suitable for object-oriented design models, but it produces the state 

spaces that are hardest to analyze due to its use of infinite buffers. 

Researchers have also defined formal languages for object-oriented modelling for purposes of 

simulation, code generation, or verification of architecture, rather than test generation. 

Examples arc vPromela[46], BDL[64J, \'\'right[l J, ROOM[62], and Rapide[53]. 

These languages arc similar in that they simplify modelling of components by emulating 

fc:m1rcs of popular, informal object-oriented modelling languages. These languages generally 

deal \\ith three aspects: 

• An architectural description language (.-\DL), with a graphical representation of 

components and connections 

• :\ beha,;oural language, ,~th a graphical state-machine representation of the beha\-iour 

of each component 

• .-\ data manipulation language, for detailed annotations of the effect of transitions on 

local ccmponent data. Annotations can be in informal text, a programming language, or 

a fonnal modelling language. 

However, most of these languages still suffer from the problems of complex mathematical 

notation, lack of support for data, and/ or generation of huge state spaces. 

BDL[64] and Wright[l] focus on sequences of events and lack facilities to handle data 

strucrures. BDL extends IDL ",;th specifications of allowable sequences of interactions. BDL 

semantics is based on partial-ordering of events, and has four different translations to LTS. 

Once in L TS form, the models can be used for test generation, but no applications for test 
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generation have been given so far. \\''right uses annotations in CSP[33], where the semantics 

are similar to L TS and are appropriate for test generation. 

ROOM[62J and vPromela[-l6] facilitate handling of data by using imperative programming 

constructs. ROOM models can be annotated \\-;th C ++,which allows code generation, but are 

hard to analyze for test generation. The vPromela language adds U ML modelling features to 

Promda. the C-likc modelling language for SPIN. Promda is designed to be efficient for 

analysis. However, Promcla lacks local scopes for procedures and variables, making it 

unnecessarily difficult to model data and data types. 

Rapide[53] also allows the definition of complex data types in a manner similar to algebraic 

specifications. However, its notation and semantics arc based on constraints on data \·alues 

and partial ordering of e\·ent sets. Thus far, the models have only been applied to simulation, 

and not model-checking or test gener:mon. 

2../.2 Tt.rl Jd~cliofljro111jo1711i,-/ 1110dels 

Once formal moc.lcls have been obtained, there arc various approaches to deriving test cases 

from them. 

One class of methods follows the protocol conformance testing approach. These methods 

both select and generate test cases automatically from the state-based model. The FREE mode 

machine testing tt:chnil}ue falls into this category. These methods assume the implementation 

is a formal FSl\l or L TS like the specification. They can generate tests that ensure a relation 

between the specification and implementation, such as the implementation has the same states 

and transitions as the specification. Direct application of these methods to software is not 

practical for realistic software models since they attempt to check all states and transitions of 

the model. The state explosion problem implies an explosion also in the number (or length) of 

tests. :\n m·ervie\V of the methods in this area is given by Boehman and Petrenko[SJ. 

Another class of methods does not attempt to blindly cover all states and transitions, but 

require 'other information' to partition behaviour into classes. Each class is called a test 

requirement since at least one test is required for each class. The 'other information' is given in 

several wavs: 
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• User-specified pairs of events, for which sequencing constraints are <lerivcd from the 

model[13]; 

• Temporal logical requirement specifications, for which paraoons of sequences are 

derived from the model [·BJ; 

• Mutation operations on the formalism use<l to create the mo<lc1[3]; 

• User-specified sets of related eYents, for which e\-cnt-tlow sequences are Jerivc<l from 

the model[S0]; 

• Explicit test requirements in a formal notation such as ~ISC[28], exten<le<l TICN[S l J, or 

Promela 'never claims '(20]. 

These techniques may be appropriate for generating test retiuiremcnts for interaction tests if 

they arc applied to models of component interactions, an<l the 'other information' focuses on 

interactions. The l\l~l-path method can be applied using this approach, by writing each MM­

path as a formal test retiuircmcnr. Similarly, event-tl(,W can be used for interactions by 

selecting related events to be interactions between components. More investigation is neede<l 

to determine the effectiveness of these methods for interaction testing. 

2.-1.J Generating tat ca.ra far Jormal le.rt ret7'tirement.r 

Once the formal test requirements arc created, the next step is to generate test cases using 

model-checking. Model-checking ;s a popular method for \·erif~ing models of hardware, 

communication protocols, or soft\vare requirements. l\lo<ld-checking algorithms determine 

whether a temporal logic property holds for all sequences of transitions in a state space 

description. If the property does not hold, most algorithms can output a sequence of 

transitions of the state space that does not ha\·e the required property. 

The same model-checking algorithms can be used to generate test cases by finding sequences 

of transitions to satisfy the test requirement, and then outputting the sequence. The sequence 

of transitions is the basis of the test case, since the transitions include information on inputs to 

the system, and outputs of the system (and also internal events in the system). For infinite 

models, such as for models in SOL, bounded search is used. 
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2.5 State explosion problem 

Test generation using model-checking algorithms has complexity that is linear in the size of the 

state space. In general, the number of global states grows exponentially \Vith the number of 

components and \"ariables. This problem is known as state explosion. St:ite explosion se,·erely 

limits the size of models that can be analyzed, since adding a single variable to an analyzable 

model can make it impossible to analyze. Advances in computer hardware alone will have no 

~ignifiranr effect on making larger models analvzable. and better algorithms are neeJed. 

Using test requirements to generate test cases may alle\iate the state explosion problem, since 

only states that belong to sequences that satisfy the test rcc.1uirement need to be considered by 

the algorithm. However, test requirements may also exacerbate the problem if they Jo not 

sufficiently constrain the number of states, while requiring long sequences to satisfy. 

In general, pre\ious formal testing techniques have relied on standard model-checking cools 

and algorithms for verification. They have not attempted to create more dficient algorithms 

tailored for test generation. :\s a result, the applications have been necessarily simple, such as 

hardware (cache coherence protocol[41 ]), protocols (DREX[25J, sli<ling wine.low, etc.[131), and 

specifications of simple control systems (cruise control[3], .-\uromatic Protection S,vitching 

(:\PS) systcm[43], Intelligent Network[20I). Bounded search was applied to protocols 

(INRES[28] and SCCOP[29]). 

2.5. I Slule i/Jd,e f'l'tll1dio11 a(gonibm.r 

Many algorithms have been proposed to deal ,vith the state explosion problem. They arc based 

on the fact that not all the information in the formal model is necessary for decic.ling whether 

some property holds for the state space. 

A basic reduction technique is to generate the state space 'on the fly', that is, as required by the 

model-checking algorithm. The SPIN model-checker is a well-known implementation of this 

technique[34]. If the property can be checked without constructing the entire state space, the 

state space construction can stop early. In addition, search algorithms for model-checking only 

require that the states that have been explored be stored, but not the transitions between them. 

In the worst case, however, the technique only reduces time and space required by a constant 

factor. 
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Valrnari[66] categorizes advanced reduction algorithms into four basic strategies: 

• Model pre-processing 

• Packed state space 

• Process-algebraic compositionality 

• Commutati\·in· methods 

These are describeJ in more detail in the follmving sections. 

2.5. !. f, I/ode/ pre-proceffi"._f 

Pre-processing techniques work during the construction of the state space from the model 

written in some modelling notation. They create a smaller state space by removing irrdc\·ant 

information contained in the model. 

One pre-processing technique is to eliminate remnant variable values. For example, an 

advanced implementation of this is included in SPIN[38]. Remnant \·ariable values arc \·alucs 

of variables that lead to the same possible future bcha\;ours. For example, when the \·aluc of a 

variable is not used until it is eventually overwritten, it cannot affect the future bcha\·iour of 

the system. Thus, instead of exploring states with a different value of the unused variable, this 

technique removes all the <lifferent remnant variable values by setting the unused variable to an 

"uninitialized" value. 

Another pre-processing technique is coarsening of atomicity, where a sequence of transitions 

of a component's model is merged into a single transition (e.g. in SPIN[38l). This technique 

works correctly when the merged sequence does not contain multiple critical references, that 

is, interacts with other components multiple times (through shared variables, or other 

communication mechanisms). 

These pre-processing techniques are subsumed by more powerful techniques using 

compositionality or commurati,,;ry•, but pre-processing is useful, as it is easy to implement. 

Pre-processing techniques for data-independent systems can reduce the number of data values 

used for a variable. Many systems such as protocols or cache memory are independent of the 
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actual data being transferred or cached. Theories exist to find the minimum number of data 

values that are needed for verification[59]. 

25. !.2 Parked .rtale 1J)at-e 

Packed state space methods efficiently represent the states and transitions, using an implicit 

representauon. 

The supertrace method uses lossy compression on the bit \-CCtor representanon of the states, 

using a hashing technique. Using lossy compression implies a possibility of incorrect answers, 

and there is only a constant reduction in the memory requirements. Data structures for lossless 

compression of states include G E-secs[30] and deterministic finite aucomata[57]. However, 

,vith lossless compression, there is always a chance chat the size of states is actually increased. 

The binary decision diagram (BOD) represents a sec of bit-\-eccors efficiently by sharing sub­

BDOs. BDDs can successfully compress systems with huge numbers of states. However, they 

rely on a good ordering of the bit-variables representing the bit vector, where the values of 

vari::ibles that are far apart in the order should not be dependent on each ocher. Hu[39] showed 

chat they are unsuitable for high-level designs of systems, since different parts of the system 

depend on many other parts in a network. :\s a result, there are no good variable orders, and 

the BOO size explodes exponentially. Hu suggests the inter-dependency can be removed by 

replacing the dependent variables with explicit functions of the independent variables, but the 

task is very difficult and impractical for complex dependencies. 

Symmetry reduction depends on bijections that preserve the structure of the state space (and 

the property being checked). That is, the bijection mappings preserve transitions between 

mapped states. By knowing the set of bijections, only one representative of an equivalence 

class of states needs to be explored and stored. The set of bijections can be computed 

dynamically, resulting in long computation times, or manually encoded into the model source 

code (such as in the Murphi[42] language), which may miss possible reductions. The amount 

of reduction depends greatly on the available symmetry of the system. For example, a system 

with a ring topology can have a constant reduction, while a fully connected topology can have 

an exponential reduction. 
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Other efficient representations have been proposed for systems with hierarchical structure[2] 

or reversible rules[40]. In these cases, some states can be derived easily from others, and hence 

only 'representative' states need to be stored. 

2.5. /.J Pro,"t.'.r.r-t1(gtbrt11c t"/JH,Po.r,iiol/t1ll°!J' 

Process-algebraic models of state spaces define the concepts of beha\-iourally equivalent 

models and composition of components. Compositional methods construct the global state 

space hierarchically, by replacing the state space of each component with a smaller, equivalent 

state space. The reduced components are composed and each composition, in rum, is replaced 

with a smaller, et1uinlent state space. At the end, the methods produce a reduceu global state 

space equivalent to the full composition. TI1e reduced model is equivalent in the sense that it 

can be used to check a prcdefineu set of properties, and give the same answers as the original 

state space. 

These methods reduce effort if the composition of subsets of components is smaller than 

composition of the whole system. HO\vever, that is not always the case as "a subsystem that is 

isolated from its proper context may exhibit lots of 'spurious' beha\;our; that it does not have 

when it is a part of the system as a wholc"[66]. To allc,.;atc this problem, interface processes 

are introduced during the composition of subsystems, to restrict the number of spurious 

beha\;ours[63] [ 15]. 

Ho\vever, constructing an appropriate interface process for each composition is very difficult. 

The best interface process is simply the rest of the system, but that causes state explosion in 

the interface process. Proposed techniques allow user-defined interface processes. To prevent 

the possibility of user-defined processes restricting too many behaviours of the composition, 

and thus 1;elding incorrect answers in the model-checking, the correctness of the interface 

processes are also checked while checking the model property. If the interface processes are 

found to be incorrect, the user must try another one. 

2.5. I. 4 ComH11llt1hi1'tr 

A major source of state explosion is the concurrent execution of a set of actions by concurrent 

components. The final effect of the set of actions is independent of the order in which the 

actions are taken, but different orderings result in different intermediate states. Commutativ;ry-
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based algorithms[67] (27] (also called partial-order algorithms) select actions that need not be 

explored from a state, using information about which actions that are guaranteed co be enabled 

later. The actions must not affect the property being checked. The algorithms depend on 

deriving guarantees from the modelling notation about enabled actions in future states. The 

better the information on guaranteed actions, the more reduction is possible. Nevertheless, it is 

nol possible to obtain optimal reductions, as there is not enough information at a state to 

d:::t:::~~:.::: •:;h:::h :!::tic!'!~ ~hcu!d be e:-:Flnrt?<l immt?di1rely, 1nrl whirh ,hn11ld he deferred to 

later states. (hcrall, these algorithms eliminate an important source of redundancy. 

2.5.2 S1m,/1m1/ rs. se111r111/1,· a(gonibms 

Reduction algorithms can also be distinguished based on how much information they use 

about the system and the property being checked. For example, on-the-fly methods search the 

states of a system in the same order regardless of the meaning of the states of the system or 

the property that is bec:n checked. The only information it cares about is the current state and 

possible successor states. On the other hand, commutativity-based reduction reyuires 

information ;1bout actions that arc guaranteed to be enabled in the future. Composirionalicy­

bascd reduction requires information about the hierarchical structure of the system, and 

perhaps abstractions of subsystems (as interface processes). 

Taken to the extreme, the best technique is to manually abstract a model specifically for the 

property to be checked. Holzmann[37] showed it is possible to create very small models to 

check useful properties-less than 100 states. Obviously, manual abstraction is very difficult, 

but the important lesson is that the more specific the reduction algorithm, the more reduction 

is possible. For test generation from component interaction models, algorithms should take 

advantage of characteristics of component interaction models, such as models of many 

components \Vith loose coupling, as well as characteristics of test generation, such as the ability 

to incrementally generate test cases. 

2.6 Approach of thesis 

Effective testing of component interactions requires formal models of interactions and formal 

test criteria. The most promising techniques use formal state space models. Formal state space 

models should not be created by hand, but should be automatically generated from object­

oriented design models created in a friendly notation. In addition, the large size of object-
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oriented design models requires new algorithms specifically designed for generating test cases 

from them. 



Chapter 3 

H)R.i\L\L OBJECT-ORIENTED MODELLING 

3.1 Chapter overview 

In order to facilitate 1nteracaon tesang, a iormai mocici or" the components· incc::rauiurn, mu~l 

be cre::1ted. The model can be obtained cost-effecti\-cly by reusing design models created for 

object-oriented analysis and design. Popular modelling techniques, like Ui\U.[60], arc informal, 

so arc not suitable for automatic test ~election and test generation. :\lternativdy, most of the 

formal languages suffer from the problems of complex mathematical notati0n, lack of support 

for data types, and/ or generation of huge state spaces. 

The ObjcctState modelling language was developed to show the feasibility of creating formal 

design models for interactions test generation. ( )bjectState balances the needs of a friendly 

notation for object-oriented design. formal state-space semantics for test selection, and an 

efficient resulting st::rn.: space for test generation. 

This chapter presents the syntax and formal semantics of ObjectState. The formal semantics is 

given as a translation of language feature to labelled transition systems (L TS). To support test 

generation, ObjcctState notation and semantics arc extended to caprnrc formal test 

requirements, and event-flow coverage criteria is formally defined for ObjectState models. 

Finally, the language is compared to related work in modelling languages. 

3.2 Formal models of interactions 

The semantics of ObjectState models will be defined using labelled transition systems (L TSs). 

The L TS is a very popular mathematical model for correctness of concurrent systems. It is a 

simple, intuitive formalism that models distributed state, interfaces bet\veen components, 

sequences of interactions, and state-based interactions. It has mature theoretical foundations, 

including many research tools for analysis. Hence, it is \·cry suitable for interaction testing. 

19 
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J.2. f Definition q/labtlled tra,wiio,r -9•1ku1s 

The following definition of LTS follows Fernandez and Mounier[22J. :\n LTS is defined as a 

tuple (Q, .a, T, q11) where 

• _Q is a set of states 

• fl is a set of labels (representing actions or events) 

• Tis a set of transmons, tj1 -,~ 1/:, where f/1, tf:E Q and ,,E. • i 

• i 1E_Qis the initial scare 

A special label, r, is used co represent actions chat arc "hidden". It is used to simplify the 

behaviour of an LTS model. The ,veak transition relation, written as tj1 -=;~ tf,,, where there 

exists a sequence of transitions 

Using the weak transition relation. the obscn·ablc behaviour of the svscem is unaffected by any 

number of hidden actions .. 

A system Sin which only labels in a set Lare visible, and the rest arc hidden, is denoted 

S<D. 

J.2.2 Bt'/;u1•i1J11r ,md t'tJl"i-.,kn,e q/,,1otkls 

In an LTS, we are interested only in the sequences of actions that the model can have, and the 

actions that are enabled or disabled at each state . .-\n action u is enabled at a state q if there is a 

transition f/~ tJ: for some 112-

In particular, the identities of the states are not important. In fact, two states have the same 

behaviour if they have the same set of enabled events, and the destination states of all 

transitions are considered equivalent; thus, they can be considered equivalent. 

Formally, we define a family of relations between states: 
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e R.-+l = {Co1l1-J I "if *A 

Vp/(/J1~ pi' ⇒ 3A'¼~ AA(/J/,/)iJE RJ I\ 

V A(/J:=,i⇒ A⇒ 31tto1 =.,,-⇒ p/A(/J/./J~E RJ} 
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The (observation) equi\·alence relation is defined as ~ = I Rt . Thus. p1 ~A if (Pt ./JJE R;, for all 
t=O 

T,vo L TS models are defined to be equivalent if their initial states are equivalent: i.e. the 

models always have the same behaviour, starting from the initial state. 

For example, in the top L TS of Figure 3-1, the t\vo stares shaded grey arc equivalent: both can 

perform action 'c' and nothing afterwards. Thus. the L TS is equivalent to the bottom one in 

Figure 3-1. 

·r] 
~ B . 

I 

a 

C ►0 

C ►O 

Figure 3-1 Observationally c:qwvalcnt LTS 

Note the t\vo states shaded black are not equivalent, as one can perform 'a' and 'b', while the 

other can only perform 'b'. Thus, one state can perform all the behaviour of the other. 

Many notions of equivalence have been defined for L TS, such as safety equivalence, trace 

equivalence, branching bisimulation equivalence, and so on. Because the purpose of this thesis 

is simply to use equivalence for deriving algorithms for model reduction, observation 

equivalence is sufficient: It presen-es more than enough properties of the model for testing, so 

that it does not Limit the kind of analysis that may be done after reduction. For example, using 

obsen-ation equivalence to reduce the model does not imply the implementation is required to 

be observation equivalent to the model. (In the language of protocol testing, the 

"implementation relation" does not have to be observation equivalence.) It is more suitable 
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than the other equivalences because it is simpler to understand, and simpler for deriving 

algorithms. 

J.2.J E,-an;pk: /Jj1 flnt,lllll' 

To illustrate how the definition of LTS can be used to model software, consider the example 

of a simple list data structure, with elements restricted to { 1, 2, 3}. The list has the following 

operauons: 

1. new() --- make the list into a new (empty) list 

2. append(.'-} --- append x to the current list 

3. .,-=get(~ --- get the ith element of the list and return it (.,} or return ERROR if there are 

less than /items 

This example list omits the remm·c operauon, since the example is already complicated 

,vithout it. 

The initial state is the empty list (q.1). The follmving transitions are possible from 1,,: 

• for get operations: as there arc no dcmencs in the empty list, all will return ERROR; the 

state of the data structure does not change (remains at ,y,,) 

tf,, -ERROR=g<'I 1 ➔ 0, 

tJ0 -ERROR=get3➔ tJo 

• the new also docs not change the state since 'lo is already the empty list 

tJ11 -nea➔ ,y,, 

• appending an element moves the data structure to a new state, depending on the element 

inserted 

tJo -append 1 ➔ tJ1 

1,i -t;ppend2➔ tJ2 
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tfo -append3➔ tj; 

From q1 we have transitions such as 

1, -1 =gel l ➔ q1 

1, -ERROR=gct 2➔ 11 

1,-neo~ tf,, 

The graph in Figure 3-2 shows the possible states of a list with 2 dements or less: 

I -----__ , ___ ---- - ·-. -
I - .. ,✓-.. _.. . _-,_ - - --

new /,_,,,.-✓- -a -~d 2 

ERROR=get 1 

ERROR=get2 

ERROR=get 3 

----

figure 3-2 L TS of a list data strucrurc: with 2 clements or less. Grey 
transitions arc: labelled "';th 'new'_ 
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This simple example is already very complicated. A remove operation would further 

complicate the diagram, by adding transitions co a previous level. Obviously, it is not 

convenient to create a L TS model directly. Instead, the LTS 1s usually obtained usmg a 

modelling notation. 

So far, the example does not specify a ma.ximum length of the list. If we assume a mmcimum 

length, say 3, then we can define the model of the list using an array (say of size 3) to score the 

elements of the list, and a variable to score the length of the list. We can label the states with 
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the values of the variables. Thus, the state with O elements, and l in each element of the array 

is labelled as q:1111 • Operations that change the value of the variables make a transition to the 

state ,vith the new label. :\n example of a transition is 

Note hmven:r, that there are more states in this model than the previous one. For example, 

there are many possible representations of the empty list: q,,111 or 'Jin=, or qi,m, etc. However, ali 

the states are (obsen·ation) eyui,·alent to each other. There are 84 states in the second 

representation, compared to 40 in the first, even though the t\VO models have the same 

beha,;our. The size of a system greatly affects the ability to analyze the system. 

J . .?. ../ J lo.le/ f'Ptl:"tion 

Models can be n:duced by merging all equivalent states. Given a classification of the states of 

.f, where [!'I denotes the class of p, the 1110/ientof J: is the LTS [JJ = ((2, .·/, [ 7J, [q,,]) where 

• [Ql = { [91} for all cfoQ 

• [ 7J = {[qiJ -u"-"7 ['1:1 I '11 -r~ '1:E 7} 

If all the states in a class arc equivalent, (Pd = [A] implies Pt ~JJ-:, then the quotient L TS is 

equi,·alent to the original LTS, S ~ [.~, and usually has fe,ver states. 

For the example of the list, we can put all states representing the empty list (q;, 111 or q:11 :'.1 or 

q;,m, etc) into one class, all states representing a list of the single element, 1, into one class, and 

so on. The quotient, with respect to this classification, is the original representation of the list. 

J.2.5 Compofition o_f mode/.r 

LTSs have the ability to model concurrent processes and their interaction using composition. 

The composition of t\VO LTSs, S= (Q1, ..,--/1, T;, tJrn) and T= W:, .,--/"' 7;, tJ:o), is the LTS S 11 

T, defined as (Q, A, T, 0i) where 
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• Tis the set of transitions of the form (<711 , '1:1) -r~ (<11:, <72:) defined by one of the 

following rules 

• the initial state ts tj., = (q'1n, t/:n) 

In the composition S 11 7; each component S an<l Tc:rn perform any actions not in .-/if1A: 

independently of the other. Otherwise, both .f and Tmust perform the action in .-/1n.,..:J: 

simultaneously. Thus, composition models synchronous communications. 

A 

~ S C 

Figure 3-3 Composmon of t'.\'o LTSs 

From the definition, the composition operation ts commutanve, SI I T = 711 J~ and 

associative, (SI I 7} 11 C= SI I (711 D). Hence, ,ve write multi-way composition as J; 11 S2 11 

. .. 11 J:, Note that the rules of composition imply that all components in a multi-way 

composition that share an action label ,vill synchronize on that action (all components execute 

it at the same time, or not at all). 

3.3 Formal interaction models with ObjectState 

The ObjectState modelling language combines the architecture description features of UML 

for Real-Tirne[52]. a hierarchical state-machine model for high-level beha,-iour of components, 

with a Pascal-like language for detail-level modelling of component data. 
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In the following, each feature of ObjectState is explained, its syntax is given in a version of 

BNF, and its mapping to L TS is described informally. :\n example is shown with the 

corresponding U;-.(1. for Real-Time description. 

In the syntax <lescription. the notation'« i tern»' indic:nes a non-terminal symbol,' I' indicates 

a choice, while all other symbols are terminal symbols. \X,-hite-space (including tabs or end-of­

line) is onlv important as separators benveen symbols. 

J.J. I Co~/Jomwl Co,!/{[(tm:tio,, 

The architectural description part of ObjectSratc is based on U i\lL for Real-Time, the real-time 

extension of U~[l.. Ut\[L lacks the notion of connections between components, but Ul'>[l. for 

Real-Time employs a more complete architectural description notation. 

The collabor:nion diagram of Ut\U_ for Real-Time describes the possible pattern of 

communications bcnvccn a set of capsules (i.e. components) that execute concurrently. 

Capsules han: no knowledge of the existence of other capsules outside themselves. Capsules 

•<system>> .. - CCNFIG { 

<<Capsule instantiation>> 

<<capsule class>> 

<<port declaration>> 

<<protocol role>> 

<<message definition>> 

••Capsule instantiations>> 

<<port connections>> 

CCMP <<Capsule-name>>=> <<Capsule-class-name>>; 

DEFINE cccapsule-class-name>> => PROCTYPE { 

ccport declarations>> 

«proctype behaviour» 

l; 
PORT <<port-array-name>>=> 

<<protocol-role-name>>; 

DEFINE <<protocol-role-name>>=> PORTTYPE { 

<<message definitions>> 

}; 

<<message-name>>=> [ <<message paramS>> 

<<message param>> .. - <<param-name>> => ccparam type>> 

ccport connection>> CONNECT(<<Capsule-port-index-1-name>> => 

<<capsule-port-index-2-name>>}; 

EXTERNAL(cccapsule-port-index-names>>); 

Figure 3-4 Synta.'< of component configurations 
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communicate with the rest of the system or with the environment through their ports only. In 

particular, there are no global data variables. Connections bet\veen ports determine \Vhich 

capsules communicate with which capsules. Ports are associated \,-ith a protocol that defines 

the messages that may be exchanged \·ia the ports. Capsules can contain other capsules 

hierarchically in UML/RT, but not in ObjectState. 

An ObjectSt:m: system is defined by instantiating capsules and connecting their ports (Figure 

3-4). :\ capsule instantiation declares a capsule of a t,11\·en name co be of a gi\·en capsule class. 

l11e ports and the beha\·iour of a capsule arc defined in its capsule class . .\ port declaration 

declares a port of a gi\·en name and multiplicity co ha\·e a given protocol role. The protocol 

role defines the messages that can be sent on a port. 

The configuration diagram maps to its L TS semantics in a n:ry simple way: :\ system maps to 

a composition of LTS models, capsules tn simple I.TS models, a protocol role maps to a set of 

event labels, and connections map to rcnammg of event labels. The renaming function 

replaces the port identifier in the labels with the connection identifier, so that the same 

messages sent along the same connection are given the same labels, but the same messages 

sent along <lifferent connections are gi\·en different labels. Ports of compatible protocol roles 

are connected using CONNECT. If a port is not connected to another capsule, but it is \-isible to 

the em-ironment of the system, then it is declared EXTERNAL Otherwise. a port is 

"disconnected" and no messages will be exchanged at that port. 

J.J. I.I E,umple 

This example shows how the following system is written in ObjectState, and represented as an 

LTS. The UML for Real-Time collaboration diagram in Figure Figure 3-5 specifies User is a 

capsule of class UserClass and Counter is capsule of class counterClass. The multiplicity of 

User is 2, hence there are two capsules, called user[ll and User[2J. User[ll has a port 

User[l) .p, and User[2) has User[2J .p of the same protocol role (pomype), 

counterProtccol. The counter has C\vo ports, Counter. p ( l) and Counter. p [ 2 J, whose 

protocol role is also counterProtocol. 
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2 

User:userClass 

p:counterProtocol-

p[2):p:counterProtocol 
Counter: 

counterClass 

Figure .1-S Configur:mon Jiah,r:im of t·:umplc system 

28 

There is ambiguity in the connection line drawn: Ir can represent rwo pairs of connections, 

either 

User (11 . p connected to Counter. p (1 J and User (2] . p connected to Counter.p(21 

or 

User(2] .p connected to counter.p(ll an<l User(l] .p cnnnecre<l to Counter.p[2]. 

The follo\ving ObjectStatc description assumes the first pair of connections is <lesired: 

DEFINE •userClass' => PROC',YPE ( 

PORT 'p' => 'counterProtocol'; 

DEFINE 'cour.terClass' => PROCTYPE { 

PORT 'p[l .. 2]' => 'counterProtocol'; 

}; 

CONFIG 

COMP 'User[l)' => •userClass•; 

COMP 'User(2)' => •userClass'; 

COMP •counter' => 'counterClass'; 

CONNECT('User[l] .p' => 'Counter.p[l]'); 

CONNECT('User[2] .p' => 'Counter.p[2]'); 

}; 

The configuration diagram did not show the messages m counterProtocol. .-\ssume the 

protocol is defined as follows: 

counterProtocol = PORTTYPE 

•on' => [], 

'off' => [], 

'incr• => ('lock' => 'boolean'], 
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'deer' => [), 

'val' => ['value• =>'integer'), 

}; 

The protocol defines message names on, off, incr, deer, and val. The incr message has a 

parameter lock, of type boolean, and the val message has a parameter value, of type integer. 

The formal semantics of the model consists of three LTS mo<lels, user [ 1 I, User [ 2 I, and 

~=:;~~~::. T~:1!1!:!t!C!15 in the I.TS mnde!-: '\rl" nrigimlly la helled :t~ !)Ort. messaoe. for example. 

in User[2), the label p.incr(false) means send or receiYc incr(false) \·ia the port 

User[2).p. 

To allmv communication through connections, messages arc rename<l on both components to 

the same name. For example, suppose the identifier for connection between User [21 .p an<l 

Counter. p [21 is Conn2. Then, for the components to communicate through the signal 

incr (false l, rename p. incr (false) in User [ 2 I to the label Conn2. incr (false) an<l rename 

p [2 I . incr (false) in Counter also to Conn2. incr (false l . 

.J.J.2 Componml BebaPio11r 

Component behaviours are modelled at a high level by hierarchical finite state machines 

(FS~l). 

States have names, transitions, and substatcs. States may define exit actions, entry actions, and 

signal handlers. :\ll transitions of superstates automatically become transitions of all subs rates. 

Transitions and actions can consist of several steps. The syntax and semantics of steps are 

similar to Promela[36], which in rum is based on CCS and CSP. Steps are composed of 

alternative sequences of atomic actions of the component, called basic steps. Note that this 

implies transitions of the FSM model are not atomic. Only basic steps are atomic. 

;\ transition waits for conditions that allow the execution of the first basic steps (called 

triggering conditions) in each alternative sequence. Once a transition has begun executing, it 

\Vill not be interrupted even if the triggering condition for other transitions become true; this is 

the so-called run-to-completion semantics[52J. By default, a transition returns to the same 
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<<proctype behaviour>> 

<<State>> 

<<substate>> 

<<transition>> 

<<data declarations>> 

<<states>> 

DEFINE 'state-name' = > STATE { 

<<SUbstateS>>; 

<<transitions» 

SUBSTATE <<state-name>>; 

WAIT {<<Steps>> ); 

INIT lccstecs>> \; 

ONEXIT {<<Steps>> ); 

WHEN <<signal-name>~=> HANDLE {<<steps>>); 

DEFINE <<Signal-name>>=> SEQUENCE [<<Steps>>); 

<<step>> .. - «basic-step>> 

«basic-step» 

ENTER <<State-name>>; 

CALL <<signal-name>>; 

IF [<<Steps>>) OR [<<Steps>>} 

DO [<<Steps,,) OR [<<Steps>>} 

GOTO <<label-name>>; 

LABEL <<label-name>>; 

OR [«steps»); 

OR {«steps»); 

OP <<condition>>, <<send\receive,,, <<action>>; 

SELECT [«var-name>> => <<Var-':.ype>>i 

<<Condition>>, <<send I recei •te>>, <<action>>; 

Figure 3-6 Syntax for component bch;mour 
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state, unless a ne'\v destination state is specified with ENTER. If the transition enters a new state, 

the exit and entry actions are executed in the order of states exited and entered. 

Transitions in substates can raise signals to be handled by superstates, similar to exception 

handling in many programming languages. The CALL operation causes the handler defined in a 

superstate for 'signal-name' to be executed. If no superstate defines a handler for this signal, it 

is simply ignored. If several superstates define a handler for the same signal, they arc executed 

in order from the innermost superstate to the outermost. Control is returned to step after the 

call operation, unless the signal handler enters a new state. 

Subroutines similar to those in procedural programming languages are also supported. They 

can be defined using SEQUENCE, and can be called in any state of the component using CALL. 

Each basic step can have any combination of the following parts: 
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• a condition on local variables, and message parameters if receiving a message 

• a message send or receive 

• operations on local variables 

:\ useful extension of a basic step 1s the non-deterministic basic step, v:hich non­

deterministically selects a \·alue from a range of possible values. 

Transitions can consist of more complex steps that do different processing based on different 

interactions and conditions. In an 'IF-oR' step, a sequence of steps is chosen to execute 

depending on the triggering condition of the initial step of each sequence. If conditions for 

several sequences are true, one sequence is chosen non-deterministically. If none are true, the 

process waits until one is true. It is similar to the 'if : : f i' statement in Promcla. The 'DO-OR' 

step loops continually, choosing an alternative and executing it. The loop can be exited using 

GOTO or ENTER. The destination of the GOTO is the location of the LABEL statement for the same 

'labe 1-name '. 

The translation to L TS is accomplished by expanding the FSM to a graph of basic steps, where 

each basic step is linked to other basic steps by equating their sources and destinations. 

The steps of a single transition are linked as follows: 

• The source of the first step in a transition is the transition's source state. 

• The destination of the ENTER step is the destination state. 

• By default, a transition loops back to its source state, so the destination of the last step of 

the transition is the source state. 

• The source of each succeeding step is the destination of the pre\-ious step. 

• The destination of the GOTO step is the source of the step after the LABEL statement. 

• Every alternative step in an IF or DO construct has the same source. The destination of 

the alternative steps of a DO construct loop back to the source. 

The hierarchy of states is handled by expanding the model: 
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• Transitions of superstates are added to the set of transitions of substates. That is, for 

each transition of the superstate, each substate gets a copy of the transition, \Vhere the 

source of the first step is set to the substate. 

• Signal h:mdlcr steps of superstates are pasted into the location of the CALL steps. This 

means the source of the first step in the signal handler is the source of the CALL step, and 

the Jestination of the last step is the Jestination of the CALL step. 

• Entry and ex.it steps of corresponding states are pasted into the location of the ENTER 

steps. 

The abm·e rules lead to a confusing fearure of ObjectState: If a subsrate and superstate both 

define a transitions that arc enabled under the same conditions, the transition to execute is 

chosen non-deterministically. Users may rather prefer to have the substate's transition override 

the superstate's transition. Instead, this Jesign choice stays close to the language's formal roots 

in CSP and CCS[54J. 

If the model does not contain any variables, then the basic steps immediately map to its L TS 

semanacs: 

• Each source and destination of a step 1s a state in the L TS, and each step 1s an L TS 

transition between its source and destination L TS states. 

• Steps \V1thout a send or receive are internal steps, labelled \Vi.th r. 

• Steps with message send or receive arc labelled \Vith port:name. messagename ( pa rams) 

Note that the translation into LTS semantics does not distinguish between sends and receives. 

Thus, it is possible to abuse the notation and cause components to communicate vfa a pair of 

sends, or a pair of receives. For simplicity of modelling, the compiler should ensure that only 

one side of a connection is allowed to send a given message, while the other side is only 

allowed to receive that message. Also, by not distinguishing sends and receives, the semantics 

allows further extensions of the language that use simultaneous, multi-way synchronizations. 

With data variables, the mapping must take into account the values of the data variables, as 

explained in the next section. 
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<<data declaration,, 

<<Condition,, 

<<receive,, 

VAR <<variable-name,,=> <<Murphi-type,,; 

CONST <<symbol-name,,=> <<Murphi-value,,; 

• [<<Murphi-expression,,J' 

'<<port-name>>!<<message-name>>(<<params,,)' 

'<<port-name>>?<< message-r.ame,,(<<params,,)' 

<<param,, .. - <<Murph1-expression,, 

[<<Murphi-expression,,J 

'<<Murphi-statements,,· 

Fi~urt: "\ -- S\"nra:,; for tr:ms1rion .1nnoc:1□uns 

J. J. J Tra11J1iio11 a1111ol,1/1o!l.f" 
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ObjectSt:ue prm·idcs a \'cry simple programming notanon for actions on data, usmg the 

:-.[urphi modelling language[42]. Murphi \Vas chosen because it manipulates data procedurally, 

using syntax and capabilities similar to Pascal: procedures, records, arrays, iteration, recursion, 

etc. .-\!so, it supports automatic ,·erification, by restricting data types to be finite, and 

disallowing dynamic structures (e.g. pointers). Finally, the Murphi compiler prO\·ides a 

com-enient \vay to translate basic steps into L TS . 

.\lurphi has ft.:arures to support efficient verification, such as scalarsets, or multisets, but 

ObjectState docs not currently support these features. :\[urphi syntax will not be discussed 

further, aside from noting that it is similar to Pascal. Interested readers may refer to the 

Murphi rnanual[42]. 

:\ basic step without send or receive is executable if the l\lurphi expression of the condition (if 

any) evaluates to true using the current value of the local variables. If the basic step is sending a 

message, the step is executable if, in addition, the component receiving the message has a 

receh·e step that is executable. If the basic step is receiving a message, the triggering condition 

is satisfied if, in addition, the component sending the message has an executable send step, and 

the message parameters satisfy the constraints in the recei,·e. 

The constraints on recei,·e parameters are as follows: 

• «Murphi-expression» signifies any value is acceptable, and the value is assigned to the 

value of the expression (the expression must evaluate to an 'I-value') 
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• [<<Murphi-expression»l signifies the parameter must evaluate to the same value as the 

expression inside the brackets 

• _ signifies any nlue is acceptable. The \·alue is not stored. 

Translation of data to L TS proceeds as in the example in Section 3.2.3. The data in the capsule 

is expanded into the states of the L TS. \' alues of \·ariables arc used to label the LTS states. 

Given a state from the t·~i\1 transiauon, it is expanc.ie<l ro a set uf :,tate:,, i11Jc.:.\.c.:1..l L_\ the.: , .ilu..::; 

of the variables. For example, if there arc three variables. and the values of the 'var1' is 3, 

'var2' is 5, 'var3' is 1, then a previous state p will be mapped to a set of states, including the 

state p,,1. 

:\ transition bcnveen states/' anJ 1 is expanded to a set of transitions, from the values of the 

variables before the transition's action to the \·aluc of the variables after the transition's action. 

For example, if the m.nsition·s action is 'van : = 2', then the LTS transition will be 

J" 1-r➔q;~ 1 where the nlues of the variables in the first stare arc 3, 5, and l respectively. :\ 

SELECT step is translated to :1 set of transitions, one for each value of the variables in the 

SELECT. 

:\ send evaluates the expression in each par:irneter and puts the \·alue in the label. For example, 

'p ! msg ( varl + 1) ' creates the label p. msg ( 3). :\ receive creates a transition for each possible 

parameter ,·alue that satisfies the parameter constraints. The labds of the transitions arc simply 

the parameter values. For example. 'p?msg (varl l 'creates the transitions ,vith labels p. msg ( 1), 

p.msg(2l, p.msg(3), assuming that varl has domain in 1..3. In the destination state, the 

variable will be assigned the value of the parameter (e.g. varl will equal 1, 2, or 3 depending on 

the message sent). 

Note that each step execution is still translated into an atomic transition of the LTS. More 

complicated data manipulations using procedure and loops are treated the same as a simple 

assignment: as an atomic step. 

J.J.J. I Eir."Qmp/e 

The example is the beha\·ioural model of a counter from 1 to 3. The counter responds to the 

messages as follows: 
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• On - scans the counter with an initial value of 1 

• Off - deactivates the counter (disallow increment and decrement) 

• lncr0ock) - increments the counter if possible (if count < 3), :ind respond with the new 

value of counter; if not possible, the user must wait. In ad<lition, if the parameter 'lock' is 

'true', locks the counter, so that no increment is :illowed until the counter is decremented 

• Deer - decrements the counter, unlocking it if it had been pre\-iously locked 

OFF ON 

OPEN 

inc(false) [count<3] / 
count++ . ..el(count) 

deer [count>l] / 
count-. val(count) 

deer/ '--._____ 1ncr(true) [count<3] / 
count-. val(count) --.....__,count++, \01(count) 

B 
Figure 3-8 State chart dia!-,'t':lm oi counter component 

The UML state machine in Figure 3-8 has annotations m a C++-likc nocaaon. The state 

machine is represented in ObjectStatc as 

CONST 'MAXCOUNT' => '3'; 

VAR 'counter' => 'l .. MAXCOUNT'; 

DEFINE 'OFF' => STATE 

WAIT { OP 'p?on(l'; ENTER 'ON'; }; 

}; 

DEFINE 'ON' => STATE { 

SUBSTATE 'OPEN', 'LOCKED'; 

INIT OP 'counter:=l'; ENTER 'OPEN'; }; 

WAIT OP 'p?off()'; ENTER 'OFF'; }; 

DEFINE 'OPEN' => STATE 

WAIT { OP '[counter< MJ:.JCCOUNT)', 'p?inc( [true))', 'counter:=counter+l'; 
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OP 'p!val(counter)'; ENTER 'LOCKED'; 

} ; 

WAIT { OP '[counter< MA.~COUNT]', 'p?inc{[false])', 'counter:=counter•l'; 

OP 'p!val(counter)'; 

}; 

WAIT ( OP '[counter>l]', 'p?dec()', 'counter:=counter+l'; ); 

OF.FINE 'locked' => STATE { 

WAIT { OP 'p?dec()', 'counter:=counter+l'; ENTER 'OPEN; ); 

}; 

Without taking into account the data, the corresponding LTS is shown in Figure 3-9. 

OFF 

p.value(counter) 

LOCKED 

Figure 3-9 Counter mo<ld c:~pan<lc<l to I.TS 
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With data, the expanded L TS in Figure 3-10 shows that the OPEN state is expanded into three 

states (for value of the counter= 1..3). The LOCKED stare is expanded into two states (counter 

cannot equal 1 if locked). The OFF state and r transitions have been left out to reduce clutter. 
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LO KEO 
-....;;;~ 

Figure 3-10 The OPEN and LOCKED stares of counter LTS 

expanded \\1th dat:i., r tr:msmons hidden. 

3.4 Formal test requirements with ObjectState 
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Test relluirements, also called test purposes[S], specify interesting sctiuenccs of component 

interactions that should be tested, where the definition of "interesting" is left to the tester. Test 

requirements are usually written informally. However, formal test requirements allow 

automatic test generation, can be reused \Vhcn system is modified, anc.l can be analyzcc.l for 

regression test selection. 

The tester should only specify the important interactions in the sequence, not every detail of 

inputs and outputs that needs to take place to cause the important interactions. For example, 

for Jorgensen's MM-paths testing technique, the key interactions comprising the MM-path can 

be identified and specified formally, without specifying all the data \·alues. 

J.4. I E..-tenf1on lo Of!jectS/ale 

To write formal test requirements, ObjectState is extended. ObjectState can already specify 

sequences of interactions a component can have \Vith other components. The same method is 

used to model a test requirement, only it is specifying interesting interactions. The only 

additional concept needed is to know when a test requirement is satisfied: this is specified by 

the ACCEPT step. Test requirements connect to port of components whose interactions are of 

interest, using the TESTCONN declaration. Then, the interactions of the component must match 

one of the alternatives specified in the test requirement or the test requirement will not be 

satisfied. 
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<<Step>> ACCEPT; 

<<port connection>> TESTCONN ( «test-capsule-port- index-1-r.ame» => 

<<test-capsule-port-index-2-name>>); 

Figure 3-11 .\dclirional srntax for test rcquiremenrs 

]_ ./.2 Formal J-e1111mlia 
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The test requirement is composed ,vith the rest of the svstem in exactly the same way as other 

components. By L TS semantics, all components that have the same labels synchronize on 

those labels. This implies that interactions not allowed by the test requirement are not enabled 

in the composed system. The ACCEPT statement generates a special action labelled . ·ICCEPT, 

which signifies that the execution of the system has satisfied the test requirement. 

3.5 Formal coverage criteria with Eventflow 

With a formal semantics for state-based models, it is simple to define a formal relation 

between cover:1gc criteria and the model. This section presents as an example, the 

formalization of event-flow coverage[SOJ. Event-flow exercises pai.rs of 'related interactions' in 

the component models. Related interactions arc user-specified. For example, they can be the 

set of sends and recci,·es on a particular port. 

Event-flow definitions are motivated by data-flow testing. To determine which sequences of 

interactions to test, event-flow looks at the place in the FSM model the interaction occurs. 

Even if the same interaction occurs in two places in the model, separate tests would be 

required for the interactions. The idea is to use the location of the interaction to partition 

interactions into different 'cases'-the interactions are assumed to occur in different parts of 

the global state space. 

J..f. I D¢11ilio11s 

To enable testing based on location of interaction, the event-flow definitions are based on 

steps of the model. A f'l'klled step is a step in transition of the design state-machine model with a 

related interaction. A f'l'hled pat/J is defined as a path through the design state machine chat 

starts with the first related step, ends with the second related step, and between them, there are 

no other related steps. 
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Several levels of coverage can be defined using related paths. The most thorough is all related 

paths are considered test requirements. Due to the presence of loops, the number of test 

requirements can be excessive. A less stringent requirement to test one related path for each 

related step. 

:\ promising level of coverage is to test one related path for each pair of related steps. This 

k~vd is more thorough than simply exercising every interaction in the design state-machine 

models (assuming every interaction is part of a related set of interactions). The idea is that the 

first related interaction creates an erroneous global condition, and the second related 

interaction could detect the error. It is less thorough, but more practical, than exe::rcising every 

transition in the global composition of state machines. 

Note that the problem of infeasible paths from datatlow testing exists here also. Some relatec.l 

paths cannot be executed once data variables are taken into account, or paths that arc 

executable in the individual state machines cannot be executed once composed ,vith the rest of 

the system. The advantage of automatically generating test cases to achieve coverage is that 

infeasible paths can be discovered automatically (if no test can be found to satisfy the test 

requirement). Infeasible requirements are not taken into account when evaluating the test suite 

coverage. 

J.5.2 Fon11t1/ .re11/unhc.r 

The formal semantics of coverage depends on the le\·el of coverage. 111e basic idea is to create 

a test requirement for each path, or each pair of related steps, or each related step, as 

appropriate. 

The test requirements described in the previous section can only match the interactions to take 

place, but not the step in the model where the interaction is occurring. To allow test 

requirements to specify which steps must be executed, the formal model of the ObjectState 

components must be altered: an additional transition is added after each step in the 

component's state machine, labelled with the identifier for the step. Then the test requirement 

can specit'}· the exact set of steps that must be taken. 
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For the requirement of one related path for each pair, only the steps with related interactions 

are labelled with the step identifier. Suppose the pair of related steps have identifiers S/¢1 and 

Sttp2, and all steps with rel:1ted interactions are identified as Step. Then, the following test 

requirement L TS is added to the system: 

The L TS specifies that the second related step must directly follow the first related step 

w1thout any other related steps in bet\veen, which is the definition of a related path between 

the rwo steps. :\ny number of unrelated steps may bernrecn the rwo steps. 

3.6 Related work 

This section compares ObjectStare \t,,;th pre\;ous modelling languages, based on modelling 

fcarurcs, formal semantics, test requirement notation, and definition of interaction coverage. 

J.6. I. lforkllit1.~J;t1/11n'.r 

In comparison \1-ith informal modelling notation, such as U~U., ObjectState lacks many useful 

fcarures for design modelling. However, ObjectState does not need all the features of UML 

since its purpose is to demonstr:ne the feasibility of using a formal design language to test 

interactions. Defining a formal action semantics for U~[L is a very complicated task[SS], 

especially the interaction between behavioural diagrams \1,,;th the class diagram (such as 

associations bet\veen classes). Some features, such as hierarchical components, are convenient 

for organizing models, but introduce no new semantic elements. 

Other f earures are left out because they result in large models, notably asynchronous 

communications, dynamic component creation and dynamically allocated data structures, 

passing and interacting with references to components. If needed, all these fearures can be 

simulated by explicit buffer components for asynchronous interaction, and arrays and indices 

for dynamic processes or passing references. 

Note that synchronous models are sufficient for systems that are implemented using the 

following communication mechanisms: 
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• sequential, event-driven object-oriented programs interacting through class methods 

• concurrent programs interacting through Java synchronized blocks or methods, :\da 

rendez,·ous, Occam message passing, remote procedure call, send-receive-reply, or other 

svnchronous communication methods 

• desvnchronization-a prm·ably correct asynchronous implementation of synchronous 

design[6]. 

:\s noted in the example in Section 3.3.1.1, ObjectState resoh·es an ambiguity in the graphical 

configuration diagram of U ML for Real-Time regarding connections between multiplicity of 

ports and capsules. One way to resolve the ambiguity is to allow every port on one end of a 

multiple connection to connect to every port on the other end. This means each message send 

becomes a broadcast. Howe,·er, if one port can connect to many ports, there is no need for 

multiplicities on ports. Instead, ObjectState rec1uires the modeller to explicitly specify a 

connection for each pair of ports. 

In addition. ObjectState state machines are simpler than U1\lL state charts. f-or example, there 

is no concurrency ,vithin a component, nor is history kept when states are exited. Transitions 

of the FS~{ model are not atomic, and only basic steps arc atomic. This avoids problems with 

the semantics of 'micro-steps' in state charts. 

:\nothcr Jifference is the handling of exit actions. In UML for Real-Time, a state is exited as 

soon as an exiting transition is enabled. Thus, exit actions of the state arc taken before the 

actions of the transition. In ObjectState, states arc exited only when the ENTER step is taken, 

leading to a simple understanding of exactly when exit and entry actions take place. This 

semantics also ob,-iates the need for special handling of 'chaining states'; they are treated the 

same way as regular states. 

Most object-oriented modelling languages employ a graphical notation for architecture and 

beha,;our models. Currently, ObjectState is textual, similar to StateText[32]. However, it 

would be simple to adapt a graphical representatirm and editor from another language. 

Compared to other formal modelling languages, ObjectState is unique in its use of imperative 

programming notation for data manipulation. ObjectState allows the free use of data 
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strucrures, which greatly simplifies modelling. However, it also causes large models. Rather 

than burden the modeller with creating an efficient model of the data, it relies on automatic 

algorithms to reduce the model. 

The \·Promeb language adds Ul\lL moJclling fcarures to Promela, the C-like modelling lan­

guage for SPIN. Henct:, it is similar to ( )bji.:ctState, except Promcla has limited ability to model 

data types. The models can only be analyzed using SPIN. In addition, a \·ersion of ObjectState 

using Promda is also available, but it is slightly more difficult to usi.: than the Murphi version. 

Some formal notations allo\V protocol roles to have beh:n--iour models, for example, Wright, 

Rapidc, or, in theory, Ul\U,/ RT. ObjectState does not. Bcha\;our in protocol roles allows 

checking for observance of the mies of the protocol, similar to an advanced form of rype­

chccking. However, beha\;ours for protocols arc nor needed to model component interactions 

or to generate tests, and they are not used by object-oriented <lcsign methods. 

J.6..1 Fom/11/ .rema11tk.r 

ObjcctSrate's semantics 1s bcttcr for test generation compare<l to other modelling languages. 

The LTS semantics provide a simple definition of formal cm·erage criteria and efficient 

algorithms for test generation. Partially-ordered e\·ent sets semantics in Rapide, and 

programming languages like C + + in ROOM do not have efficient algorithms for test 

generation (i.e. model-checking). 

ObjectState's semantics is weaker than others for verification, simulation, or code generation. 

For example, using C + + for the detail le\·el in ROOM enables more efficient code to be 

generated. Also, use of arbitrary, though finite, data types makes verification more difficult. 

Nevertheless with the appropriate tools, ObjectState can fully support verification, simulation, 

or code generation. 

r\n advantage of ObjectState's semantics is the translation of each step execution into an 

atomic transition of the LTS. Thus, complicated manipulations of local data using procedure 

and loops are performed in an atomic step. The only situations that require multiple steps are 

sends, receives, and non-deterministic executions. Compared \vith Promela, this removes the 

need for the 'atomic' or 'd_step' statements, as well as complex statement-merging algorithms. 
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.J.6..J Formal lest req11irement notation 

There have been several notations proposed for writing formal test requirements, such as 

message sequence charts ~[SC)[28], an extended version ofTTCN[Sl], or Promela's 'never' 

claims[20]. MSCs have the advantage of being a graphical notation, but cannot easily specify 

complicated alternati\·e sequences. TTCN [41 is a standard language for writing test cases, so 

extended TICN can be useful in situations where TICN is already familiar. Similarly, 'never' 

requirement extensions are useful when ObjectState is also the modelling language. 

The Assertion Definition Language (:\DL)[61] is an example of a formal test requirement 

language for testing correct data handling, rather than correct sequences of interactions. 

}.6.4 Fom1al inteructio11 corer1t;e mieni, 

Event-flO\v is just one of many cm·erage criteria that may be defined for ObjectState models. 

It has the advantage of not requiring much information other than rhe models (only the 

definition of related events. which can default to all the interactions at a port). :\lso, it attempts 

co strike a balance between covering each seep in each component, and covering each step in 

the global composition. However, the various approaches listed in Section 2.4.2 should be 

evaluated. 

3.7 Chapter conclusions 

This chapter presents the object-oriented modelling language. ObjectState, and shmvs how it is 

useful for modelling designs. The language combines architecture description fearures of UML 

for Real-Time with a Pascal-like language for modelling component data. ,\t the same time, it 

has a formal semantics that allows it to be reused for interaction testing. Formal test 

requirements can be defined and test cases can be generated efficiently. However, design 

models of components tend to generate large state spaces. Effective reduction algorithms must 

be devised co reduce these state spaces to enable test generation. 



Chapter 4 

SC:\L\BLE ALGORITHMS FOR TEST GENER.-\TION 

4.1 Chapter overview 

Formal sofnvare component modcis generate iarge. compiex st;m: spact.:s, whid1 an: 111u..:h 

more complex than models of hardware, protocols, or sofnvarc specifications. Existing 

algorithms for state-space reduction are not sufficient for generating test cases from software 

design models. This chapter describes two new algorithms specifically <lcvdoped to efficiently 

generate test cases from component models: incremental test case generation an<l interaction 

abstraction. 

4.2 Strategies for scalable algorithms 

Test generation from design models of components must overcome different challenges than 

verification of hardware, protocois, or sofnvare specifications. Difficulties include the 

following: 

• Software designs have a greater number of complex components that interact \vith many 

other components 

• Components use data and complex data types, and there arc complex dependencies be­

nveen data of different components 

• Testing models must be general and detailed: it is not possible to create a specialized 

abstraction for checking each property 

These characteristics prevent the use of abstraction mechanisms used in verification, such as 

BDDs, normal compositional techniques, or manual abstraction. 

On the other hand, test generation is simpler than verification of complicated properties. Test 

generation is simply a check for reachability of a state. In addition, soft\vare models appear 

more complex than they are. Much of the size of sofnvare models comes from the large num­

ber of different functionality and aspects that sofnvare must deal with. However, when testing 

a particular aspect, most of the complexity in other aspects can be ignored. 
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As discussed in Section 2.5.2, reduction algorithms that take advantage the characteristics of 

component models and test generation will perform better than algorithms that are more 

general. There are three basic strategies: 

• Slicing: remm·e the other parts of the model that do not affect the parts of interest. 

• :\bstraction and incremental refinement: remove details of model and analyze; gradually 

acici <lctaiis tu the cumpulc.:J rc:,ull. 

• Compositional analysis: do as much ,vork locally as possible, as effort spent reducing 

each part can pay off exponentially in the composition; avoid composing loosely-coupled 

components, as unconstrained composition presents the worst case of state explosion. 

Two new algorithms based on these strategies are presented. 

4.3 Incremental test case generation algorithm 

The first algorithm takes advantage of the fact that test cases can be generated incrementally by 

parts. The algorithm computes partial test cases, with a subset of inputs and outputs, then 

expands them to a full test case. By taking a subset of inputs and outputs at a time, the other 

inputs and outputs can be hidden. Hence, the complexity of the model im·olved in generating 

the behaviour of the other inputs and outputs can be abstracted away and the system greatly 

reduced. The algorithm makes use of slicing and abstraction \\."1th incremental refinement by 

abstracting away complexity associated with other inputs and outputs, and then adding more 

inputs and outputs to the partial test case. The effort to extract each portion of the test case 

can be exponentially less than the effort to extract the entire test case at once. 

For the purposes of this thesis, a test case can be considered a sequence of inputs and outputs. 

In practice, a test case should be more than a single sequence. For example, it needs to handle 

non-deterministic output. Previous works have dealt with these issues[23l[28], but this thesis is 

concerned with reducing the complexity of analysis. Hence, all that is required to generate a 

partial test case is a model-checker that finds a path to ACCEPT, and keep the sequence of 

inputs and outputs along the path. 

The algorithm proceeds as follows: 
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1. Select one of the pons in the ObjectState model declared as EXTERNAL, and hide all the 

messages at the rest of the EXTERNAL ports. 

2. Minimize each L TS of the components, and extract a path to . -JCCEPT using a model­

checking algorithm (preferably an on-the-flv algorithm, to avoid constructing the 

composition). 

3. Create a new L TS with the sequence of inputs and outputs along the extracted path. This 

4. Compose the new L TS with the system to constrain the behaviour of the system \\-1th the 

inputs and outputs selected so far. The new L TS restricts the number of possible behaviours 

of the system, so it hopefully reduces the size of the system for model-checking. 

5. Select the next external port and repeat the above until no external ports remain. 

6. The last search for a path will result in a path with all the external inputs and outputs of 

the system, and thus is the final test case. 

The algorithm is n:ry simple, but can be very effectiw when the number of external ports is 

large compared to the number of internal connections. 

4.4 Interactim abstraction algorithm 

The standard observational minimization algorithms preserve all the internal interactions 

between components, eren !f t/;ofe 1i1/m;ctions cannot kt1d to different e.,tema/ be/Jt1rio11r. Clearly, if 

there are few external actions of interest, and there arc many internal connections, then there is 

great redundancy being left in the LTSs of components. The second algorithm impro\·es the 

abstraction of L TSs of components by abstracting interactions that do not lead to different 

external actions. 

The interaction abstraction algorithm[49] is a clever algorithm that removes redundant 

information from the model, while preserving all information necessary to generate the test 

case. It differentiates between 'distinguished' and 'non-distinguished' actions. For test 

generation, actions visible to the environment arc distinguished, but an interaction between 

components is not distinguished. For interactions that are not distinguished, it preserves only 

the 'effect' of the interaction with the rest of the system. 

The algorithm is clever in that even if two interactions do not move the other component into 

the same state, but equivalent states, then the two interactions can still be merged. However, it 
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is not possible to know which states in one component are equivalent until the equivalence of 

states has been determined in the components it interacts \vith, and vice versa. Hence, the 

algorithm must proceed iteratively: it optimistically merges interactions initially, but when it 

processes the other components, it may find it made a mistake. Then it re-processes the 

component. The algorithm ends when it finds no more mistakes. TI1e algorithm is guaranteed 

to terminate. 

Since the algorithm reduces each process individually in an iterative computation, it avoids 

problems with state explosion. It is very effective when only a subset of the system's actions is 

of interest-in particular, when combined with incremental test generation. 

Experinlents show that it reduces state spaces dramatically in the cases when only a small 

subset of the system's actions is of interest. In particular, it is useful for generating test cases 

from design models using the mcremental algorithm . 

./.-I.I E.ffid q; ·,i,teradions 

To get an intuition for how the algorithm ,vorks, consider the composition of two systems, 

SI I 7; in Figure 4-1. The goal is to find reduced versions, (Jl and [ 7J, so that (S I I TJ<t11, <J:, 

a,>~([.~ I I [71)< tJ,, d:, ",>. 

Figure: 4-1 Eumplc: sysrc:m ",ith rwo L TS. 

The component on the left can be thought of as a simple model of a telephone, and the 

component on the right can be thought of as a sinlple model of a phone directory. Thus, the 

telephone can go offhook (al), then a '1' is dialled (bl), then the number is found to be 

incomplete (cl), in which case, a '2' is dialled (b2), and it is found to be a complete, and valid 



SCAL4BLE .4LCOR./Tl-£lfS FOR TEST CENER-·:J770N 48 

number ('3). The telephone then connects to the other phone (,'2), and so on. On the other 

hand, dialling a second 'l' ,vould result in an invalid number (,2), and the telephone would give 

a busy tone (t13). 

Suppose we are interested only in the actions offuook, connect, or busy tone (al, t12, a3). In 

particular, we arc not interested in which numbers are dialled (bl, b2), nor the internal 

interactions betwe<.:n the components (.-1, ,2). Inruitivcly, the directory model can be reduced 

to just three states: from the initial state, it can mm·e to a state with a ,·ali<l phone number, or 

an invalid one. The telephone model can be reduced to mo,·c from state 2 directly to 5 or 4. 

The idea is to ;i.chieve the reduction is co record the effect of the interactions of the 

components, rather than the acrual labels. :\s a first attempt, we can use this idea <.lireccly, and 

relabel the directory model as in Figure 2. For example, the transition 1-bl ~2 is relabelled 

by the effect of the interaction on the phone model. The phone model makes the transition 

2-/,,1--)3, so the directory model gees the transition 1-23~2. 

Figure 4-:! I.TS component rdabdlcd with effect of interacnons. 

This relabelling allows the merging of states {4,7}, {2,3} and {5,6}. However, the reduced 

graph is still unsatisfactory in that the merged state {2,3} is distinguished from state { 1 }. That 

means the model tracks how many numbers must be dialled to get a complete number. 

However, from the point of view of observational equivalence, it does not matter how many 

internal steps occur between externally visible steps. 

The approach to obtain full reduction is to label the model ,vith the transitive closure of the 

effects of individual interactions. Part of the model labelled ,vith the transitive closure is shown 
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in the left part of Figure 3. The labelling shows the source and destination of the other 

component after a sequence of internal interactions. An extra transition between states 1 and 4 

has been ad<led. 

33 35 5~1 

33 35 23 21\ 

33 32 2tj, \23 25 33 35 

33 32 23 2~ ) 

33 32 24 
Fi~t1rc -1-; Part ni component rc:bhdlcJ wnh tr.ms1t1,·c cifc~t oi 

1nter.u.:nnns 

Unforrunatdy, the mo<ld still cannot be further re<luced. :1s start: 1 has a transition -23~ that 

leads to state 2, while state 2 does not have a transition -23~ that leads to an ec1ui\·:1knt 

state. The problem is the phone model's states 2 and 3 are distinct. But they do not need to be, 

as they <lo nor ri:sult in different external behaviour (as internal interactions an: not 

observable). If states 2 an<l 3 of the phone model can be merged CTabelled as ·~'). then the 

portion of the directory modd becomes the right side of Figure 3, where it can be seen that 

states 2 and 1 can be merged. 

The idea is to track \Vhethcr interactions cause the other model to mo\·e to equivalent states, 

rather than just the same states. Unforrunately, ,vhich states can be considered equi\·alent in 

the other mo<ld also depends on which states can be considered equivalent in this model, and 

,;ce versa. Thus, the equivalence reduction needs to be computed iteratively. 

At the end, the interaction labels in the two reduced models must be matched in order to allow 

the models to compose. 

4. 4.2 A(goni/;m 

The steps of the interaction abstraction algorithm for one component are as follows: 

1. Calculate transiti,·e effect of interactions: 
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• Store tuple (p, tJ, p: qj iff whenever the state (t},(/) is reachable, there is a transition 

2. For a given classification [ 71 11 of T, relabel S with assumed equinlent effects, to obtain 

J~: 

• Remove all transitions \Vith labds not in Lu { r} 

• fp1J1=[AJ 1 iff p,~p! in J; 

The iteration for two components is as follows: 

-4. Repeat steps 2 and 3 until [.n, and [ 71, are the same as [.ll;. I and [ 71 ;.1: 

• Update [71t using [Jl.;-, if changed, and vice \·ersa 

5. Finally, label interactions in [Jl = [.q, and [ 71 = [ 71 .,: 

• Remove transitions with labels not in L 

• For each tuple (p, q, p: 11 add transitions f/'1--{pl[qjfpll<Jl➔ [,!Jl in [-!l, and 

[ qi-fpj [qi [,/J H '11 ➔ 111 in [ 71 

:\fter step 5, [.f) and [ 71 can be composed using the "tuple labds". 

-1 . .:/.J Proof q/com'd!le.r.r 

\Y/e want to prove that, at the end of the algorithm, (SI I TJ<l> ~ ([Jl I I [7J)<l> by 

proving that for all (p,r/) reachable, (p,r/) ~ (Lo],[qj) . .-\nd since the initial state (A1,10) is 

reachable, then the t\VO compositions are equivalent. First, we pro\·e some properties of the 

algorithm. 

LEl\U-.L\ 1: If [b1]~=rA.]t then all of the following are true: 

a) for all transitions Pt r=>pi' there exists a transition such that p::=r⇒p{where L,ajt=lb,lt 

b) for all transitionsp! t'=>A'thcre exists a transition such that Ji r=>p,'where L,ajt=lb,]e 
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PROOF: 

⇒A~;"½ in J~ by definition of [Jl; 

⇒ for all transitions p1==a=>p/ there exists a transition ~p{ where /'{~A' in S,. by 

corollarv to the definition of~ 

⇒ for all transmons A=r⇒p/ there exists a transition /J:=-r⇒r..' ,vhen: [,;t~,. 1= 

[q,I ... ,, by definition of [71 ... ,, by which follmvs cases (a) an<l (b). 

For cases (c) and (d), a ruple (,?1, q.Ji: q,j 

Since tuples contain transitive effects (Step I), there exists a ruplc (/J:, q, P:: qj where [,;t~ ... 

,=[qJ ... ,. 

■ 

LE.tvL.\-L-\ 2: 

a) If there exists a transition (p,9)=-r⇒ (b :1~ in (S / / 7} < l> then there exists a transition 

([b],[ql~(f,b],[1]) in ([Jl ! I l 7J)<L> 

b) If there exists a transition ~p' in S, where ,~ L then there exists a transition 

[b]==a=> r,o 1 in [Jl 
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PROOF: 

Proof of (a): 

⇒ exist tuples (p, q, p: q) by Step 1 

⇒ exist transitions [Pl-{pl[qi[pl[q]~[pl in [J], and [qi-[Pl[qi[pl[q!~[g! in [ 71 by Seep 5 

⇒ ([Pl,[qi)=r⇒([p],[q1) in ([J] / / [7l)<L> by composition. 

Proof of (b): True since the quotient keeps transitions of clements of a class, and the algorithm 

does not relabel transitions with label a in L 

■ 

LEMMA 3 (inverse of Lemma 2): 

a) If there exists a transition ([Pl,[q})=r⇒ ([pl,[q!) in ([J] / / [ 71)<L> and (p,1) is reachable, 

then there exists a transition (p,tjr=r⇒(/J1:q1) in (Si/ l)<L> where [p1]=[p1, [q,!=[q]. 

b) If there exists a transition ~[pl in [J], where ,.EL then there exists a transition 

~p/in Swhere [p1]=[p]. 

PROOF: 

Proof of (a): 

Since the only interactions are through the .. interaction labels", 

⇒ exist transitions [ti]=[p][qi[p][q!⇒[p] in [J] and [g]=f,b][q}[p][9]⇒[q] in [7J 
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=> exist transitions [.til=r=>[b,J-[,ti[qj[/11[9J➔[,aj r=>[t>l tn [JJ, and 

[9Fl'=>[tf:l-lP![9i[t>1[q]➔[9:J=r=>[ql in [7J, and [!,,J=IP], l9:]=[9l, [b,J=[/IJ, [9:J=[ql by 

Step 5 

=> exist transitions A-q,[1J,➔p,' in J~ an<l q,-t>,[pl,,➔,r/ in ~ where [/1:J;=[t>i].,=[J>I., 

[t/:I ;= [qj b [,aj,= [/I] b [9:l .,= l91l .,= [g 1; 

=> exist tuples (p, tf,Pt: qJ 

=> if (p,t/) is reachable, then there exists a transition (p,t/)=T=>(p1'.qJ in (S / / 7j<L> where 

[t/1]=[91 and [/11J=[Pl 

Proof of (b): True by definition of quotient and by Lemma 1 (a) and (b) . 

• 
THEOREM: If (p,t/) reachable in (S / / 7j<L>, then (p,t/) ~ ([/1!,[qi) in ([Jj / / [7J)<L>. 

PROOF: 

The proof is a simple application of the definitions. It only uses the properties of the algorithm 

giYen in Lemmas 2 and 3. 

Obviously for all (p,t/) reachable, ((p,t/), (!A,[qi)) in R.,1• 

Assume for all (p,t/) reachable, ((p,t/), ([/IJ,[91)) in R~ 1• 
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:\nd by induction hypothesis, ( <p:1\ ((.,.'1],[ql)) in R,. 1 

For the other direction: 

⇒ (fJ,r/i r⇒<p1:1J=-... -⇒ <p4:1J=r⇒(.A:1J where fJ\l=lP1l, [q,l=l/>11, [P41=[.P:1, k14l=[1~, 

[A]=(J'l, and [1,1=[11 by lemma 2 (a) and (b) 

.-\nd by induction hypothesis, ( (A:1J, ([Pl,[11)) in Rt•t· 

Thus, ( (p,¢), ([;?1.[qj) ) in R., 

• 
Next, it is necessary to show the algorithm always terminates, which can be done using the 

following lemma. 

LEM .. M.r\: Let the classification [ 7J.t be a refinement of the classification [ 7J,. 1• Then [J]r, 

computed using [ 7J < is a refinement of [J].t computed using the labelling [ 7J ,.1• 

PROOF: 
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two transitions in J; have the same labels using the labelling ==,y1 (11] 1=>, the transitions in J; 

will still have the same labels using the labelling =,Jilq:] 1=>. 

Supose .": - /J.. in .i: 

<==) for any transition / 1 =.,11 ⇒ 1i: there is a corresponding transition A ~ 1=> p.; anJ pi'- p::'in 

s I 

⇒ for any transition p, =;,11 ⇒ p,: there is a corresponding transition A~,=> p-,~ and p,' - p{in 

J;, since the labels of the t'.VO transitions are guaranreeJ to be the same in S1. 

■ 

The lemma shows that the algorithm is monotonic, that is, each iteration computes a 

refinement of the classification of the pre,;ous iteration. Since the number of refinements is 

finite, the number of iterations is finite and the algorithm must terminate. 

-1.4.4 J/111/ipk rompoflmls. :✓nd 11111/t::JJ'r!}' i11tm1rlio11s 

It has been shown how to compute the reduction for two components. To handle multiple 

components with 2-way interactions, we collect and label interactions between pair of 

components separately. 

For Step 1 of the algorithm, we can simply store S )j.(P.. fJ, p,: p.j if there is a transition (p,, p) 

=r=> r.p,:p.j in (S, / / J)<L>. This satisfies the condition that S)"j(p,.1,,p,:p,j is stored iff 

whenever the state ( ... p_ •... , p .. .. ) is reachable, there is a transition ( .. . p,, .. . , p ... . ) -='t=) 

( ... p,: ... ,~: ... ) in CJ; / / ... / / SJ<L>. 

For Step 2, for given classifications [J]o of J,:. use the following conditions to compute [5,) 1: 
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a) for all ruples .S:J;(P
1

, q,,A: qJ, and for all [q1]0

=[q
1

]

0

, there exists a ruple f.f;Gb::, q1,p{, tf-j, 

where IP:] 1=[,t,111, [1Jn=[111o and 

b) for all ruples J:,.f;(P:, t/:,A q!J, and for all l1:] 0 =[qi] 11, there exists a tuple J:,.f;(/)1, t/i,/Ji: q,j, 

where [p~,=[,t,1!1, [qJ11=[iJ,l,, 

For the iteration step 2, update [JJ; if any [Jl; 1 with ,vhich it interacts has changed. For step 3, 

add transitions v,J-J:,.5;[p,j[p.][p,IV,.l~[/!,I for all tuples .fJ;(b., p, p,: pJ in [J] and add 

transitions v,J-J:,.1;[p,l[!,.][p,J[p.1~f/',I for all tuples J);(P_,p,p,:p) in [Jl 

Lemma I is changed to 

c) If there exists a transition ( ... p_, ... ,p, ... ) ~ ( ... p,: ... ,p.: ... ) in (J; I I ... I I SJ<!..> 

then there exists a transition ( ... [p,.j, ... , [pj, ... ) =-r=> ( ... [!i,J, ... , [p,1, ... ) in 

([.1; I II . . . II [J~]) < I.> 

d) If there exists a transition p,-~p,' in J:. where ,,e L, then there exists a transition 

Lemma 2 and the proofs arc all changed similarly: p, q is replaced \\;th .. . p_, .. . , p, ... and 

S I I Tis replaced with J; I / ... / I S,, 

The proof of the theorem is changed so that a !-transition (P1, ... , PJ =r=> v,1: ... , pj in 

(J; I I ... I I J)<L> must be broken down into a sequence of constituent !-transitions with 

pair-wise interactions, such as ( .. . p,, ... , p, .. . ) ~ ( ... p,: ... , 1_;: ... ). Then, the lemmas are 

applied to each constituent r-transition. 

For multi-way interactions, interactions for each subset of interacting components is collected 

and labelled separately. For example, for a 3-way interaction, the stored vectors are .fi.J;J;(/J,, 
, , ,, ~ 

A· A, A, P:., n 

(Si I I J; I I S3 I I ... I I SJ<L>. The conditions, the ocher steps, and the proof proceed 

similarlv. 
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./. 4..f .rl(goni/;m a;1,;pk.\1°()· 

:\n upper bound for the algorithm complexity can be obtained by adding up the cost of basic 

operaaons. 

Since interactions with each pair of components arc colkctc<l separately, reductions for a 

component can be computed without composing the rest of the system. The number of stored 

interactions for a component.!; (for 2-way interactions) is .l~f(p,p,p .. :p.~. Thus, the maximum 

number of stored interactions is the number of interacting components, S. times the fourth 

power of the number of states of the components (p,, J, p,: p.~. Thus, the number of 

interactions of J: is at worst t/lH~ for a system of 11components, all with mstates. For multi-way 

interactions, the number of interactions is at worst 1111}' if there arc at most k-way interactions. 

Minimization of each component by obser,;ational equi\·alencc can be performeJ in O(ni) hu1e, 

where e is the number of transitions of the relabelled components. The number of transitions 

is the number of interactions plus the number of visible transitions. :\t worst, this is /,ff+ 1111/, 

where /is the number of externally ,;isible labels .. \ssuming /is unrelate<l to 17/::mJ 11, then the 

number of transitions is C)(_,v,/). Thus, the minimization has complexity O(,r p/). (Fork-way 

interactions, the minimization has complexity CX./ 11lJ.) 

During one iteration, at most II minimizations are required. The n11mber of iterations is at most 

the sum of the scares of the components, because the size of one reduced component must 

increase, or else the :ilgorithm terminates. Thus, the number of iterations is at most O(,i-m), 

and the O\·erall complexity is 0(,/11/). (Fork-way interactions, the complexity is O(/HP+1).) 

./ . ./.6 A(goni/;m 110/t's 

Collecting interactions with each pair of components separately means reductions can be 

computed without composing the rest of the system. However, the disadvantage is that 

interactions \Vith different components are being distinguished from each other. thus lessening 

the amount of reduction possible. For example, interactions of S, \'\i'1th two different 

components would still be distinguished even if the interactions do not change the states of 

either of the other components. In particular, a system with t1/4'labels hidden would not reduce 

to a set of 1-state abstractions! 
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Collecting interactions with each pair of components still results in adding many transitions in 

the relabelled components. In many cases, the same edges in S Oabelled Pi [Ji:]) may cause many 

different edges in TCTabcllcJ 91 [_q1]). But, for the purpose of reducing the components, many 

of the labels q1 [q~ arc redundant. Two labels tj1 [tj~ are rcJunJam if they always appear 

together in all transitions labelled p1 [Al, since they can ne,·er be used to Liistinguish any states 

in J: 

Formally, it is safe to merge the labels t1 and b if, whenen:r there is a transition labelled with 

p, ==;-r-:> A, then there is also a transition labelled with/', -1~ /J:, and ,-ice ,·ersa. In addition, 

duplicate transitions (same source, label, and destination) can then be removed. 

Experiments show this optimization greatly reduces the number of transmons, and 

significantly speeds up the minimization of components. 

4.5 Related work 

This section compares incremental test case generation and interaction abstraction with 

pre,-ious reduction techniques, especially their ability to exploit characteristics of test 

generation from models of software components. 

-1.5. I !IICT?/llef//{I/ /eJ1 gt'fler«lion 

There are no techniques similar to the incremental test case generation algorithm, although 

some work has been done to create algorithms for test case generation. 

Goal-oriented execution for LOTOS[31 I specifications can be used to efficiently generate test 

cases. They rely on static analysis of the specification source code to prune away any expansion 

of the state space that is guaranteed not to lead to states of interest. This technique is useful 

when the states of interest are isolated in small parts of the specification source code. In that 

case, much of the other beha,-iour can be essentially 'sliced' away, using the special expansion 

rules. 

Two other studies applied existing reduction techniques to test generaoon. One srudy 

modified the compositional model generation algorithm to preserve information needed for 

deterministic testing. The algorithm ,vas applied to the simple examples in Carver and Tai's 
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srudy[13]. The other study adapted partial-order methods for efficient bounded search of 

SDL[65l 

None of the algorithms considered generating test cases incrementally. Incremental generation 

is important because the fewer behaviours of a model that are needed, the greate1 the 

reduction that can be obtained. 

It should be noted that a practical test generation tool docs more than generate a sequence oi 

inputs and outputs. For example, it needs to handle non-deterministic output. Existing 

techniques for generating test cases should be incorporated into the algorithm by replacing the 

path generator in Step 2 of the algorithm. Instead, a cool would generate a portion of a useful 

test case as an L TS that han<lles inputs and outputs. That LTS of the portion of the test case is 

then used in the rest of algorithm . 

./.J~2 f nkrachon abstn1ction 

Interaction abstraction is effective for models of software components, which have the 

following characteristics: 

• the system is made up of many loosely-coupled components; each component 

communicates with a limited number of other components 

• each component is small enough to be generated and minimized, but compositions of 

components are too large 

• large components are the result of handling many loosely-related aspects, and manv 

connections with other components 

• only a small part of the system's beha\-;our is of interest at one time. 

Note that interaction abstraction preserves observational equivalence for all externally visible 

behaviour. In particular, liveness properties are also preserved. Thus the algorithm is suitable 

for use in general verification tasks, and not just for test generation. The algorithm can }ield 

useful reductions for verification if the number of undistinguished interactions is large, and the 

number of distinguished interactions is small. 
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Interaction abstraction is able to effectively reduce a wider range of useful systems than other 

techniques, which depend on \·ery restrictive forms of models. For example, BOD-based 

reduction can be very effective in case of systems with a linear topology, but it is ineff ecti\·e in 

systems with a net topology \vhere many pares of the system interact with each other. 

Interaction abstraction is similar to other techniques that require a specific type of redundancy, 

such as data-independence or svmmetrv. It requires models to ha\·e unrelated or loosdy related 

aspects, but only one aspect is of interest at a time. This kind of redundancy is Likely to exist in 

general-purpose models of a system, rather than models specifically designed co n:rify a 

particular property, such as suggested by Holzmann[37]. In addition, the algorithm is able to 

work together with other algorithms to handle models with many kinds of redundancy. le is 

expected to work particularly well with commucativ-icy-based methods (Section 2.5. l A), since 

interaction reduction results in a large number of small components. 

Interaction abstraction is able to reduce global state spaces exponentially, whereas other 

general reduction techniques, such as on-the-fly search or supertracc (Sections 2.5. l and 

2.5.1.2), can only offer linear reductions in size. 

The techniques most similar to interaction abstraction arc compositional mm1m1zation 

algorithms (Section 2.5.1.3). In contrast to those algorithms, interaction abstraction uses many 

contexts to reduce each component; it does not need to compose contexts, nor user-created 

contexts. 

Interaction abstraction also differs from compositional minimization in that it does not require 

composing components to obtain reduction. Instead, it reduces each process by itself using 

information about interactions with other processing. Thus, it avoids the state explosion 

problem altogether. 

The goal of interaction abstraction often differs from compositional minimization, which 

typically tries to consrruct a minimal global model on which many different properties can be 

evaluated. Interaction abstraction is much more effective when creating a different reduced 

model for each property of interest. Consrruction of different reduced models is cost-effective 

since each specific reduced model is, in general, exponentially smaller than a general model. 
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4.6 Chapter conclusions 

Two new algorithms are presented that aim co efficiently generate test cases from formal state 

space models of components. The first incrementally builds a complete test case by generating 

partial test cases for subsets of inputs and outputs. By reducing the number of behaviours of 

interest at one time, the size of the models can be reduced greatly. The other algorithm reduces 

sizes of components by abstracting a\vay behaviour that is not of interest. It is proved that it 

Frese!'.":es b~.+:winm nf inrere'-t, hm :ih .. rr:icr._ uninteresting interactions. presen-ing onlv their 

effect on interesting beh:l\-iour. The reduction algorithm does not suffer from state-explosion 

as it does not compose components, but iteratively reduces each component indh-idually. 



Chapter 5 

IMPLEl\lENT:\TION :\ND EV:\LU:\TION 

5.1 Chapter Overview 

This chapter c\·aluates the feasibility ot generanng test cases from formai design modeis. Tne 

method is feasible if a formal design model can be created \\;th not much more effort than an 

informal model, and the algorithms to analyze the models can handle realistic components in a 

reasonable amount of time. 

The modelling of a realistic software design in ObjectState is evaluated. The model was found 

to be easy to understand and it was reasonably easy to create compared to an informal 

model-as simple as writing a short program. 

Next, the performance of analysis algorithms on this model is examined. The example model 

is found to be coo large for standard algorithms to handle, but using the incremental and 

abstraction algorithms, useful test cases can be generated from portions of the model. The new 

algorithms arc shown to be \·ery effective in situations of state explosion where pre\;ous 

reduction methods are ineffective. 

5.2 Tool implementation 

5.2. I OqjtctJit1/e Tran.rhlor 

The translator tool converts ObjectState model and coverage criteria into their L TS semantics. 

The translator steps are shown in Figure 5-1: it expands the ObjectState model into its graph 

of steps, then translates the steps into Murphi code, and finally the Murphi code generates L TS 

transitions from each step. 

The language Perl was used to greatly simplify the task of creating the translator. Only 1300 

lines of Perl were required (fable 5-1). The flexibility of Perl allowed ObjectState models to be 

written directly as Perl code. The statements in ObjcctState, such as PROCTYPE or WAIT, call Perl 

functions to generate the graph of the steps of the model, and eventually generate the Murphi 

code. In effect, the Perl compiler acts as the parser for the ObjectState program. 

62 
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Each component is translated into a separate Murphi program. The component's variables are 

translated into L\[urphi \·ariables and each step is translated into a Murphi rule. The start-rule 

sets the initial \·alues of the \·ariables and initial state. Executing the Murphi code expands the 

steps of the model with all reachable data values. To generate an LTS, the standard Murphi 

compiler was modified to use the BCG library, which is part of the Caesar-Aldebaran 

De\-elopment Package (C:\DP)[24] toolkit. The BCG library allows reading and writing of 

requirement 

mu 

BCG(LTS) pl (script) 

Figure 5-1 Strucrurc of tr.msbtor tool. 

Test requirements are treated as regular components. In the current prototype, the translator 

does not support multi-way synchronization. Thus, the TESTCONN declaration is not supported, 

and a test requirement must CONNECT to a component's free ports. 

The event-flow coverage generator creates test requirements that guarantee one related path 

for each related pair. Related events are defined as the interactions at a given port. The 

implementation of the coverage generator realizes another benefit of using Perl to represent 

ObjectState models: that is, the full power of Perl is available to automate the creation of 

ObjestState models, such as test requirements. 
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File Lines 

Config.class 27 

Config.pm 107 

Genconfig. prog 133 

Genmodel.pm 255 

Parsemodel.pm 723 

Wrapreq.pm 68 

Total 1313 
Table 5-1 I.mes of code tor rr.anslator. 

In aJJition, a sccon<l translator exists for Promcla-annocaccd ObjcctState mo<lds. The model 

is cxpande<l into seeps in the same way, buc then the steps are translated into Promela code. 

Note that the Promela mo<lel woul<l generate a Jifferent, but similar, transition system than a 

correspon<ling Murphi mo<lcl, due to the Jifferences in the languages and semantics. This 

difference impacts the comparison of performance of analysis. 

The analyzer abstracts the model and generates a path that satisfies the test requirement. The 

three components of the analyzer are basic operations, abstraction, and path generation. 

Configuration 
script_ 

abstraction 
(incremental lest generation, 

interaction abstraction) 

basic operations 
(C, C++ code, CADP tools) 

path generator 
(Aldebaran, Exhibitor, 

Araprod) 

Figure 5-2 Components of the analyzer tool. 

Basic operations manipulate L TS models in BCG format, such as minimization, composition, 

and relabelling. Most of the functionality is provided by the CADP toolbox[24]. The CADP 
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File Lines 

dynbitvec.h 30 

maps.h 83 

transitive.C 393 

weakreduct.c 136 

maps.C 229 

meiger.C ')Q 
.JU 

transops.C 533 

transops.i 62 

analysis.pl 701 

config.pl 620 

toara.pl 55 

toprom.pl 34 

Total 2914 
T.1blc: 5-2 I .mes of code: ,,i an,1l\'zc:r 

toolbox is n~ry useful becausc it uses L TS as a very gencral and powerful input/ output format. 

Many other tools, such as SPIN, use a very tool-specific mm.Idling language, which would not 

have been appropriate to implement the analyzer. :\ conn:nient Perl interface is provi<led for 

the basic operations. 

However, the C:\DP tools Jo not provide manipulations transitive closure of interactions, and 

reduction of interaction labelled transitions (Section 4.4.6). Since there are potentially a large 

number of interactions, the interactions were manipulated as BDDs, using the BuDDy 

package[48]. 

The abstractor implements both the incremental test generation algorithm and the interaction 

abstraction a.lgorithm. The abstractor is implemented in Perl, and uses the basic operations to 

transform the LTS. 

The path generator performs model-checking on the composition of components, to generate 

test sequences. The analyzer interfaces ,vith two model-checkers: 
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• Exhibitor, part of the C:\DP toolbox, using simple on-the-fly breadth-first search 

• Araprod implements on-the-fly breadth-first search with partial-order reduction 

In addition, the SPIN model-checker is used to analyze the \-ersion of ObjectState that uses 

Promela. 

5.3 Example software model 

:\ software design was moddie<l using ObjecrScace. Ti1e ~ufrn,,11e n,.111,,gt:~ tht: ..:.;ll prccc:;:;ing 

of a private branch exchange (PB~'). The call pron:ssing software is responsible for 

monitoring the state of the PBX hard\vare for changes in the state, such as phones going off­

hook and on-hook, anJ phone digits being dialkJ. The software responds to changes in state 

by causing appropriate changes in the hardware state, such as connecting a phone co a dialcone, 

or connecting the ring generator co a phone. The h:mlware state.: is detected anJ modified 

through a memory-mapped interface. 

This example \Vas chosen because it represents a realistic, complex software Jesign. It has a 

fair number of components that interact in complex ways. This software example has been 

used as a course project[l 9] for an undergraduate soft\vare engineering course by the Electrical 

and Computer Engineering Department at the Umversity of \'\°aterloo .. \ group of four 

students is expected co design and implement the system over a four-month term. On the 

other hand, the example is small enough co be modelled compktdy, and in detail. 

5.J. I De.rign J1mdnre 

The model of the PBX is based on the design of an actual implemt:ncation. Tht: design 

comprises the follmv;ng processes: 

• Linescan (LS): receives requests from other processes co monitor the swicchhook status 

of phones. It polls the phone hardware and notifies the process when the switchhook 

status has changed. 

• Call manager (C:M): waits for notification of a phont: going off-hook, then assigns an 

available call handler process to handle the interactions for making a call. :\lso responds 

co queries about whether a phone is currently involved in a call. 

• Database (DB): stores the directory numbers of phones, as well as the in-sen;ce status. 
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Linescan 

Database 

____ rr_sca_n _ _,~ 
Resman 

Figure 5-3 Configur:ition of the components ni PBX soitware 

• Resource manager (RM): allocates aYailablc channels anJ rouchconc rcccin:rs to 

requesnng processes. 

• Multiple touchtone scanners (fS): poll the couchtone receiver har<lwan: state .mJ notifies 

the process that requested information about Jigits dialled. 

• Multiple call handlers (CH): interact ,,.ith telephone users by telling the PBX hardware 

state to set up connections between phom:s and tone generators, touch-tone rccci,·crs. 

etc. 

The ObjectState source for the models is gi,·en in :\ppendix :\.1-.\.6. 

Module Lines 

Callhandler.pm 301 

Callmanager.pm 101 

Connectreq.pm 26 

Database.pm 42 

Linescan.pm 85 

Resource_manager.pm 65 

Datatypes.pm 219 

Porttypes. pm 100 

Total 939 
Table 5-3 Lines of ObjcctStatc source for PBX model components 
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5.J.2 Modelling efon 

The model of the PBX was found co be quite easy to create and understand. Although it was 

certainly more difficult to create than an informal model, it was similar to writing a small 

program. The formal model was 1000 lines of ObjectState (fable 5-3). In comparison, a 

detailed, informal model in SOL runs about 20 pages. If each SOL symbol can be compared co 

a line of code, then the informal model is between a third to a half of the size of the formal 

!"!'!Ced. Th-: imrl•:mt>r,r;1tinn i-. 161101) lines of C 

Mose of the complexity of che formal model \Vas in the code for maintaining data structures 

like secs and tables. The code for interactions (sending/ receiving messages) and for transiting 

between states was quite simple and direct. The formal model could be greatly improved \\;th 

support from libraries of data types and a graphical notation. Table 5-3 shmvs about 2l)0 ·o of 

the code is in Oacatypes.pm, which implements set and cable data types and basic algorithms. 

It is reasonable to expect a quarter of the code can be eliminated \'ll;th better data type support 

and a graphical notation. Then, the formal model would be close co the complexity of an 

informal model. Note that the key criteria for library code would be ease of use, and not 

efficiency, as che model is only used for analysis, not code generation. 

:\ great advantage of the formal model is that it is executable, and hence it is easier to correctly 

model complicated sequences of events. Initially, a mistake was made in creating the call 

handler model. By abstracting the interactions of the model and displaying the abstracted L TS 

graphically, the problem was easily identified and fi."{ed. \v"ithout seeing the actual dynamic 

behaviour, the problem would have been very difficult to find. 

The software was also modelled using Promela annotations (in order to use SPIN to analyze 

the model). In comparing the Murphi annotated model against the Promela annotated model, 

the Murphi language was found to be much easier to use, due to the abilitv co create 

procedures with local variables. 

5.J.J Jfodel ,ompk: .. 1t;· 

The language was found to be expressive enough to handle some tough modelling problems, 

such as the system's dynamic communication patterns. 
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Hierarchical state machines are well suited to the modelling of the PBX software. The use of 

entry and exit actions greatly simplified modelling of the complicated call-handling 

component. In particular, it was used to separate the resource management aspect from the 

main problem of call handling. As shown in Figure 5-4, many of the superstates deal with 

resource management. Entry and exit actions of these states obtained :ind released resources 

transparently for each part of the call handling sequence. 

wa~ for call 

handle call 

get resources 

has resources 

call dialed phone 

comersation 

try ring phone 

f-igure 5-4 State hierarchy anJ connecrion5 for call handler 
component. 

In addition, signal handlers were used to allow each part of the model to add its own code to 

respond to an event. For example, different actions need to be taken in response to an onhook 

message, depending on which state the call handler is in. In some states, timers or linescan 

requests have to be cancelled or redirected. Signal handlers allow states to share certain actions, 

while adding other actions. 

An interesting feature of the model is its dynamic communication pattern. For example, 

depending on which touchtone receiver was allocated to a call handler, it would communicate 

with different touchtone scan processes to obtain digit information. Similarly, the linescan 
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process will accept a request from one process to notify a different process of the switchhook 

status of a phone. In essence, processes need to pass and use references to other processes. 

To modd dynamic communications, a component would have a port connected to each 

processes with which it may need to communicate. The ID of each port would be the ID of 

the component it was connected to. The component IDs then could be passed as parameters 

in messages, and used to select components to communicate \\.'1th. 

The effect of the dynamic communication is to increase the number of states and transitions in 

L TS semantics. Each component would add one transition for each interaction at each port. 

The more components that it can possibly communicate with, the more transitions there are in 

its L TS model. 

The greatest benefit of using a modelling notation, such as ObjectState, is that details of the 

communications between components are abstracted. ~lost of the C cod<.'. of the 

implementation <.kals \\.'1th details of inter-process communications, such as marshalling and 

unmarshalling parameters. 

5.4 Algorithm performanc 

This section im·estigates the performance of different algorithms under different conditions of 

state-explosion. Paths were generated for subsets of the PBX model using different algorithms 

and the time required were compared. The new algorithms performed significantly better than 

prev-ious algorithms on the PBX model. \'\-'hilc pre1,,-ious algorithms were able to analyze only 

cwo components of the PBX, the new algorithms were able to generate tests for useful subsets 

of five components. The results show the new algorithms are effective against the kind of 

state-explosion that occurs in the PBX model and other design models. 

5. 4. I E'/}mi?.·mt dtajion.r 

The PBX model is a good test of the feasibility of component interaction testing from formal 

models. It is a complete model of components and their interactions, and contains many 

loosely related aspects, such as resource handling, dialling, and call processing. 

In comparison, example formal models used in pre"-ious studies are not good tests of the 

feasibility of interaction testing. Firstly, those examples model either hardware, protocols, or 
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software specifications (see Section 2.4.2). Secondly, in order to be analyzable by tools, either 

they are very small models, or they are he1\-ily redundant in one specific aspect, which can be 

exploited by an algorithm. .\s a result, they lack the complexities of components and 

interactions that make anah-sis difficult for interaction testing. In addition, they lack 

redundancy that results from a complete model of software that has to handle many aspects, 

but only some aspects arc of interest for each test case. 

The following model-checking tools and algorithms were compared: 

• Exhibitor (simple brea<lth-first search), 

• SPIN (depth-first, partial-order reduction, supertrace), 

• :\raprod (breadth-first, partial-order reduction), 

• :\ldebaran (minim:il model generation, BOD), 

• new analyzer \\~th incremental test generation, 

• new analyzer with incremental test generation, and interaction abstraction. 

The par:imcters given for each tools arc shmvn in :\ppendi." :\. 

The tools were chosen because they implement advanced and successful model-checking 

algorithms. In addition, the tools should be able to handle LTS input (with the exception of 

SPIN) and give L TS output. SPIN cannot take L TS input, but ,vas chosen specifically because 

it is a \·cry advanced system, and can be considered a standard for tools. :\!so, :\ldebaran's 

minimal model generation algorithm can only compute if a path exists, but cannot generate a 

path. It is not appropriate for test generation, but it was included to compare the effectiveness 

of the compositional minimization algorithm. All the tools are freely obtainable for research 

purposes. 

The tests were conducted using a simple test requirement: the system must connect two 

phones in a conwrsation, two times. (Ibe source code for the test requirement is in Appendi.x 

A.7.) This test requirement was chosen to provide a strenuous test for the algorithms as it 

would require a long sequence of interactions to satisfy. To connect two phones, one phone 
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must go offhook, resources must be available to make a call, the number of another phone 

must be dialled, and the phone must be picked up, and so on. 

The sequence of all the e\·cnts that must occur is not specified in the requirement, an<l must be 

compure<l by the analyzer. The test reqmremenr also <loes not specify \Vhich phone or phones 

must call :m<l which phone or phones must answer. :\ny sequence that involves at least t\vo 

connections \Vill satisfy the requirement. 

f../.J 7ts/ rt'S//Uf 

Beginning \\-ith only one component, the tools were gi\·en more components to analyze until 

they excec<le<l .n·ailablc memory or faile<l to give an answer in a reasonable amount of time. 

The PBX modd is much too large for the tools to handle. En:n for the simplest case of 

finding a path for a single call handler proc.:ess, the BOD an<l commutativity algorithms faile<l. 

SPIN failc<l for the interaction of a call handler \\-ith the <latabase process. The simple breadth­

first search in Exhibitor performc<l better than the more complex algorithms, but it eventually 

failed to compute a path for a call handler with the <latabase an<l call manager. 

REQ DB CM LS CH1 CH2 CH3 

REQ +CH 7 85956 

REQ +CH +DB 7 291 85956 

REQ +CH +DB +CM 7 291 146 85956 

REQ +2xCH +DB +CM 7 579 390 85956 85956 

REQ +3xCH +DB +CM 7 579 390 85956 85956 

REQ +2xCH +DB +CM +LS 7 579 390 41371 85956 85956 
Table: 5-4 SizL-s of models: original number of sutc:s for mode:! 
components 

REQ +CH 

REQ +CH +DB 

Searched states Expected coverage 

3000 

1,120,840 

>= 99.9% on avg. 

>= 99.9% on avg. 
Table 5.5 Number of states searched by SPIN 

85956 
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With incremental test generauon, an additional component can be analyzed. :\dding 

interaction abstraction, five components can be analyzed: three call handlers, the database an<l 

the call manager. However, it also fails when the linescan process was included. 

The results are shO\vn in Table 5-6. The sizes of the models are shown in Table 5--+. Each row 

shows a subset of components chat was analyzed. Note chat the same component in <.iifferent 

subsets has a number of states because the component has co interact with different numbers 

of other components, and hence requires more states. The names of the components are 

abbre\;ated as follows: 

• REQ - rest requirement 

• CH - Call handler (3XCH means 3 call handlers, while CH I refers co the first call 

handler) 

1 t I Incremental + 
PROD Aldebarar SPIN Exhibitor tnctremen at· interaction 

es genera 10 b t t· 
a s rac 10n 

REQ +CH Memory Time out 554 790 365 3079 
out 

REQ +CH Not 7644 534 5159 
+DB found 

REQ +CH - Memory 677 6061 
+DB +CM out 

REQ Time out 7374 

+2xCH 
+DB +CM 

REQ 13558 

+3xCH 
+DB +CM 

REQ Time out 

+2xCH 
+DB +CM 
+LS 

Table 5-6 Tl.ll1cs (seconds) for generating paths 
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• DB - Database 

• CM - Call manager 

• LS - Linescan 

For the Promela-annocaced models, Table 5-5 shows the number of states searched by SPIN. 

:\!though the Promela-annocaced models were implemented :is similarly as possible to the 

i\lurphi-annocated ones. Promela semantics are somewhat different, and the number of states 

of each component ,vould differ a Little. SPIN does not gin: a count of the number of states 

for each component. 

5".-1. J St,1hbili!J' ofneJJ, fl(goni/;m.r 

Such a small sample cannot gi\"e a general indication of the scalability of the new algorithms. 

However, there are se\"eral encouraging aspects in the experimental n:sulcs. In spice of the 

rough narure of the prototype implementation, the analyzer tool is able to handle quite large 

components. 

In theory, the abstraction algorithm a\"oi<ls state explosion by a\·niding composition of 

components and abstracting each component individually. Ne\·crtheless, the theoretical 

complexity of O< ... /ul) looks quite daunting for practical use. However. the actual situation is 

much better in the experiment. 

The major factor in the cost is the set of interactions bet\veen t\vo components. This set has a 

theoretical size complexity of O(mj, which seems to actually occur. such as with the linescan 

component (see Section 5.4.4.4). It is important to realize, hmvcn:r, that this complexity 

simply results from interactions bet\veen cwo components. :\ny type of model checking that 

takes into account interactions between components muse face at least this level of complexity. 

Let us assume that individual components are small, so that the tools built are able to handle 

compositions of two components in a reasonable (i.e. constant) time. This assumption 

eliminates the four powers of m. :\lso at the most four iterations of n:ductions were required 

for each component in experiments. That is much better than the \vorst case of O(nuJJ 

minimizations of each component. Further, assume that components only interact with a 

limited (i.e. bounded) number of other components. This eliminates one more power of 11. 
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Thus, for well-behaved models under these assumptions, the acrual complexity is proportional 

to O(ll) and the effort depends linearly on the number of components . 
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Figure 5-5 :'-lax1mum rime for rcuucuons over Jll external rort 
ret.lucuons. 

The maximum times for reductions are shown in Figure 5-5. The times for reduction differs 

depending on the external port being hidden. The figure shows that times for reduction do not 

depend on the number of components, but rather on the number of interactions between 

components. The test run shO\vn in the rightmost bar has the same number of components as 

the test run for the second right-most bar. The large time requirement for reduction in the 

rightmost bar is caused by the linescan component, which has a huge number of interactions 

with other components. 

Even though the reduction algorithms can avoid state-explosion, the path generation 

algorithms must still deal with the composition of the reduced components. Thus, the 

scalability of thls step depends on the reductions achieved. Table 5-7 shows that impressive 

reductions were achieved (compare with Table 5-4). The table shows the maximum sizes of 

the components after reduction. The sizes after reduction differ depending on the external 

port being considered. The acrual sizes for each step are usuallv much smaller than the 
. . 

ma."'<llTium sizes. 
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REQ DB CM LS CH1 CH2 CH3 

REQ+CH 5 374 

REQ +CH +DB 5 3 510 

REQ +CH +DB +CM 5 4 56 759 

REQ +2xCH +DB +CM 5 7 116 135 

REQ +3xCH +DB +CM 5 10 258 135 

REQ +2xCH +DB +CM +LS 5 -, -1 AO 861 'l 1 ') 
I l~V -.Jl4 

Tabl.: 5-7 ~laximum numbers of slates for components (ovc:r all 

en 
"C 
C 
0 u 
CP 
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Figure 5-6 ~b:umum times for paroal path gcner.1tion over all 
c:ttcmal port reductions. 
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The maximum times required to generate a path is shown in Figure 5-6. The figure shows that 

in most of the test runs, the time to extract a partial path is kept to a few seconds. 

Nevertheless, as the number of states of each component grows slowly, the number of global 

states grows exponentially. The exponential growth can be seen in the righrmost bar, as the 

number of states and components is largest. 

5.-1.4 Andj;•.rfj of.rtale e:9/o.rion 

To understand the scalability of the algorithms requires understanding the factors that cause 

state explosion and the effect of the algorithms on these factors. Th.is section compares the 
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effectiveness of each reduction algorithm on different sources of state explosion and their 

effectiveness in exploiting redundancies in the models. 

5../ . ./. I Lu,xe ,Idle .rpat't's Jrom e.ypt1flded dt1IJ J1ntcl11res 

BOD reduction algorithm performed very poorly on the example mo<lels: it could not analyse 

even a single call handler component with 80000 states. This result is in stark contrast to work 

in hardware \·erification, where huge state spaces, greater than 10=" states, can be analyzed[l2]. 

The difference, of course, is that the hardware models were \·ery regular in strucrure, whereas 

the call han<ller model is a monolithic LTS with no apparent strucrure. BOD-based algorithms 

dcpen<l on finding a good ordering of the BOD variables, where variables far apart in the 

ordering should not depend on each other. The L TS model does not prm·i<le any information 

on how to find a good ordering. In any case, as discussed in Hu's thesis[39], high-level models 

such as software designs contain variables chat correlate with many other \·ariables, so that no 

good orderings exist. 

The reason the L TS mo<lcls are so large is that data strucrures and variables are used liberally in 

the mo<lels. Expanding the data causes the explosion in the I.TS size. 

The partial-order algorithm also docs not help data complexity, since there is only one 

component and a test requirement and hence little interleaving of actions. The simple breadth­

first search algorithm performed better simply because it did not have the overhead of 

attempting to compute reductions. However, it is very susceptible to state explosion \vith 

increasing numbers of components, as seen in the table. 

r\ solution for the problem of data is proposed for verification. The approach is to try various 

abstract interpretations of the data structures in the model[ 18], until one is found that 

sufficiently reduces the state space, while providing an answer that is guaranteed to hold for 

the concrete system. The idea behind abstract interpretation is that only some properties of the 

data structure are relevant to the verification, rather than all the details of the data structure. 

The abstract interpretation only models that aspect, and throws away the information that is 

not relevant. If it happens that the discarded information is acrually relevant to the verification, 

then the answer is not guaranteed to be valid. 
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REQ DB CM LS CH1 CH2 CH3 

REQ +CH 5 12790 

REQ +CH +DB 5 4 12390 

REQ +CH +DB +CM 5 4 125 12790 

REQ +2CH +DB +CM 5 7 223 12790 12790 

REQ +3CH +DB +CM 5 7 223 12790 12790 12790 

REQ +2CH +DB +CM +LS " 7 223 1665 12790 12790 v 

Table: 5-!I Numbers of s1;1tcs after rcducnon using obscrnnon 
C<jtU\':1lc:ncc: 

Choosing abstract imcrprccations requires much manual effort. :\ similar, but automatic, 

method is to abstract states based on the \·isiblc actions of the component. Details of the data 

structures that an: only internal, and im·isiblc to other components, cannot affect the 

verification of properties of the system, nor test generation. This technique is used in the 

compositional minimization algorithm, which alternates minimization with composition of 

parts of the system in an attempt co avoid the state-explosion chat results from composing all 

components at once. 

The sizes of components reduced by observational equivalence are shown in Table 5-8 

(compare with Table 5-4). :\ particular benefit of minimization by obsen·ational equivalence is 

that remnant variable \·alues are automatically removed (sec Section 2.5.1.3). Thus, it saves the 

modeller from having to optimize the model by un-initializing variables when they are not 

needed. 

/nenmenlal lefl generation 

Observational equivalence );elds greater reduction when fewer actions arc visible. 

Unfortunately, it leaves a large state-space if a component has a "wide" interface, that is, has 

many actions chat interact with other components or the environment. Incremental test 

generation is effective because it initially hides all external port actions except for the actions at 

one port. Once a path is extracted for this port, the actions the next port is made visible. 

However, the previous path for the first external port is also composed into the system, and 

constrains the states that \Vil! be explored. This continues, so that even as larger models are 
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REQ ·cH Extracted paths 

Ext 1 5 633 

Exts 1 .. 2 5 1038 11 

Exts 1 .. 3 5 1038 11, 8 

Exts 1 . .4 5 1038 11, 8, 1 

Exts 1 .. 5 512390 11, 8, 1, 5 

Exts 1 .. 6 5 12715 11,8,1,5,5 

Exts 1 .. 7 512790 11, 8, 1, 5, 5, 12 
TJble 5-tn :--.umbers oi st,Hcs of REQ+CH ,1ftcr rcducnnn ,;a 
incremental test ~encrJnon. plus cxt:r:u:ted paths. 
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considered, the models are constrained further, and thus, each path generation needs to 

explore relatively few states. 

REQ DB CM CH Paths extracted 

Ext 1 5 4 42 5769 

Exts 1 .. 2 5 4 4212465 11 

Exts 1 .. 3 5 4 42 12465 11,8 

Exts 1 . .4 5 4 42 12465 11, 8, 3 

Exts 1 .. 5 5 4 42 12790 11,8,3,3 

Exts 1 .. 6 5 412512790 11,8,3,3,12 
Table 5-') Numbers of states of REQ+CH + DB+C\I :iitcr rcducnon 
na incremental test gcner:iaon, plus extracted paths. 

Table 5-10 shows its effect on reductions of the simplest case of one call handler. Initially 

reduces models to 5 and 633 states. Those models are obtained by hiding all external 

interactions except those belong to external port 1 ('Ext l '). This is significantly less than 7 and 

85956 ('Raw'). From the reduced models, it obtains a path for these interactions consisting of 

11 states, or 10 interactions. Next, it hides all external interactions except external ports 1 and 

2, which leads to bigger models of 5 and 1038 states. However, the constraint from the 

previously generated path means much fe\ver states are actually explored. Indeed, times taken 

to extract each path remain quite constant (Figure 5-7). 
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hh>t1ri: 5- 7 Timi:, to i:xtr.1ct paths for i:ach external port 

The reduction is not as impn:ssin: in the larger case of three components (CH + DB +Cl.[) in 

Table 5-9 .. Less reduction is obtained because fewer ports are e:m:rnal, and mort: ports connect 

with other components; hence, thcy cannot be hidden .. Howe\·er, the rime required to extr:lct a 

path remains flat, same as in the previous case (Figure 5-7). 

\'fith more components and connections, and fewer external ports, incremental test generation 

alone \Vil! fail to create much bem:tit. 

l11tm1ction t1hlrt1dion 

The interaction abstraction algorithm is more clever than the previous approaches in finding 

regularity in the structure of the state space. It looks at how the state space is actually used by 

(i.e. interacts with) other components of the system. Then, all states that are used in the same 

way can be merged. Its effect is similar to abstract interpretation, but its reduction always yields 

valid results for model checking. It may not reduce models as much as a cleverly chosen 

abstract interpretation, but it is completely automatic. The reductions achieved with the algo­

rithm are impressive (fable 5-7). 

It can be seen from Figure 5-8 to Figure 3-8 that interaction abstraction is much more 

effective than incremental test generation alone. The figures compare the reduction of model 

size for each step. For the component, the size at each step is plotted as a percentage of the 
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size of the observationally minimized model. :\s the number of components increase, 

incremental test generation alone quickly loses any ability to reduce model sizes. However, 

interaction abstraction continues to be verv effecti,·e. 

Furthermore, \vith incremental test generation, mo<ld sizes increase as more external ports are 

considered. HowcYer ,,.,;th interaction abstraction, the previously generated paths arc used to 

abstract the models, \\ith the result that the mo<ld sizes remain almost constant. Nor only do 

the model sizes remain constant, the time to extract paths and compute reductions also remain 

constant (Figure 5-13 and Figure 5-14). 

100% , IB-aiEBH'IEBt-tEB!t-t!B:H-lll!Br-HEDt--,-------;--:::;.,,_-t-1 .....-
I 
I 

80% 
I 

60% 

40% +-1--------- ----~t----

' J 

!, ..!..A...~ Q% +I---------~ 0 0 6 ~ 

REQ (5) CH1 (12790) 

\--+- Incremental -i:r Interaction abstraction I 
Figure 5-8 Size oi reduced REQ+Cfl as a percenr of obscrnnonally 
rrummized models. (Number in br.ickets 1s s17e of obscrnoonallv 

mirumized models.) • 
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CH1 (12790) REQ (5) OB (4) 

[--+- Incremental -Er- Interaction Abstraction \ 

f-igure 5-') Size of reduced REQ+ DB+<]·[ as a percent of 
observaaon::ilh· minuruzed models. (:--lumber 1n brackets 1s size uf 

observaaon:illy rrunuruzc:J models.) 
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!--+- Incremental -Er- Interaction Abstraction I 
Figure 5-10 Size ofreducc:d REQ+DB+G,l+Cl-1 as a percent of 
observ::itionallv minimized models. (Number in brackets is size of 

• observationally minimized models.) 
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Figure 5-12 Size of REQ+DB+CM+CHI +CH2+CH3 reduced by 
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model. (Nwnbc:r in br:ickets is size of observationally rrunirruzcd 

models.) 
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Note that interaction abstraction would not work well without incremental rest generation, 

since it does not abstract external actions at all. If all external actions are distinguished, many 

states must remain distinct, and there is little opponunity to abstract interactions. 

5. 4. 4.2 &dttndan9· in rim,lar &la t'db1er 

The depth-first algorithm with superuace performed very poorly for a Call handler with a 

Database component. It actually completed without finding a path satisfying the test 
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SPIN 

REQ +CH 554 

REQ +CH +DB 27H (Not found) 

Reduced REQ +CH +DB 370 

Reduced REQ +CH +DB +CM Time out 
Table 5-11 Effect of reducing Jara in Promcla model on mo<lel­
checking nrnc with SPIN 
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requirement, in spite of the fact that coverage was estimated to be >99.9°'0 of the states in the 

model. 

:\gain, the difficulty is due to the data. In the model, there are more than I 44 2-digit directory 

numbers than can be dialled, but only two that correspond to phones (as there arc only 2 

phones in the system). In the simple case ,vithout a database, any directory number dialled can 

be considered a valid telephone number, since the database's responses arc controlled 

externally. Otherwise, only 2 of 144 arc \-alid. 

If the search chooses an execution path where an invalid directory number is dialled, a 

connection cannot be made, but the search will continue along that path- The breadth-first 

algorithm performed better because it docs not commit to a particular path, but continues to 

search along all execution paths equally. However, the amount of storage required to track all 

execution paths can be exponential in the length of the paths. 

To demonstrate the effect the redundant data had on the search, the model was modified so 

that there were only two invalid telephone numbers. Then the depth-first algorithm 

successfully computed a path in only a few minutes (fable 5-11 ). (Nevertheless, SPIN was not 

able to extract a path for even the reduced model with four components.) 

Clearly, it is not necessary to explore so many paths with invalid directory numbers. For this 

test requirement, they all behaved similarly: no connection can be made. Thus, by taking 

ad,·antage of knowledge about the test requirement, the model can reduce significantly. 

However, it is not practical to do this manually for each test requirement. 
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,\gain, interaction abstraction is of great benefit as it takes advantage of which actions are 

distinguished by the test requirement and which are not: those: that cause a transition between 

the same pair of states are not distinguished (or those that do not cause any transition at all). 

Hence, similar data is merged, and only one representative path needs to be searched. 

To see how effccti\-e interaction abstraction is, compare the values of figure 5-15. The first 

value is the number of states of the call handler \\lith all actions \isible, reduced by 

obsen·ational equivalence. The second \·alue shows call hanJler's interactions \\ith the 

database completely hidden. The large difference between them is completely due to the range 

of possible directory numbers. The third value is shows the database interactions abstracted 

\\lith the acrual database, which effectively eliminates the many similar directory numbers, and 

coalesces them into two distinct abstract interactions. 

i-1 . ./.J Rrdtmd1119· in J7?.!1ihr ,v,1npo11mls 

In addition to not distinguishing invalid directory numbers, the test requirement docs not 

distinguish between call handlers. That is, it docs not matter which call handler(s) make the 

connections between phones. Thus, only one call handler is needed to satisfv the test 

requirement, and any extra call handlers are redundant. 
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hidden versus mtcractions abstracted. 
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Incremental test generation and interaction abstraction can take advantage of redundant 

components to reduce model sizes. From Table 5-12, shmving the progress of analyzing 

REQ+3CH+CM+DB, it can be seen that the first 11 extracte<l paths have one state, ,vhich 

means there arc zero interactions. The first 11 extracted paths are for the external ports of the 

first two call handlers. Thus, they are not used at all to satisfy the test requirement: all 

connections are made by the third call handler .. \s a result, the composition of the extracted 

p1rh~ ,,rirh rh,· q·,;rcm red11ces rhe first two call handlers to onh· two states. 

The reason the first two call handlers arc not used is because the breadth-first search finds the 

shortest path satisfying the requirement. \vben considering the first call handler, actions of one 

of the external ports an: visible. Hence, its abstraction is larger than the abstraction of the last 

REQ DB CM CH1 CH2 CHJ Paths extracted 

Ext 1 5 10 258 135 105 105 

Exts 1 .. 2 5 7 204 6 105 105 1 

Exts 1 .. 3 5 7 204 2 105 105 1 

Exts 1 . .4 5 7 221 5 105 105 1 

Exts 1 .. 5 5 7 221 5 105 105 1 

Exts 1 .. 6 5 7 114 2 105 105 1 

Exts 1 .. 7 5 7 114 2 105 105 1 

Exts 1 .. 8 5 5 118 2 149 105 1 

Exts 1 .. 9 5 4 81 2 2 105 1 

Exts 1 .. 10 5 4 81 2 2 105 1 

Exts1 .. 11 5 4 81 2 2 135 6 

Exts 1 .. 12 5 4 147 2 2 135 12 

Exts 1 .. 13 5 4 147 2 2 759 3 

Exts 1 .. 14 5 4 147 2 2 158 3 

Exts 1 .. 15 5 4 147 2 2 139 8 

Exts 1 .. 16 5 2 154 2 2 153 11 
Table 5-12 Numbers of states of REQ+3CH+C.\l+DB after 
reduction '"ia interaction abstraction, plus length of paths c,;rracted 
for each c,;tcrnal port 
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REQ DB CM LS CH1 CH2 Abstraction Extract 
5 
5 
5 
5 

7 148 861 
4 124 529 
4 124 529 
4 124 529 

312 256 
19 258 

5 258 
5 258 

12365.7 27300.9 
3677 .5 2952.8 
1462.4 730.5 
1494.9 731.3 

Time out 
T.1bl.: 5-13 :--1 umb.:r of sra1cs reduced v1a inieraction Jbs1racnun. 
plus nmcs ID t,:-ttr.1ct path for e:ich c:-t!t,mal pcm. 
REQ+ 2CI I +C.\I + DB q_-; 
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two call handlers, which ha\·c all external port actions hidden. Hence its interactions \Vil! 

produce longer paths than the last t\VO call handlers, the test requirement would be satisfied 

using the shorter, abstract paths from the bst two call handlers. 

In sin1ations of redundant components, the algorithm will b~~ass partially abstracted 

components and use fully abstracted components to satisfy the test requirement. Thus, the 

additional cost of rc<lundant components is the cost of the fully abstracted versions, rather 

than each partially abstracted version. Ideally, the fully abstracted components arc \·cry small, 

so that the state-explosion is controlled. Table 5-6 shows that the time required by the 

algorithm grO\vs very slowly with the number of call handlers. 

f.4.-1.-1 H{r/1()'-COm'klled rhltl 

The limitation of interaction abstraction can be seen when the linescan process is added to the 

analysis. Table 5-13 shows the reduced number of states for the analysis. There is a large 

reduction, but the reduced sizes are still very large. The other notable fearure is the jump in the 

time required for abstraction onr other models (from thousands of seconds per analysis to ten 

thousands of seconds). 

The reason for the large jump in reduction time is the linescan process. The process is basically 

a large table that stores which process has requested to be notified of onhook or offhook 

events for each phone. New requests overwrite pre,rious requests for a phone. Since table 

items can be arbitrarily added or changed, the model has many transitions from one state to 

many other states. In many data structures, the state space is highly interconnected, and there 

is a transition between nearly every pair of states. As a result, the reduction ti.me has 

complexity O(ui). 
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In addition to longer abstraction times, the reduced components arc also relatively large w-ith 

linescan. The reason is that linescan introduces \·cry complicated interactions between 

components. If one component o\·erwrites :mother's request for notification, the other 

component will not receive any notification. Thus, the interaction of each component with 

linescan depends closely on the interaction of the other components with lincscan. Hence, 

almost all the information in the linescan component must be retained. This causes a domino 

interaction with linescan. 

As an experiment, the linescan model was changed to n:Juce its raw size. Instead of having 

linescan poll the hardware and issue phone hook notifications at predefined intervals, the 

model was changed so that linescan could poll a phone and issue a notification at any time. 

This reduced the ra,v number of states of lines,an to I I (1 iS compared to -l-1371. Interestingly, 

however, the reduced size of linescan after the first external port reduction remained at 861. 

This experiment shows that the remaining complexity of the reduced linescm component is 

'intrinsic' to the design, :md not an accident of the particular model code. 

5. -1.5 Applitt1bili!J q/tl(goni/;m.r 

:\!though the algorithms gave impressive results on this example. one sample is not enough to 

say definitively if it can perform as ,veil on other models. Howc\·er, the prc\ious analysis of the 

results showed se\·eral strengths and weaknesses of the algorithms, which ma\" indicate its 

effectiveness on other models. 

The algorithms performed well because there wen: 1-4-4 phone numbers, but only rwo phones. 

The same beha\;our may be expected for models with data strucrurcs, such as lists or sets, 

\vhen the contents of the data srrucrures are not related to the beha\;ours of interest. For 

example, the phone numbers can be longer sequences of digits, and more phones can be 

added, but the reduced models would remain the same. 

Another reason the algorithms worked well was that hiding external ports produced small 

reduced models, and short test paths. (Short paths greatly reduce the time for extracting paths.) 

On the other hand, the algorithms a-011/d no/ have \Vork \veil if arbitrary actions were hidden. 

For example, if some phone numbers and phone offhook were hidden, but other numbers and 
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phone onhook were visible, then very little reduction would be obtained. It is necessary to hide 

and expose all the phone numbers together, and hide and expose onhook and oftnook 

together. 

Inruitively, most software models would have the property that actions at a particular port 

would be highly related to each other, and hiding them as a whole would abstract away a \Vhole 

aspect of the behaviour of the software model. In the same \Vay, actions at different ports 

would invoke different aspects, and would affect each other little. Hence, \VC may expect the 

same kind of reduction for other models. 

On the negative side, the PBX model has a high degree of concurrency: components do not 

have to wait for each ocher \·cry much. :\s well, there arc many redundant, rclatin:ly 

independent components. Certainly, the more independent the component, the better the 

reduction obtained by interaction abstraction. This suggests that the algorithms ,vould han: 

more problems with systems that have tightly-coupled components. For these c:ises, there is 

probably not much that can be done, since the complexity is intrinsic to those systems, :ind not 

an accidental fcarure of the representation. They would be \·en· difficult to handle for 

intelligent humans as well. 

In fact, the weakness of the algorithm shown in the example was the handling of the linescan 

component. The tight coupling and large set of interactions of the component caused the 

:ilgorithms to fail. This may point to a serious weakness, because message queues used in 

buffered communications have the same characteristics. Further research is required to 

develop techniques to handle these siruations. One possible approach is to use the interaction 

abstraction algorithm to abstract more than two interacting components at a time. That is, 

instead of distinguishing interactions of a component with two different components, view the 

interaction among all three components as the same kind of interaction (Section 4.4.4). New 

techniques may be needed to handle the explosion in the number of interactions that result. 

5.5 Conclusions 

This chapter shows that the techniques proposed in this thesis prm;de foundations for feasible 

interaction testing from formal models. 
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The ObjectState language proved to be suitable for modelling the call processing software for 

a private branch exchange. The model was found to be simple, and the effort required was 

reasonable. It required a little more effort compared to an informal model, but it was easier to 

ensure the model's correctness. 

The algorithms to analyze the models can handle realistic components in a reasonable amount 

of time. The PBX model was too large to fully analyze. However, the interaction abstraction 

algorithms combined with incremental test generation allowed useful subsets of the moJcls to 

be analyzed. 

The new algorithms were found to be effective at exploiting the type of redundancy that exist 

in models of software components. In particular, software models for testing must contain 

many loosely related aspects, and the algorithms were able to exploit these redundancies. They 

dramatically reduced large state spaces Jue to liberal use of data, exploiting reJun<lanr data 

values and components. However, the algorithms were not able to pren.:nt state explosion in 

the case of components that interact closely through a data strucmre. 



Chapter 6 

CONCLUSIONS 

This thesis introduces techniques that provide foundations for feasible interaction testing from 

formal models. It presents an ob1ect-onenced modelling ianguage chac i:, t.:a=>) tu us~ for 

software design, but it also has formal semantics for re-use in interaction testing. Formal 

coverage criteria and test requirements can be defined for the modds, and test cases can be 

generated using a model-checking approach. :\d\·anccd algorithms were created to contain 

state explosion in the analysis of the formal models for test generation. :\n experiment using a 

realistic software model showed that the techniques could handle useful component models 

with reasonable effort. 

6.1 Contributions 

The foLIO\ving contributions were made in this thesis. 

:\ formal model of component interactions was selected. Labelled transition systems capture 

the essential characteristics of interactions. LTS models have a rich theory and a body of 

efficient algorithms, which allow efficient tools to be created for test generation, simulation, or 

verification. The formal model is appropriate for sequential, event-driven object-oriented 

programs, or concurrent programs that interact synchronously, such as by Jan's synchronizing 

methods, :\da rendezvous, or remote procedure calls. 

Coverage criteria for interaction testing was formally defined. The formal model and definition 

of pre,;ously informal coverage criteria enables automatic analysis of coverage of a test suite, 

automatic generation of test cases to achieve required coverage, and objective experiments on 

coverage criteria effectiveness (not dependent on indi,;dual testers). 

A formal language was created to model designs of component-based software. The language, 

ObjectState, combines an easy-to-use informal object-oriented modelling language, such as 

UML/RT, \'1;th a Pascal-like programming language. High-level component interactions are 

modelled in the object-oriented modelling language, while detailed manipulation of component 
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data is modelled in the programming language. The language was given a formal semantics as 

LTS. 

:\s an experiment, the call-processing software of a pri\·ate branch exchange (PBX; was 

modelled. The features of ObjectState made the model simple and easy to create. 

The language was extended to model test requirements. allmving test requirements to be 

formally specified in a simple way. 

The main contribution in the thesis was the creation of two new algorithms to enable test 

generation from L TS models of software. The incremental test generation and interaction 

abstraction algorithms significantly reduce the state-explosion problem when analyzing L TS 

models. The algorithms enable the analysis of far larger models than previous algorithms could 

handle. :\t the same time, the algorithms can be used in conjunction \\-ith preYious algorithms 

to further increase the size of models chat can be analyzed. 

The incremental test generation algorithm takes advantage of the fact that test cases can be 

generated incrementally. Generating a part of a test case only requires a small amount of 

information, which means the system can be reduced exponentially. :\s a result, extracting each 

portion of the test takes much less effort than extracting the entire test case at once. 

The interaction abstraction algorithm cleverly removes redundant information from the 

model, while preserving all information necessary to generate the test case. It is especially 

effective working with incremental test generation, since it means only a portion of the system 

behaviour is of interest at a time. The interaction abstraction algorithm avoids state explosion 

by iteratively minimizing each component. It is shown to have complexity 0(,/td), where nis 

the number of components, and mis the number of states of a component. ([his complexity 

holds for components with t\vo-way communication. For simultaneous, k-way interactions, 

the complexity is O(i?1).) The correctness of the algorithm is proved. 

Interaction abstraction is effective for models of sofovare components, which have the 

follO\ving characteristics: 
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• the system is made up of many loosely-coupled components; each component 

communicates with a limited number of other components 

• each component is small enough to be generated and minimized, but compositions of 

components are too large 

• large components are the result of handling many looseh·-related aspects, and many 

connections with other components 

• only a small part of the system's beha\;our is of interest at one time. 

Under these reasonable assumptions, the algorithm depends linearly on the number of 

components, while potentially reducing the global state space exponentially. 

:\dditionally, the interaction abstraction algorithm is useful for general model-checking 

purposes, especially for \-crification of properties that depend on a small subset of the actions 

of a system. 

Experiments conducted on the model of the PBX showed the algorithms effectively reduce 

n:alisric models of sofnvare for test generation. TI1ey diminate redundancy in models that use 

data strnctures and nriables, contain variables with similar data \·alues, and redundant 

components. The experiment showed the feasibility of analyzing useful, realistic models for 

generatmg test cases. 

6.2 Limitations and Future work 

The follo\ving limitations of the current \Vork need to be addressed. 

6.2. I Te.rtit;g tlllt1jy.ri.r 

The algorithms in this thesis reduce state space models to enable test case generation. 

However, the paths generated by a standard model-checker are not satisfactory test cases. For 

example, they do not allow for non-deterministic output from the system. Several pre\;ous 

studies have developed techniques for generating executable test cases from state space 

models [23] [28]. These techniques need to be combined with the reduction algorithms to 

generate test cases for software component interaction. 
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Beyond test generation, the formal definition of coverage criteria allmvs many other types of 

testing analysis, such as 

• generating a minimal set of test cases to satisfy a coverage criteria 

• e\·aluating the level of coverage gt\·en a set of test cases 

• esumaung the minimal number of (further) test cases needed to achic\·c a level of 

co\·erage 

• selecting tests that are needed for regression testing, given a notion of change in model 

Efficient algorithms should be derived for these questions. 

6.2.2. l!ockllli{g hn._1;1(,{i;e 

The ObjcctStatc language only shows the feasibility of creating formal design moJds using 

object-oriented modelling features and an imperative programming language. Howen:r, many 

more fi.:an1res an: needed in a practical, formal modelling language. Foremost, a graphical 

notation and editor should be adapted from an informal languages, such as UML for Real­

Time. In addition, fcarures such as <lynamic process creation and dynamic communication 

patterns should be supported. The features can be simulated using ObjectState language 

constructs, but arc common enough to warrant being included in the modelling language. 

The most d.ifficult part of detaile<l models, such as the PBX model, is the code relating to the 

data structures. The model could be simplified significantly by prO\;ding easy-to-use, 

predefined data types. 

6.2.J A(gonib111J" 

Although the algorithms given in this thesis significantly increase the size of models that can 

be analyzed, they are still too limited for most applications. One of the key problem areas is 

when many components interact closely using data structures. 

A possible direction to explore is extending the interaction abstraction algorithm to consider 

interactions with a group of components together, rather than distinguishing between 

interactions with different components (as currently done in Section 4.4.4). Many issues would 
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need to be solved, such as how to prevent an explosion in the number of interactions, or how 

to compose components that have been reduced in this way. 

Another incremental imprm·ement can be obtained by extending the algorithm to handle 

coarser equivalence relations, such as safety equivalence[9J. or trace equivalence. Currently, the 

algorithm preserves obserYation equivalence, which is stronger than necessary for testing. :\ 

coarser relation would allow greater reduction. 

:\n attractive idea is to cre:ue a similar :tlgorithm that preserYes partial-or<ler or symmetry 

equi\·alence in addition to nbsen·ation eyuivalt:nce, using for example, \' almari's technique 

([66], page 511). 

To go beyond incremental impron:mmts would likely require manipulating data in symbolic 

rather than expanded form (as concrete tr:msitions and states). :\ combination of interaction 

abstraction with abstract interpretation may be useful. 

6.2.-1 Tooir 

\'\'hik prototype tools have been implemented for the teclmi<.1ues in this thesis, the ideas 

should be incorporated into in<lustrial-strcngth tools in orJer to be used for practical 

applications. In particular, the implementation of the algorithms can be greatly speeded up if 

tools supported hook transitions directly. For example, minimization tools should treat them 

as internal transitions. 



Appendix A 

OBJECTST:\TE MODELS OF PBX 

A.1 Model of Call handler 

#!Perl 
package m:x:lels : : C.allhandler; 
use scrict; 
use trans: : Parsercx:lel; 
use m:dels: : Portt:ypes; 

DEFINE call_handler_pr= => PR!XTiPE { 
o:::NST 

'cligit:_l_tirrecut : S; 
cligit_2_tirreout : 10; 
ringing_tirreout : 120; 

fast_b.lsy_tirreout 120; 
sla.r_b.lsy_tirreout : 120;'; 

roR'l' 
Tirrer => 'tirrer _interface' , 
C.all_rranager => 'call_manager_interface', 
Line scan =.,. 'line scan interface' , 
C'atabase => 'office_database_interface'. 
'TI'RX_scanner[ttnc_EN]' => 'TI'RX_scanner_interface', 
Resource_nanager => 'resairce_nanager_interface', 
HW => 'hardware_interface', 

VAA 
Handled _phone - EN => 'phcne - EN I • 

Dialled_CN => 'directory_rrurrter•, 
Dialled_cligit => 'digit', 
Dialled_phane_EN => 'ph:rle_EN', 
Dialled_phane_status => 'equiprent_status', 

TI'RX => 'ttnc EN', 
CXlt_c:hamel =; 'channel_id', 
In_channel => 'c:hannel_id', 

# the ccxle: 
S'OO'ES 'wait for call' , 'handle call ' ; 
ENI'ER 'wait for call'; 

######### train sequence 
DEFINE 'wait: for call' => SrA'IE { 

WAIT { 
OP 'C.all _ nanager?handle _ call (Handled _ph:r1e _ EN) ' ; 
ENTER ' handle call ' ; 

} ; 
} ; 
DEFINE 'handle call' => SrA'IE { 

S'OO'ES 'get resources', 'has resa.irces'; 
INIT { 
OP •Line_ scan!request (MYPID, Handled _ph:r1e _EN, cnhookl • ; 
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EN!'ER 'get resa.irces•; 
}; 
CMXIT { 

OP ' call_ rranager ! finished_ call (Handled _phone_ EN) ' , 

'unclefine Hand.led ohcne EN'· }; - - . 
WA.IT { 

OP 'Line_scan?notify(Handled__phane_EN, (oohcok]) '; 
CAIL I handled phone aihcok' ; 
OP 'Line_scan!request(call_rranager_pid, Handled_prone_EN, offhcokl '; 
ENI'ER 'wait for call'; 

}; 
WHEN ' idle handled ohc:r.e' = > HANDLE { 

OP 'Line_scan!cancel(Harx:lled_phone_ENl '; I! need this? 
OP ' Line_ scan! request ( cal 1 _ rranager _pid, Handled _plx:ne _EN, cnhcck) ' ; 

ENTER 'wait for call'; 
}; 

}; 

###11####### resa.n-ces part 
DEFINE 'get resources' => S'I1\TE { 

} ; 

INIT { 
OP 'Reso.irce rranager ! request ( l ' ; 
IF { -

OP 'Resource_rranager?grant_all(In_channel, OJt_channel, TIB.Xl '; 
ENI'ER I get dialled nurrter' ; 

} CR { 
OP 'Resource_ nanager?grant _ channels (In_ channel, a.it_ c:hanf'.e 1 l • ; 
ENI'ER I fast b.lsy phcne I ; 

} CR { 

} ; 
}; 

OP 'Resource_rranager?refuse() '; 
CML 'idle handled phcne' ; 

DEFINE 'has resources' = > STATE { 
SThTES ' fast b.lsy phone ' . ' slow b.lsy ph:r.e' , 

'tcy rm; phone', 'call dialled phcne', 'get dialled EN'; 
CMXIT { 

} ; 

OP 'Resource_rranager!release_channels(In_channel, C\lt_channell '; 
CAIL ' set idle c:amecticn' ; 

}; 

11############# dialing part 
DEFINE 'get dialled EN' => STATE { 

SThTES 'has dialin3 reswrces', 'look up dialled IN'; 
CNEXIT{ 

OP 'undefine Dialled_I:N'; 
} 

}; 
DEFINE • has dialirx3 resources' => srnTE { 

smTES •get: dialled rn.m:ier'; 
CMXIT { 

OP 'Resource rranager ! release TrnX (TI'RXl ' ; 
}; - -

}; 
DEFINE 'get dialled rn.mi:er' => STATE { 

INIT { 
OP 'Tirrer!set:(digit: 1 t:i.Jrea.ltl '; 
OP 'initialize(Dialled_r:Nl '; 
CML ' set: dial taie cainec:t:icn' ; 

} ; 
CNEXlT { 
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CALL • rercve dial cannecticn • ; # TIIDC 
} ; 
WAIT { 

OP 'Tirrer?tirreo.Jt(l '; 
ENI'ER ' fast l:::usy phone' ; 

}; 
WAIT { 

); 

OP 'Trm: scanner[TIR.X] ?digit dialled(Dialled digit)'' 
'apperrl_digit(Dialled_CN, Dialled_digit); ~fine Dialled_digit'; 

CALL ' set idle tone =.ecticn' ; 
IF { 

OP ' [is_ carplete (Dialled_ CN) & is _,,.alid (Dialled _CNl I ' , 
'Tirrer!cancel(l '; 

ENI'ER 'look up dialled CN'; 
} OR { 

OP '[!is_carplete(Dialled_CN) & is_valid(Dialled_Ct-ll] ', 
'Tirrer!set(digit_2_tirrea.itl '; II cancel first? 

} OR { 

); 
); 

OP ' [ ! is_ valid (Dialled _CNl l ' , 
'Tirrer!cancel(l '; 

ENI'ER • fast l:::usy phone• ; 

WHElJ 'handled phc:r1e atl1cok' = > HANDLE { 
OP 'Tirrer!cancel(l '; 

); 

DEFINE 'look up dialled CN' => S'Ii\TE { 

} ; 

INIT { 
OP 'Database!request_EN(Dialled_CN.Digits[l], Dialled_Ct-l.Digits[2] l •; 
OP 'Databa.se?reply_EN(Dialled_pha'le_EN, Dialled~ohane_statusl '; 
IF { 

OP '[!is_enor_EN(Dialled_phone_ENl & is_active(Dialled_phcne_status)] ', 
'undefine Dialled_phone_status'; 
ENI'ER 'try rin; phcne' ; 

} OR { 

}; 
} ; 

OP '[is_en:or_EN(Dialled_phcr.e_EN) I ! is_active(Dialled_phcne_statusl] •, 
'undefine Dialled_phone_EN; undefir.e Dialled_phone_status'; 
ENI'ER • fast l:::usy ph:r1e' ; 

####### rin;Jing part 
DEFINE 'try rin; phcne' => STATE { 

!NIT { 

} ; 

OP 'call_rranager!get_phone(Dialled_phcne_EN) '; 
IF { 

OP 'call_ rranager?phcne _ l:::usy (_) ' , 
'undefine Dialled_phone_EN'; 
ENI'ER 'slow l:::usy phone' ; 

} OR { 
OP 'call rranager?phcne obtained ( ) ' ; 
ENI'ER 'wait pickup ph::re'; -

} ; 
}; 

######### call dialled phcne 
DEFINE 'call dialled phcne' => SThTE { 

S'OO'ES "wait pickup ptx:ne•, 'conversaticn'; 
CNEXIT { 

OP 'call_ rranager ! release _phcne (Dialled _ph::rle _ EN) ' ; 
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} ; 
WHEN 'idle dialled phooe' => Hll.NDLE { 

}; 

OP 'Line_ scan! request (call_ rranager _pid, Dialled _JJhale _EN, cnhcok) ' ; 
} ; 

DEFINE 'wait pickup phone' => SOO'E { 

} ; 

INIT { 
OP 'Line_scan!request(MYPID, Dialled_phcr.e_EN, offhc:okl •; 
OP • Tirrer ! set ( ringing_ tirrecut) ' ; 
CALL ' set rin:Jing camect:iai • ; 

} ; 
CNEJaT { 

r;. T ,T, ' T"Pm"l'v'F' ri. nain::J connect icn • ; 
} ; - -
WA.IT { 

OP 'Line_scan?notify( [Dialled_phcne_EN], [offhcckl) '; 
OP 'Tirrer!cancel(l '; 
ENI'ER 'conversatiai' ; 

}; 
WAIT { 

OP 'Tirrer?tirrea.it(l '; 
OP 'Line_scan!cancel (Dialled__p!-one_ENl •; 
ENI'ER t fast t:usy phone I ; 

}; 
WHEN • han:lled phcne cnhook • = > HANDLE { 

OP 'Line_scan!cancel<Dialled_ph:)ne_ENl •; 
OP 'Tirrer!cancel() '; 

}; 

DEFINE 'conversaticn' => smTE { 
INIT { 

} ; 

OP 'Line_scan!request(MYPID, Dialled_ph:r.e_EN, cnh:::ok) '; 

CALL • set C'Cll1V1:!rsation camecticn' ; 
}; 
CNEXIT { 

CALL 'rerrove conversaticn connection• ; 
} ; 
WA.IT { 

OP 'Line_scan?notify( [Dialled_pha,e_EN], [onh:ok) J '; 
CALL ' idle dialled phone• ; 
CALL • idle harrlled phone• ; 

} ; 
WHEN 'han:iled phone 01hcck' => HANDLE { 

CALL • idle dialled phone'; 
} ; 

######### tones part 
DEFINE • slow t:usy pl'a1e' => srAlE { 

INIT { 

}; 

CALL 'set slow busy con:nectic:n • ; 
OP 'Tirrer!set(slow busy tirrecut) •; 

}; - -
WAIT { 

OP 'Tirrer?tirrecut(l '; 
ENI'ER • fast t:usy pocne'; 

} ; 
WHEN • han:iled phone cnhook • => tWIDLE { 

OP 'Tiirer!car.cel(l '; 
}; 

DEFINE • fast busy phone• => SI7.TE { 
INIT { 
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CALL 'set fast busy e:e:rmecticn' ; 
OP 'Tirrer ! set ( fast busy tirrecut) ' ; 

}; - -
WAIT { 

OP 'Tirrer?tirreout() '; 
CALL ' idle harxiled ph:lne' ; 

}; 
\'IHEN 'handled ph:lne onhcok' => 1-!Jl..NDLE { 

OP 'Tirrer!cancel() '; 
} ; 

}; 

ffffffffffffffff~ff "."':'!"J""'--t"1""1 r,;'!rT" 
DEFillE 'set dial tcr-.e ccrmect.ion' => SWJEN(E { 

OP 'HW!set_idle(Handled_ph:Jr.e_EN, idle_off) '; 
OP 'HW!camect (P.andled_ph:::ne_EN, TrnX, C\lt_&.annel) '; 
OP 'HW!camect <Dial_tone_EN, Handled_ph:::ne_EN, In_channel) '; 

}; 

DEFINE ' set idle tone canr.ect icn ' = > SWJEN(E { 
OP 'HW!camect (Idle_tone_EN, Handled_phone_EN, In_channel) '; 

}; 

DEFINE 'rerrove dial ccnnect:icn' => Sm,JENCE ( 
OP 'HW ! disconnect. ( C\lt _channel) ' ; 

}; 

DEFINE 'set ringing connection' => sm,JENCE { 

}; 

OP 'HW!camect (Ring_tone_EN, Handled_phone_EN, In_channel) '; 
OP 'HW ! set_ ringing <Dial led _phone_ tN, ringing_ oo) ' ; 

DEFINE ' rerrove ringing coonectioo' = > SWJEN(E { 

}; 

OP 'HW!cau,ect (Idle_tane_EN, Handled_phone_EN, In_channel) '; 
OP 'HW!set_ringing<Dialled_phone_EN, ringing_off) '; 

DEFINE 'set idle connecticn' => SWJEN(E { 
OP 'HW!set_idle(Harxlled_phone_EN, idle_on) '; 

}; 

DEFINE 'set cc::rntersaticn camec:ticn' => ~ { 
OP 'HW!set_idle(Dialled_phale_EN, idle_off) '; 

} ; 

OP 'HW!camect (Dialled_ph:rle_EN, Handled_phone_EN, In_channel) '; 
OP 'HW!camect (Harxlled_phane_EN, Dialled_phone_EN, OJt_channel) '; 

DEFINE 'rerove c:cnversaticn connecticn' => SEQJENCE { 
OP 'HW!discainect(In_channel) I; 
OP 'HW!discamect (C\lt_channel) '; 
OP 'HW!set_idle(Dialled_phone_EN, idle_cnl '; 

} ; 

DEFINE 'set slow busy connecticn' => SEJ:.'(JEN:E { 

OP 'HW ! camect (Slow_ busy_ tone_ EN, Handled _phcrle _ EN, In_ channel) ' ; 
} ; 

DEFINE •set fast busy connecticn' => SEJ:.'(JEN:E { 

OP 'HW!connect (Fast_busy_tone_EN, Handled_phcrle_EN, In_cr.annel) '; 
} ; 

}; II proctTie 
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A.2 Model of Call manager 

II !E'erl 
package rrcdels : : cal lrranager; 

use trans : : Parsem::x:lel ; 
use rrcdels: :Porttypes; 

DEFINE call_manager_prcx: => PRCCIYPE 
roRT 

'Handlers (handler _pid) ' => 'call_ nanager _interface' , 
Line_scan => 'line_scan_interface', 

\/AA 
Free _handlers => 'set_ of_ handler _pids' , 
Free _JJhones = > ' set_ of _phcne _ ENs' , 
Handler => 'han:ller_pid', 
EN => 'phcne_EN'; 

OP 'set_initialize_handler_pids(Free_handlers); 
for i : han:ller _pid cb 

set_insert_handler_pids(Free_handlers, i); 
end; 
set_initialize_phcne_ENs(Free_phcnes);'; 

II send all the requests 
[X) ( 

ll order of scan requests is r.ct determined 
SELECT [Next_ EN = > 'ph:Jne _EN' I = > 

' [ ! set_ exists _phale _ Ells ( F't-ee _phones, Ne.xt _ EN) I ' , 
# Next_EN ! = error_Ell & 
'I..ine_scan!requestlMYPID, Next_EN, offh:okl ', 
'set insert chone Ells(Free chones,Ne.xt Ell);'; 

CR{ - - - - -

OP '[forall i : phone_Ell cb set_e.xists__phane_ENs(Free_ph::ries, il end)'; 

ll i=error_EN I 
ElrrER 'han:lle requests' ; 

DEFINE 'handle requests' => S'IT\TE { 
WAIT { 

OP 'Line_sr_an?notify(EN, [aihcx::k) l ', 
' set_ insert _phale _ ENs ( Free _praies, EN) ' ; 

OP 'Line_scan!request(M'iPID, EN, offh:okl ', 
'un::lef ine EN' ; 

} ; 
WAIT { 

}; 

OP 'Line_scan?notify(EN, [offhcok]) ', 
'set_rerove_phc:rle_ENs (Free_ph:nes, EN)'; 

IF { 
# which haixller is not determined 
SELECT [Free_ handler => 'haixller _pid' I => 

'[set_exists_handler_pids (Free_handlers, Free_haixller) 1 ', 
'set:_ rerove _ handler _pids (Free_ handlers, Free_ haixller) ; 
Han::ller : = Free handler' ; 

OP 'Harolers [P.an:ller] ! haixlle _ call (EN) ' , 
'undefine EN; urxlefine Handler' ; 

} OR { 
OP 'Line_scan!request:(M'iPID, EN, aih:x:lkl ', 
' [set_ no_=_ handler _pids (Free_ haixllers l 1 ' , 
•set:_rem:ive_phale_ENs(Free_phales, ENI; 

un::lef ine EN' ; 
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WAIT { 

} ; 

OP 'Handlers[Handler] ?finished call (EN)', 
' set_ insert _t-.andler _pids ( Free _handlers, Handler l ; 
undefine Handler; undefine EN'; 

WAIT { 

\: 

OP 'Handlers[Handler] ?get_phcne(EN) ', 
' [set_exists_phone_ENs (Free_phcnes, l'-Essage_Phonel] ', 
'set_rerrcve_phone_ENs(Free__ph:lnes, EN)'; 

OP 'Handlers[Handler] !phone_d:ltained(EN) ', 
'undefine Handler; undefine EN'; 

W\IT{ 
OP 'Handlers [!-1.andler] ?get_phcne(EN) ', 
' [ !set_exists_phone_ENs(Free_phones, l'-Essage_POCJl".e) l '; 
OP 'Handlers [Handler] !phcrle_l:usy(EN) ', 
'undefine !-1.andler; undefine EN'; 

}; 
WAIT { 

}; 

OP 'Handlers[_] ?release_phcne(EN) ', 
'set_insert_phone_ENs(Free_phones, EN); 
undef ine El-I' ; 

}; # state 

if (0) { 

0:.tiSI' 

\· . ' 
l • 

SC1-1-ID1I"ERVAL => '1', 

FCRT 
Tirrer = > ' tin-er_ interface' ; 

WAIT { 
o~ 'Tirrer?tirreout() '; 
OP 'Tirrer ! set ( SONilITERVAL) ' ; ij done, restart t irreout 

}; 

A.3 Model of Lines can 

ij!Perl 
package rrodels: :Linescan; 
use strict; 
BEX:illi { 

use Exporter ( ) ; 
use vars 
@ISA 
@EXRJRT 

qw($VERSICN @ISA @EXFOR'l' @EXroRT_OK \EXroRT_TJIGSl; 
= qw(Exporterl; 

= qw(Sscanreq_table); 

use vars @EXRJRT; 

use trans: : Parsaro::lel; 
use rrodels: :Datatypes; 
use rrodels: :Porttypes; 

Sscanreq_table = table_of ( 'scanreq', 'phcrle_EN'=> 'process_id', 'hook_status'); 

DEFINE line_scan_proc => PRCCI'YPE 
CillST 

I SCANillI'ERVAL : 4 ; I , 
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}; 

EORl' 
'Reqline [process_id)' => 'line scan_interface', 

HW => 'hardware_interface', 

VAA I: these narres get aliased 
En=> 'phone_EN', 
Requester=> 'process_id', 
Heck=> 'hook_status', 
Table => 'table_ of_ scan.."eqS', 

STI\TES 'wait'; 

CF •:.:it!c_:..-...:.::.:..:ll.:.=~-=:-.:i..~~~~~r1~,. • • 
~ I wait I ; 

DEFINE 'wait' => STI\TE { 
WAIT { 

}; 

OP 'Reqline [_] ?request (Requester, En, Hcok) ' . 
'table_set_scanreqs(Table, En, Requester, Hcckl '; 

WAIT { 
OP 'Reqline[_] ?cancel (En)', 

'table_re:ov-e_scanreqs(Table, En);'; 

WAIT { 

}; 
} ; 

SELECT [ Cl1eck EN = > ' phone EN' l = > 

'[table_exists_scanreqs (Table, Oleck_EN) l '. 
'table_9et_scanreqs(Table, 01eck_EN, Requester, Heck); 
En := Cl1eck EN'; 

IF { -

OP 'HW'?hcok _ status ( [En] , [Hcok] l ' ; 
OP 'Reqline(Requestor] !notify(En, Hcokl ', 

'table rerrove sc:anreqs(Table, En);'; 
}CR{ - -

OP 'HW'?hcck status ([En], ) ', 
'[M:!ssage_5tatus != Hook] '; 

if (0) { 

RJRT 
Tirrer => 'tirrer_interface', 

VAA 
Iter => 'set_of_phone_ENs', 

OP 'Tirrer!set (SGlNINI'ERVAL) '; 

OP 'set_initialize_process_ids(Iter); •; 
WAIT { 

OP 'Tirrer?tirrecut() '; 
CALL •scan' ; 
OP 'Tiirer!set (SONINI'ERVAL) • ; 

} ; 
DEFINE 'scan'=> SWJENCE { 

OP 'for i : ph::rle_EN do 
if table_exists_sc:anreqs (Table, il then 

set_insert_process_ids(Iter, il; 
erxi; 

erxi;'; 
00 { 

SELEl:l' (Next_EN => 'phcne_EN' l => 
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l; 

'[set_exists_jlhone_ENs(Iter, Ne."tt_El'll l ', 
'set_rercve_jlhone_ENs (Iter, Next_EN); 
table_3et_scanreqs (Table, Next_EN, Requester, Heck); 
En := Next_m;'; 

IF { 
OP 'HW?hr::ck_status( [En], [Heck})'; 
OP 'Reqline[Requestorl !notify(En, Hcck) ', 

' table_ renove _ scanreqs (Table, Request or l ; ' ; 
} OR { 

} 

OP 'HW?hr::ck_status( (En}, _) ', 
'[l'-'essage_Status != Heck}' 

} OR ( 

}; 

OP '[set_no_rrore_process_ids(Iter) l '; 
ooro , en:Uoop, ; 

I.ABEL 'en:lloop' ; 
} ; 

A.4 Model of Database 

lt!Perl 
package rrcdels: :Datatase; 
use strict; 
use trans : : Parsem:del ; 
use rrcdels::Datatypes; 
use rrc:dels: : Port types; 

DEFINE office_database_proc => PRCCT'iPE { 
roRT 

' Reql ine [handler _pid} ' = > ' off ice_ database_ interface' , 

'I/PR 
Digitl => 'digit', 
Digit2 => 'digit', 
Request or = > ' handler _pid' , 
CNI'able => 'a.nay (1. .8} of array (1. .2} of digit', 

OP 'CNI'able[l) (l] 
Il-ITable (2) [l] 
CNI'able [3) (l] 
CNI'able (4) (1) 
CNI'able (5) (l] 
CNI'able (6) [l) 
INI'able [7) (l] 
INI'able [8] (l] 

!X) { 

:= keyl; CNI'able[l] [2} 
:= key4; CNI'able[2] [2] 
:= keyS; CNI'able[3} (2] 
:= key2; CNI'able[4] (2] 
:= keyS; CNI'able[S] (2] 
:= key?; CNI'able[6) [2] 
:= key4; CNI'able[7J (2) 
:= key2; CNI'able[8} (21 

:= keyl; 
:= key4; 
:= key3; 
:= key3; 
:= key2; 
:= key4; 
:= key3; 
:=key6'; 

OP 'Reqline[Requestor]?request EN(Digitl,Digit2) '; 
IF { -

op • [forall Phcrle : ph:xle m do 
Ph:rle = error_ EN I -
(CNI'able[Phcrle] (1) != Digitl I r::NI'able[Phanel (2) != Digit2) 

erxi] ', 
'Reqline[Requestor} !reply cN(error EN, inactive)'; 

}OR{ - -

SELEX:T [Ph:rle => 'praie EN' l => 
' [ Plx:rle ! = error m & -

(CNI'able [Ph:rle] [11 = Digitl & INI'able [Phooel (2) = Digit2l I ', 
'Reqline[Requestor] !:reply_cN(Phone,active) '; 
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A.5 Model of Port types 

lt!Perl 
package m:x:lels: : Port types; 
use strict 'vars'; 
use st:.rict 'refs' ; 
BEJ3IN { 

use Exporter ( l ; 
use vars qw($VERSICN @ISA @EXroRT @EXroRI'_OK \EXroRT_TilCS); 
@ISA = qw(Exporter); 
@EXroRT = qw(&forgetful_ruffer_of ) ; 

use vars ,iYEXfORT; 
use trans : : Parsarcdel ; 

DEFINE tirrer interface => roRTii'PE { 

}; 

'set' => [ Tirre => 'tirreo.it interval' I , 
tirreo.it => [I, 
cancel => [ I , 

DEFINE line scan interface => roRITYPE { 
request=> [Requester=> 'process_id', 

Pha1e = > 'phone EN I ' 

Hock = > 'ho::Jk _ status ' I , 
notify => [ !?hale => 'phone EN', 

}; 

Hook=> 'ho::Jk_status'l, 
cancel => [ Pha1e => 'phcne_EN', J, 

DEFINE call rra.nager interface -=> ECRTii'PE 
handle_call => [ Phrne => 'phcne_EN' I, 
finished_call => [ Phrne => 'phc:lne_EN'), 
get_ph:rle => [Prone=> 'phc:lne_EN'), 
release_phcrle => [ Phrne => 'phone_EN' J, 
pl'xr1e - busy -=> [ Pha1e = > 'ph::rle - EN' I ' 
phone_obtained => [ Phone => 'phcne_EN' I, 

}; 
DEFINE office_database_interface => roRTIYPE { 

} ; 

request_EN => [ Digitl => 'digit', Digit2 =>'digit'), 
reply_EN => [ Ph:Jne => 'phrne_EN', 

Status => 'equiprent_status' I, 

DEFINE TIE< scanner interface=> PORITYPE 
request =; [ I, -
cancel=> [ I, 
digit_dialled => [Digit=> 'digit'), 

} ; 
DEFINE resa.irce_rranager_interface => roRTI'YPE 

request => [ I, 
grant_all => [ Cllannell => 1charmel_id 1

, 

Olanne12 => 'channel_ id' , 
TffiX => 'ttnc_EN'), 

grant channels => [ Chmnell => 'channel id', 
- Chmnel2 => 1 channel_id1 ,), 

refuse => [ J , 
release_channels => [ Chmnell => 'channel_id', 

Chmnel2 => 'channel_id' J, 
release Tiruc => [ TraX => 'ttnc EN' I , 

}; - -
DEFINE hardware_interface => PORITYPE { 

'set_idle' => [ EN=> 'phale_EN', 
Status=> 'idle_status'], 
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} ; 

l; 

•c:cnnect I => [ ENl => 'equiprent rrumber'' 
EN2 => 'equiprent=rrumber·' 

Oiannel => 'channel id'], 
disa:r.nect => [ Oiannel => 'chanrel _id' l , 
'set ril')3in3' => [ Line => 'phone EN', 

- Status=> "ringi.ng_status'], 
hook status => [Line => 'phone_EN', 

Status =>'hook_status'], 

A.6 Model of Data types 

lt!Perl 
package rrcdels: : Datatyp:s; 
use strict; 
BmIN { 

use ExpJrter (); 

use vars 
,yISA 
@Ern::RT 

qw($VEP.SICN @ISA @EXroRT @EXroRT OK \EXP':RT TFGS); - -
= qw(Elq:orter); 

= qw (Sphcne _ tyi:es $set_ of __pha1e _ EN $set_ of_ hardler yid 
$directory_rrumber_typ: &set_of S.table_of); 

use vars @Ern::RT; 

use trans: :Config; 

lt#lt############itlt#######lt PBX-specific data types lt##################ltlt#ltlt 
$phone_ typ:s = sub { 

DEC!ARE 'CC!lSt 
error_ EN : NU-1 _ PH:NES • l; 
FIR.SI'_ TrnX _ EN : error_ EN + l ; 
LAST_ TrnX _ EN : FIRST_ TrnX _ EN • NU-t _ TrnXES-1 ; 
FIPSI' TCNE EN : LAST TrnX EN; 
Dial_ tone_ EN FIRST =TCNE )N• l; 
Idle tone EN : FIRST TCNE EN+2; 
Rin3= tone= EN : FIRST)alE = EN+3; 
Slew_ tusy _ tone _EN : FIRST_ TCNE _ EN+4 ; 
Fast_ tusy _tone_ EN : FIRST_ TCtlE _ EN+ 5 ; 

!.AST - TCtlE - EN : Fast - bJsy - tone - EN; 
LAST - EN : LAST - TCNE - EN; I ; 

DEC.ARE I typ: 
phone_ EN : l. . error_ EN; 
t trx _ EN : FIRST_ TmX _EN .. I.AST_ TrnX _EN; 
equiprent _ rrumber : 1 . . !.AST_ EN; 

channel id : Scalarset (NU-t ClWlNELS); 
equiprent_status : enun {active, inactive}; 
hook_status : errum {offlxx:k, aihook}; 
ringin3_status : emrn {rin3in3_off, ringin3_on}; 
idle_status : errum {idle_off, idle_cn}; 

tirrecut _ interval : l. • 600 ; I ; 

DEClAREPRCC I 

functicn is_error_EN(EN : phone_ENl t::oolean; 
return EN= error_EN; 

end; 
functicn is_active(Status equiprent_status) t::oolean; 

return Status= active; 
end; 

INallDE $directo:cy rrumber type; 
}; - -
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$directo:i:y _nurrber _ type = sub { 
D~ 'type 
digit : errum {key0,keyl,key2,key3,key4,key5,key6,key7,key8,key9, 

keyhash, keystar} ; 
directo:i:y nunt:er : record 

Digits~ array [1 .. 2) of digit; 
NurOigits : o .. 2; 

end .' . . ' 
Dro.AREPRCC ' 

procedure append_digit (var CN:directo:i:y_rrunter; Digit:digit); 
tegin 

if !lUlurrDigits < 2 then 
rn . NurOigi ts: =™. NurrDioi ts+ 1; 
CN.Digits[CN.NurrDigits) := Digit; 

end; 
end; 
function get_digit(CN:d.irectc:i:y_l1Ulrber; Digit.Num l. .2) digit; 
t:egin 

return CN. Digits [Digi tNum) ; 
end; 
procedure initialize(var CN:directory_rnm::er); 
tegin 

CN.NllrDigits:=0; 
end; 
functicn is_ ccnplete (CN: directo:i:y _ 11Ulrber) to:ilean; 

return CN.NurrOigits = 2; 
end; 
function is_valid(CN:directory_nunt:er) to:ilean; 
tegin 

return forall i : l .. 2 do 
(i > CN.NurrOigits) j ( (CN.Digits[ij != keyhash) S. (al.Digits [i) != keystar)) 

end; 
end .' . . ' 
}; 

Sset_of_ph:ne_EN = set_of ( 'poone_EN' l; 
Sset_of_harrller_pid = set_of ( 'handler_pid'); 

######################### generic data types################## 
# table, set 

# Ull)lerrentation of sets 
sub set_of { 

lll'f $elemtype = shift; 
return sub { 

DEX:lARE II type 
set_of_S{elemtype}s : Array [ ${elemtype} I of l:x:olean; 11

; 

D0:1.AREPRCC II 

proc:ed.lre set_initialize_S{elentype}s (var set : set_of_${elemtype}s); 
tegin 

end; 

for i : S{elemtype} do 
set[i) := false; 

end; 

proc:ed.lre set_insert_S{elemtype}s (var set : set of S{elentype}s; 
elem : ${el~}); 

tegin 
if isuooefined (elem) then 

return; 
end; 
set [elen) : = true; 

108 



APPEVDLYA: OBJECTJT4TE ,lfODELf OF PB.Y 

end; 

p=edure set_rerrove_S{elemt.ype}s (var set : set_of_S{el~}s; 
elem : S { elemtype} J ; 

t:egin 
if isundefined(elem) then 

retum; 
end; 
set[elem] := false; 

end; 

flll1ction set_e.xists_S{elemt.ype}s lset: set of S{elemt.ype}s; 
elem : $/~l~yre}) : tx:olean; 

t:egin 
if isundefined(elem) then 

retum false; 
end; 
retum set[elem); 

end; 

flll1cticn set_r.o_rrore_S{elemt.ype}s (set set_of_S{elemtype}s) 
: tx:olean; 

begin 
return forall i : S{elemt.ype} do 

set [i I = false 
end; 

end ·"· .. 
}; 

sub table_of { 
my $tabletype = shift; 
my Si.ndext:ype = shift; 
my ~lemt'tl)eS = iY_; 

my Sparam:lecl = " " ; 
Ill'/ Svarparam:lec:l = " " ; 
my Spararrsets = " " ; 
my Spa..rarrgets = " " ; 
for (my Si=O; Si< <selemtypes; $i++J { 

l 

Sparam:lecl .= "\n p${i} : $elemcypes[Sil ;"; 
$varpararrdecl .= "\n var pS{i} : $elemtypes [Sil;"; 
Sparamsets .= "\n pS{i} := table[index) .pS{i};"; 
$pararrgets . = "\n table [ i.rx:lexl . p$ { i} : = pS { i } ; " ; 

return sub { 
DEX:l.ARE"type 

elerrent_of_S{tabletype} : Record 
in_set : tx:olean; S{param:lecl} 

end; 
table_of_S{tabletype}s : Array [ S{indextype} ] of elerent_of_S{tabletype};"; 

D~" 
procedure table_initialize_S{tabletype}s (var table : table_of_S{tabletype}s); 
begin 

errl; 

for i : S{inclextype} do 
table[i] .in_set := false; 

errl; 

procedure table_set_S{tabletype}s (var table : table_of_S{tabletype}s; 
in:lex : S{indextype}; S{pararrclecl} l; 

l:egin 
if isundefined(index) then 

return; 
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end; 
${pa.ran-gets} 
table[index] .in_set := true; 

end· 

procedure table_get_S{tabletype}s (table 
index 

l::egin 
if isundefined ( inde.xl then 

return; 
end; 
S{pararrsets} 

-'.-vi: 

table of S{tabletype}s; 
$ { ~xtype} ; $ { va.rparam:lecl} ) ; 

procedure table_ rerrcve _ S { tabletype} s (var table : table_ of_$ { tablety1=e} s; 
index : $ { inde.xtype} ) ; 

l::egin 
if isun:lef ined ( inde.x) then 

return; 
end; 

urrlefine table[inde.xl; 
table[index] .in_set := false; 

end; 

functicn table_e.x.ists_S{tabletype}s !table : table_of_${tabletype}s; 
index : S { indextype} ) : tcclean; 

l::egin 
if isundefined(inde.x) then 

return false; 
end; 
return table ( index] . rn_ set; 

end; 

functicn table_ no_ rrore _ $ { tabletype} s ( table table_ of_$ { tabletype} s) 
: b:Jolean; 

l::egin 
return forall i : $ { irxlextype} c:b 

table(i] .in_set = false 
end; 

end·"· 
}; 

A.7 Model of Test requirement 

ll!Perl 
package m:dels: :camectreq; 
use strict; 
use trans: : Parsercdel; 
use rrcxlels: : Porttypes; 

DEFINE ccnnett _ 2 _req => PRCCIYPE { 
VAA 

Ccnnected => '1. .3'; 
fCR'l' 

'HW [handler __pid] ' => 'hardware_ interface' ; 
OP 'cainected := l'; 
00 { OP 'HW (_] ?camect (_, _, _) ' , 

} 

'[Message_ENl <= NU-t_t=I-lllES & Message_EN2 <= NtM_Pl-i:NES & Ca!nected < 3] ', 
'O::n!1ected : = Camected + l' ; 

OR { OP 'HW(_l?c:amect(_, _, _) ', 
'(Message_ENl <= NU-t_Pl-i:NES & Message_EN2 <= NlM_EKNES & Ca!nected = 31 '; 
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ACCEPI'; 

l 
OR { OP 'HW[_]?=inect(_,_,_)';) 
OR { OP 'HW[_]?disccnnect.(_)';} 
OR { OP 'HW[_]?set._idle(_,_) ';} 
OR { OP 'HW[_]?set._ringing(_,_) ';} 
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Appendix B 

P:\R.\METERS FOR P:\TH GENER:\TION 

B.1 Parameters for Araprod 

araprod -s -m 18000000 -o comp -M acceptstate -T file.Its -t 

file.Its ... 

probe comp 

query volatile verbose bspan(true) %1 

where acceptstate is the name of the state where the test ret.1uirement is saristieJ and file.Its is 

the LTS representations (in .\R.\ format) of a component anJ rest n:l1uiremcnr. 

B.2 Parameters for Exhibitor 

exp.open file.exp exhibitor< accept.seq 

\vhere file.exp contains the composition expression of the I.TS rcprcsenranons of the 

components, and accept.seq is a scc1ucnce pattern specifying the satisfaction of the test 

requirement. 

B.3 Parameters for Aldebaran 

aldebaran -pequ -bdd -bddsize 120 -labels 40000 -hide 

conn.hide file.exp accept.aut 

where file.exp contains the composition expression of the L TS representations of the 

components, and accept.aur is an LTS specifying the satisfaction of the test requirement. 

B.4 Parameters for Spin 

spin -a analyzer.prom 

gee -DBITSTATE -DMEMLIM=200 -DSAFETY -DVECTORSZ=2000 pan.c 

./a.out -w28 

where analyzer.prom is the Promela description of the system of components with the test 

requirement .. 
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