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ABSTRACT

Systum specifications characterize externally observable behavior of some valid
system lmph.xm,ntatmrw often using formal description techniques. These specifi-
cations may involve nondeterminism which allows some variation’in the expected
~ behavior of possible system implementations.

This thesis presents a framework through which: various issues specific to the
process of conformance testing arc characterized in terms of a tree model. This
model concisely represents a possibly nondetcrmi?istic system behavior. A com-
pression applied to this tree model emphasizes important features of a specification
that arc of particular intercst in the testing process. We then define mappings
fromy the ESTELLE, LOTOS, Finite State Machme, and Caleulus of Communicat-
ing Systems description techniques to this compressed tree model. These mappings
provide skeletons for test scquences which can be applied to an implementation in
a test for conformance of this implementation to its specification. Heuristics that
facilitate the use of such skeletons to derive test sequences which test for valid and
defensive behavior of an implementation are then presented.”

The trece model and mappings to this model provide a framework which serves
as a basis through which we characterize the conformance testing problem and a
set of conforming implementations. Specific properties which must be satisfied b;;r
a conforming implementation are then presented. Finally, we suggest and discuss -

solution strategics to the conformance testing problem.
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ABBREVIATIONS |
} C: The set of cnpnl)ilit,ir:s of a specification..,. -
C‘CS:. Caleulus of Com'r.mmicating," Systems.
CT:-Communication Tree. -
CTM: Compressed Tree Model.
C—Vertex: Choice Vertex.
D: Set of defensive test purposes.
dip;: A defensive test purpose. - | )
ESTELLE: Extended State Transition Language.
FDT: Formal Dcscripﬁion Technique.
FSMé Finite Sta.te Machine.

I;: Tinplementation conforming to S;.

"ICS: Implementation Conformance‘Statemen't. ) .
IMP: A sect of imiilexﬁcntations.

ISO: International Standards Organization.
IUT: Iuplementation Under Test.

- IXIT: Implementation eXtra Information for?esting.‘
LOTOS: Language fOr Tcﬁlporal Ordering Spcciﬁ;ations.
NFS: Normal Form Specification.

NIF'T: Normal Form Transition.

NPL: National I;hysicnl Labhoratory.

N-Vertex: Non-choice vertex.

OSI: Open Systems Interconnection.

PDU: Protocol Data Unit. |
PICS: Protocol Implcmcﬁtation Conformance Statement.
S: A Specification.

Syt Implementors view of S.
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T,: TFests for valid behavior.

Tg: Tests for defensive behavior.

T+ A set of tests specig;'ic to a given ifnplcmbnfation.
TM: Tree Model.

TT: Testiné_ Tree. '

vipit A valid test purgose. (
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1 INTRODUCTION
1.1 Background and Related Work

In a system development pfoccss, the desired system functionality is usually formu-
lated as o system specification us:ing some formal description technique (FDT). A
system specifieation S defines the system functionality in terms of interactions that
the system exchanges with its environment. In fact, S specifies externally observable
behavior of some valid systcm implementation.

We are particularly interested in systems for which S specifies the desired system
functionality in terms of possible valid orderings (sequences) of valid system inter-
actions. Such an S is syntactically finite but may’ specify possibly infinitely\long
and for infinitely many interaction sequences. Examples of these systems include
real-time process coutrol communications protocols, ctc. An important character-
isti¢ of such a bybtcm is that its S may involve some nondeterminism which allows
certain hplementation choices iry the expected behavior of possible valid system
implementations: A valid systcn%r_n/plcmcntation differs from the other valid im-
plementations by the manner in which it resolves these nondeterministic choices.

The goal in using FDT’s is to formally and precisely define the functionality of
systems. Various eriteria for development of FDT’s exist and, due to varying cm-
phasis placed by FDT developers on these criteria, a variety of FDT’s are available
for systems specifications. Such emphasis by FDT developers can influence the use
of FDT’s in various phases of the system development process such as automated
partial implementation from a given formal specification, verification of designs and
implementations with respect to formal specifications, etc.

Of specific interest to us are the relative attributes of given FDT's in terms
of their ability to aid in the derivation of test sequences (i.e., sequences of system
interactions). Specifically, an FDT aids in the derivation of test sequences if, given
a system HI)CCthdtl_O_l:l in this FDT, we can fully or partially automate the test
sequence derivation pmccss,.\\Ve are not only interested, however, in an FDT's
ability to aid in the dcrivntioﬁ\ of test sequences. The derived sct of test sequences
should satisfy further criteria specific to the testing process: finjteness, repeatability,
determinism, and minimality. | ,

Testing is the controlled cx&cqtion of an implemetation under test (IUT) for the

purpose of revealing crrors. Testing can not demonstrate the absence of errors in

)



a g:iven implementation, only their presence [Myer79). It is not the goal of testing
to demonstrate absence of crrors: this is thc purpose of verificatiomns

The tcstm&, process is driven by the goal of obtaining a rensonable level of
confidence that a given system implementation does behave as specified hy its S, It
is conceded that exhaustive testing (i.e., application of all possible test sequences) is
impossible [PiatS80]. Hgnce, we must, instead, choose a representative subset of all
possible test sequences which, when applied to the given’ implementation, will give.
us ajyreasonable Ievcl of confidence that the implementation behaves as expected.

There are two bas:c categories of testing which are differentiated by the method
through which test sequences are derived. The first of these, called white—box
testing (code-based testing, structural testing), assumes the availability of the
source code of the IUT. The tester is able to analyse the source code of the IUT
and derive test sequences.using a varicty of techniques that aim to satisfy a chosen
white-box criteria. White-box criteria are concerned with covernge of the strue-
tural components of the IUT and include statement coverage, branch coverge, path
coverage [Wal83], etc. The second category, called black—box testing (functional
testing, specification-based testing), is our primary concern. Black-box testing as-
sumes that only a specification of system functionality (i.c., S) is available to the
tester. The tester analyzes the system specification and derives test sequences from
this specification through one or more of a varicty of methods (c.g., Equivglence
Partitioning, Boundary Value Analysis [Myer79], etc.).

Our primary interest in this thesis is in the area of conformance testing, which
‘is categorized as Leing a black-box type of testing. In principle, the objective of
conformance testing is to establish a claim on whether or not the implementation
being tested conforms to its corresponding specification [ISO7]. An hmplementation
conforms to its specification if it does not exhibit behavior contrary to specified
legal system behavior.

Much international effort is l)ciﬁg expended in the arca of conformance testing.
. The work being done by the International Standards Organization adhoc working
group on conformance testing (ISO TC97 SC21 Project 97.21.23) [ISOT] is currently
advancing the state of the art of conformance testing (particularly for OSI commmu-
nications protocols {ISO1]). There are several steps involved in establishing a cluim

of conformance of an implementation to its specification which are addressed in

(1SO7):



1. Test sequence derivation cstablishes a set of test sequences which can be
applied to the IUT. The set of derived test sequences may be either abstract or
exccutable. An abstract test sequence contains only the types (e.g., integer)
of inpdt values, whereas an executable test sequence contains input values of
‘a given type (e.g., the integer 3). A desivation strategy is (semi-)a.{ltomatéd
if test sequences can be derived directly from the specification (or, possibly,

the implementation) through use of a software tool.

.2. Test sequence selection involves determination of an appropriate subset of
derived test sequences to be applied to the IUT. Such selection may be nec-
essary due to prohibitive cost in a@pplying all derived test sequences ‘(i.e., ef-
ficiency concerns) [Matt86]. Test sequence selection ¢an be either on—line
(occur during running of a test), or off-line (occu:»‘i)rior to the running of a
test) [Rayn87). -2 j .

A
L] . ,,’
3. Test case execution involves application of test\sequences to an IUT. Factors'
involved in execution of a test include configuration of the environment in

which to run the test, and acquisition of test result data [Rayn87].

4. Analysis of test results assigns a verdict to an observed behavior of the
IUT as being cither valid, invalid, or inconclusive [Rayn87]. An inconclusive
verdict is assigned if the purpose of running a given test case is not fulfilled.
Rescarch at the National Physical Laboratory (NPL) and the University of

Ottawa in this arca is currently under way.

ISO TCI7 SC21 Project 97.21.23 ad hoc working group on conformance testing
is also advancing work on abstract testing architectures and methodologies [ISO7).
An abstract test method describes the points closest to the IUT at which control
and observation afe performed during testing. Three basic categories of abstract

test methods are given [ISOT):

1. Local Test Methods: Control and observation is specified directly above and
below the IUT,.

2. Distributed Test Methods: Control and observation is specified directly above

and remotely below (i.e., through a communication link) to the IUT.



3. Remote Test Methods: Control and observation is specified remotely below
the IUT, ‘

This thesis is also concerned in part with derivatio /:af test sequences from

FDT’s. Derivation of test sequences is one of the mogt Aifficult processes involved

in conformance testing. This difficulty is primarily dudto the set of criterin which

must be fulfilled by derived test sequences:

1. finiteness: the sequences must be made finite \vk[glmut sacrificing their ability
to reveal errors.

[

repeatability: the sequences must be re-applicable in future tests.

3. minimality: efficiency considerations are of prime importance in a produc-
tion environment [Matt86].

4. determinism: there can be no question of which test sequences were applicd.

Several strategies for derivation of test sequences from FDT’s have been pro-
posed. Those techniques which have been proposed for ESTELLE based specifi-
cations include methods related to the applfcation of finite state machine {(FSM)
based testing techniqueé. For examrple, [Chow78] presents a test sequence deriva-
tion’ method from FSM specifications. In his method, the set of test sequences
required is the concatenation of two sets of sequences. One set visits ench state
of the FM while the second set distinguishes each visited state of the FSM. In
(Kenug6), FSM based techniques are also used to derive test sequences. These FSM
baseq techniques can be applied to ESTELLE based specifications by disregarding

s and variations of parameter fields. [SaBo84] applics threc well known FSM
baspd testing techniqués (including [Chow78]) to the generation of test sequences for
pratocol testing. Application of these techniques given in [SaBo84] to ESTELLE is
carried out in [Linn8G]. However, these techniques only test the control flow of the
specification. Recently, a test design method which is able to cope with interaction
parameters has been proposed, [SaBo87]. This method assumes that protocol spec-
ifications are given in ESTELLE as normal form specifications [SaBo85] and applies
certain principles of functional program testing [Howd80] to the generation of test
sequences. However, this method requires a considerable amount of effort for the
identification of functions and their relationships in the case of complex specifica-

tions [SaBo87]. In [Ural87], 2 method for deriving test sequences semi-automatically
. i

C/) :



from a protocol specification given in ESTELLE as a normal.form specification is
presented. Thé normal form s%;céiﬁcﬂation is transformed into a graph modelling the
flow of both control and data. This graph explicitly identifies associations between
definitions and usages of each variable employed in the specification. Based on this
information, test sequences are derived to cover all definition and usage pairs satis-
fying certain constraints. The resulting set of test sequences provides the capability
of determining whether an IUT establishes the desired flow of data expressed in
the given specification. Thus, this method complements control-flow-based test
sequences derivation methods [SaBo84). '

Techniques for derivation of test sequences from LOTOS based specifications
have also been proposed. [Stce86] presents a method for the derivation of test se-
quences from a protocol specification given in LOTOS. Actions of the LOTOS spec-
ification are transformed into test trees specifying interaction sequences. Nodes of
the tree specify external(environment) and internal (implementation) actions. Cri-
teria for sclection of test cases are then presented in terms of node types. [Sopp86)
discusses a tool for user guided test suite derivation from LOTOS based protocol
specifications. The test derivation tool takes as input a LOTOS behavior specifi-
cation and some information on what type of test must be provided (e.g., tests for
dynamic behavior). The tool then interactively derives test suite specifications in
LOTOS from this input. |

None of these techniques attempt to obtain a set of test sequences which is
complete in its coverage for conformance testing purposes. This is in part due to
~ the lack of a formal underlying theory for conformance testing by which an effective,
adequate, and complete sct of tests can be defined. ’

In the arca of software testing, some attempts have been made to bring some
formalisin into test completencss. In [Good 75], the basis for a theory of test data
sclection is proposed. The authors attempt to provide a theoretically sound defi-
- nition of what constitutes an adequate test. Characterization of what constitutes
a completely effective test strategy is then given in terms of the proposed theory.
In [Wey 80], the theory of [Good 75] is extended and refined. [Gbod 75] fails to
provide procedures to realize completely effective test strategy. In [Wey 80], a prac-
tical testing strategy based on revealing subdomains is proposed to overcome this
shortcoming of [Good 75). Further, [Wey 80] shows that the theory of {Good 75] is
applicable to only white-box (code) based testing strategies. [Wey 80] refines the
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theory of [Good 75] such that it may charaéterize blnck box (specification) based
testing strategies.

1.2 Motivation and Objectives for Thesis

At present, a framework which can be used as a basis for the characterization of the
conformance testing problem is unavailable. We thus intended to make an initial
attempt for such a characterization by developing a tree model which would provide
the basis for such a framework. Properties of o model specifically desirable for the
characterization of conformance testing such as its ability to characterize a set of
conforming implementations by a set of tests are satisfied by this model. Specific
characteristics of various specxﬁcatlon techniques (e.g., nondt,tcrmuubm) had to be
representable in this model.

There are at present no test sequence generation techniques which uttcmpt to
obtain a complete set of test sequences that can be used for conformance testing of
implementations with respect to their specifications. Since ISO is currently devel-
oping two'candidate specification techniques for an international spcéiﬁcntion stan-
dard, ESTELLE {ISOS8] and LOTOS [ISO9), and since derivation of test sequences
from formal specifications is a topic of active research [Stee8t), we decided to show
mappings from ESTELLE and LOTOS to the tree model developed. As well, we
intended to show mappings from the underlying models upon which ESTELLE and
LOTOS are based: Finite State’ Machines, and the Calculus of Communicating
Systems [Miln80]. These mappings were to provide us with a skelcton sct of test
sequences which could be used for conformance testing. of implementations with
respect to their specifications. From these skeletons, we intended to develop ahd
characterize heuristics through which one can obtain test scquences which conld
specify tests for valid and defensive behavior of a given implementation of 2 spck:iﬁ-
cation. We also intended to characterize a set of valid implementations in terms of
a set of tests. Given these characterizations, solution strategies to the conformance

testing problem were then to be discussed.

1.3 Scope and Major Contributions of Thesis

The éc0pe of this thesis is limited to the areas of system specifications and confor-

mance testing. We are concerned only with behavior specified in given specifications,



not with furthering the art of specification techniques. Within conformance test-
ing, we are primarily concerned with the test sequence derivation and test sequence
selection problems, and precising what is meant by a conforming implementation.
Test architectures, execution of tests, and result analysis are outside the scope of
this thesis. - '

The major contributions of this thesis are as follows:

1. We present a framework that provides a basis for the characterization of the
conformance testing problem in terms of a tree modél which represents the
system behavior expressed by a system specification. This tree model provides
& formalism which is graphically clear, emphasizes points of choice in the
specification, and, in particular, those points in the specification which are of

primary importance to a tester (i.e., points of nondeterminism)l.

2. We present rﬁappings from the FSM, ESTELLE‘, CCS, and LOTOS élseciﬁca-
- tion techniques to this model through which one can derive skeletons for test
sequences that will be employed for conformance testing. We provide heuris-
tics for completing these skeletons so as to obtain test sequences which test for
valid and defensive behavior of a possible implementation of a given specifica-
tion. Parameter variations in syntactically valid test sequences test for both
valid and defensive behavior of an implementation. Syntactically invalid test
sequences test for further defensive behavior of an implementation. Heuristics
for obtaining a set of test sequences specific to a given implementation are also

given.

3. We give a characterization of all possible conforming implem-entations of a
nondcterministic specification by a set of tests and characterize the confor- _'

mance testing problemn.

4. We suggest solution strategies to the conformance testing problem and discuss-

the relative merits of these strategies.

1.4 Outline of Thesis

Section 2 gives a trec model which represents possibly nondeterministic system be-

havior, a corresponding compressed tree model, and discussion on the modelling of



nondeterminism. Sectiga3 defines mappings from the Finite State Machine, ES-
TELLE, CCS, and LO[TOS specification techniques to the compressed tree model,
Section 4 states the comformance testing problem in terms of the compressed tree
model, characterizes cg:;rmigg implementations of a given specification in terms of
a sct of tests, and discusses possible solution strategies for the conformance testing

problem.



2 TREE MODEL .

Our intent is to characterize a set of conforming implementations by a set of tests.
This set of tests is composed of valid sequences of a given implementation. We use

a tree model to concisely specify these Valid interaction sequences.

2.1 The Basic T;‘ee Model

S desdribes the functionality of a system in terms of possible sequences of valid inter
actions exchanged between the system and its environment. We model the system
functionality expressed by a given S as a possibly infinite tree TM=(V,E), where

V is a non-empty set of vertices and E is a set of edges. In TM, each interaction

is represented by an event and each sequence of valid interactions is represented by

o root-to-terminal-vertex path. Thus, each e € E represents an event and each

v € V represents the root of the subtree defining all possible remaining subsequences

of events, '

In TM=(V,E),

A) Each event € € E is of the form e=(P,I,0) where: _ rot

o P is a possibly nil predicate that must be satisfied for an event to occur. If
not nil, P is of the form: p(z,,...,z,), where zi,...,z, (n>0) are variables.

We express legal predicates with the following BNF! representation:

P ::= Bool_Exp
Bool_Exp ::= (Bool_Exp Log-op Bool_Exp) |
[NOT] (Varad "=")(Var4id|Constantid|Constant) |
[NOT] (Vardid Rel-op)(Var.id|Constant_id|Constant)
Log.op ::= OR|AND
Constant_id ::= {char}

Vardd = {char)

char:=A[B|...| Z|a|b|...|2|0|1]...]9
Constant ::= (["-"]number|value|Constant_id)
relop = <|>|#|<L|>

value ::= number|{char}

number := {0f1]2]3|4]5|6|7|8]|9)}

()= textual grouping; [=optional; |[=OR; {}=1 or more occurences.

¥
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¢ [is a list of inputs from the environment where each input is denoted by
MmN

ii(zy,..,,2a) where "ii"” stands for interaction identifier and xy, .. - x,, (n >

0}, arc inferaction paramecters.

o O is a list of outputs to the environment where each output is denoted by

ii(z1,...,%) where "ii” stands for interaction identifier, and ..., c,, (n>

0), are interaction parameters. -

‘The absence of an input from the environment or the absence of an output to the
environment i$ denoted by "-". A nil predicate is also denoted by "-".

B) Each event e € E is one of the following four types:

¢ E, denotes both input from and output to the environment. Such an odge
can be abstractly labelled by (P,1,0). .

¢ E; denotes input from the environment with no output to the environment;

i (PL-).

s L3 denotes no input from .the environment with output to the environment;

i.e.,(P,0). .

o Ey denotes no input from and no output to“the environment; i.c.,(P,-,-). This
corresponds to an internal interaction that we call a pull event (e.g., an in-

- ternal event in LOTOS[ISO9] or a spontaneous transition which produces no

output in ESTELLE[ISOS)). :

C) It is assumed that each event rrIay be associated with somc uninterruptable action
local to the:system being specified (e.g., an action that is defined mn a BEC‘}IN—r
END clause of a transition in ESTELLE [ISO8}). These actions can casily he
“incorporated into this model (i.c., into the representation of events) such that an
event becomes a 4—-1':'uplc with the inclusion of the action. For the sake of sinplicity
in our representation of events, we omit the action and make events 3 -tuples.
The four edge types are shrown in Figure 2.1, -

D) Each v € V is one of the following two basic types:

1. C—Vertex(Choice Vertex) represents a point in S at which a choice of next
event is specified in terms of alternative events. Alternative events specified

at a given point in S are modelled in TM as edges ‘emanating from a vertex

11
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L0 C(p, | P,-,0) P~

e E2 E3 E4

N
Figure 2.1: Edge Types

~which is the point where a choice is specified. We call the alternative events

at a choice vertex the choice_set of that vertex. The nature of specified

alternative cvents in a choice_set determines the type of that choice, hence

the type of that C-vertex. There are three types of C-vertices:

(2)

{c)

A nendeterministic vertex (Vi) is a C-vertex which stands for a choice
of next event between two or more alternative-events that include at least
two events not enabled by input from the environment whose predicates
hold (l'e.g., nil predicates) or at least two events with identical input whose

predicates hold.

*

A deterministic vertex (V) is a C—vertex which stands for a choice of
next event between two or more alternative events that do not include

an event that is not enabled by input from the environment and either:

o all events have unique inputs, or

b

o oll events that have identical inputs have predicates that can not

hold at the same time.

A grey vertex (V3) is a C-vertex which stands for a choice of next’
event between two or more alternatives that does not meet the criteria

for being cither a nondeterministic or a deterministic vertex.

Fi ~
2. N-Vertex{Non—-Choice Vertex) represents a point in S at which there is

no choice of next event. Such vertices represent one of the following:

(a)

an intermediate point between successive events in S at which no choice

is specified(i.c., choice_set is a single event), or 3}

12
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:

V1 V2

3

Figure 2.2: Vertex Typcs

e)( =(-:]1101)
. eg =(_Jl'|:02)
ec =(_JI3'03) ‘ ' ec =(_,|3’03)- —
C_ASE 1 CASE 2 '

Figure 2.3: Examples of Nondeterministic Vertices

-
(b) apoint in S at which specification syntactically terminates (i.e., choice_set

is empty). In this case, the vertex is called a terminal vertex.

E) Each vertex in TM has an arbitrary label.
F) The root of the TM is any one of the above vertex types.

Figure 2.2 shows the three C-vertex. types of TM.

Figure 2.3 gives examples of homdcterministic vertices. For botlycases we assumg
predicates are nil for all alternative events. In case 1, we have n;fndt,t(.mmmm duce

/
to spontaneous‘(null input) events e, and e;,. In case 2, we }mvc nondeterminisin
< e

due to identical input events e, and e;.
Figure 2.4 gives an cxample of a deterministic vertex. Again, we assume that

‘ s
predicates are nil for all events. We have a deterministic chioice due to unique input

»
events e,, es, and e..

13



Figure 2.4: Example of a Deterministic Vertex

Figtirc 2.5 gives examples of grey vertices. We assume that truth values for
predicates Py, Py, and P; are unknown in both cases. That is, determination of
their truth values can not be made using only static information (i.e., information
obtained from the syntactic constructs of S). In case 1, we have pocssible non-
determinism due to identical input events e, and ec.- In case 2, we have possible
nondeterminism due to spontancous event e in the presence of any one of the inputs
I and Iy. Since we can not determine the truth values of Py, P, and Ps, using the
static information, we can not distinguish whether the choice is nondeterministic
or deterministic. Hence, we have a grey choice which will turn into a determinis-
tic choice or a nondeterministic choice later when some dynamic.information (i.e.;

runtime instantiations) is available.

2.2 Criteria for Determining C—Vertex Types

We enumerate the criteria for determination of choice(or C-vertex) types as follows:
Let ey, ..., e, be the choiceset for a C~vertex v € V. Let Py,..., P, be the predi-

n_n

cates in events e,. .., e,; where each ¢, j=1,...,n, contains either (null input)

or I{identical input). Also, let X stand for "-"(null output) or O(some output).

1. If P; and P; both hold, i#], and ¢; and e; are identical input events, then a .

nondeterministic choice is specified.

12

If P and P; both hold, 1 # j, and ¢; and e; are null input events, then a

nondeterministic choice is specified.

14



(P‘J IJO ) )

b4 = ( PlJ—Jol)

e, =(P o
b 2’ 2¢ 2) .
eu (P2 2 ’0 ) ‘ \

e =(Ps, Iy 04)
31, =

c _ 3 ez —(P3,13’03)

CASE 1 'CASE 2

Figure 2.5: Examples of Grey Vertices:

3. If F; does not hold for any e;=(P;,~,X), i=1,...,n, and no two predicates p;
and Pyt # j # k ever hold simultaneously for a pair of ¢; = (P}, I, X). and

ex = (P, I, X), then a deterministic choice is specified.
. q

4. Any choice which does not meet the criteria for either a deterministic ‘or
nondeterministic choice based on static information in S is o grey choice.

Spec1ﬁcally, ' - .

e If P, and P; might hold for any two cvents e; and ¢; as above, i 7& Js
then grey choice is specified.

e If P; might hold for any c,-=(P,-,-,X), and I; holds for any ¢;, ¢ # j,

then grey choice is specified.

In sections 2.4.1 and 2.4.2 we discuss the cffects of predicates upon d(,tuummtmu

of C—[vértex types.

2.3 Compressed Tree : *

In modelling expressed system biehavior, we are primarily interested in analysis of
points in S at which a choice is specified. TM expresses lincar scquences of events
which may be rather long. In order to represent the expressed behavior of possible
valid implementations of a given S in a compact form and emphasize the points
in the expressed behavior where choices are specified, we introduce the following

compressed tree model. Section 2.3.1 gives a formal definition of compressed tree

- ' 15
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model. Section 2.3.2 gives an example of compressing a TM to obtain a correspond-
ing compressed TM (i.e.,"CTM).

s

2.3.1 FQ'{"mal Deflnition of Compressed Tree Model

N
Let TM=(V,E) represent.the system behavior expressed by a S.

A scquence of edges ey, €3,...,¢e, in TM is called a linear sequence of events if:

4
[y

o ¢ = (viavi+l)11 < t <n,
o v; = root of TM or C-vertex,
o vny = C-vertex or terminal vertex, and

* none of the vertices v; is a C-vertex, 2< j <n.

4

CTM=(V', E’) is a compressed tree of TM where:
1. The root of CTM is the root of TM. ,
2. All other vertices v’ € V' are either C—vertices or terminal vertices in TM.

3. Each ¢’ € E' represents:a linear sequence of events e, ez,...,e, of TM, n > 1,

(i.e., ¢ =ej,e2,...,e4).
4. The label of a v' € V' is the same as that of the corresponding v € V. .
Accordingly, the mapping from TM to CTM is defined as follows:

For cach linear sequence of events ey, es,...,e, between cach pair of
vertices vy and v,4p in TM, there is an edge ¢’ € E’ such that ¢ =

! ! . L ! R
(v}, vngy). where vi = v; and v) | = vgy;.

That is, no vertices othér than the root, C-vertices, and terminal vertices of ™
appear in CTM. As well, each linear sequence of events in TM is compressed into
an edge in CTM as shown in Figure 2.6.

It is important to note that through this mapping the points where choices are
specified in the expressed behavior represented by TM are emphasized. All vertices
in CTM except the terminal vertices (and possibly the root) are C—vertices. The first

events in the linear sequences of events which are represented by edges emanating

-~
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e =1

o) A
S O

-- O . el'=e1,92,...,en

Figure 2.6: Mapping Lincar Sequences

from a C-vertex form the alternative events(i.e., choice_set) at that choice point.
Note that the criteria for choice type determination given in section 2.2 still holds.
Note also that if S does not specify any choice, the tree degencrates into a single

edge between the root and the terminal vertex.

2.3.2 Example of TM Compression

Consider the TM given in Figure 2.7. Each edge in this TM is abstractly la-

belled with its corresponding event e;, i=1,...,10. The allowed sequence of events

modelled by the TM in Figure 2.7 can be represented with the following regular
expression[Rev 83): : ¢

<

(E1 ¥ e % ((eq * (es + cg)) + €3 * e7 * (eg + (€9 * €10))),

"*” denotes concatenation of events in sequence, and "+4" denotes.choice of

where
next event sequence. As can be seen from Figure 2.7, there are three points in the

tree at which choice is specified:
¢ A is a deterministic choice.
¢ B is a nondeterministic choice.
e C is a grey choice.

It is these points of choice whigh are of primary interest in the analysis of the
specification.
\ We obtain the compressed tree given in Figure 2.8 by applying the mapping

defined in Section 2.3.1. The regular expression corresponding to this compressed

17
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TERMINAL
(N) VERTEX

N-YERTEX

DETERMINISTIC C-VERTEX
10
NONDETERMINISTIC C-VERTEX N

GREY C--VERTEK’

Figure 2.7: An Example Tree Model

-

t1

Figure 2.8: Corresponding Compressed Tree

C
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tree of Figure 2.8 is:

ey * (4 * (h + e)) + (eh + (eh + €1)))
where,
e, =g *e
® €y =geaHer
e

€s

H

® cg=¢g ' . -
® &5 = £g9* €y

e {; = terminal vertex, 1 <: <4
o choiceset at A = {eg, e}

¢ choiceset at B,= {es, €}

o .choiceset at C = {eg, e9}

2.4 . Modelling of Nondeterminism

Specifically, S can specify nondeterminism in two ways. First, if at some point in S,
S specifies one or gpore events not enabled by input from the cnviroﬁmcnt, then we
have possible nondeterminism. Second, if at some point it S, S specifics two or more
- events enabled by identical input from the environment, then we also have possi-
ble nondeterminism. The existence of nondeterminism depends on truth values of
predicates in the above specified events?”” The criteria for choice type determination
is given in section 2.2. We now exemplify the modelling of nondeterminism with
( firsf a general example- and then a spetific example from the OS] transport layer
~= [Zimm80]. '

19 .
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2.4.1 General Example

Let us elaborate on the role of predicates in possible nondeterministic specifications.”
The intent here is to show that determination of choice type involves many factors
including event types and thercfore, on the truth values of predicates. Assume that

we are given the following:
o CTM=(V', E').
e ¢}, ¢}, ¢; € E’ are cdges emanating from a vertex v’ € V.
e P, P, ,P; are predicates of €] ,e5 ,ef

. e;=(Pj,I,O), j=1,2,3, where I= "—" or "{" ‘which stand for null input and a

"N
1

certain input "i”, respectively.

Assume that thc: truth value of P; can be determined'by the tfuth value of P

* and that no other predicate’s truth value can be determined by the others. Then,
(P1,P,) arc independent, (P;,P3) are independent, and (P;,P;) are not independent.
Note that if the truth value of .Pg could be determined by the truth value of Pj,
then P, and P; would not be iﬁdependent by transitivity:

U ‘ ((len A= Po=> P, ) =>( Py = Py)).
Now, P, and P; are ngt independent in one of the followi?g four ways:
l. A=P,
2. =(P))=P,
3. Pi=>—(Ps)
4. ~(P)=(Ps)
Refer to Figure 2.9 for the following:

¢ In case 1, ¢; and e3 alone specify nondeterminism. P,, though, can also be
_true and, in this case, e; is one of the specified next event nondeterministic

choices.

e In case 2, if P is true then nondeterministic choice is specified between e,

and es. If P, is false, determinism is specified.

. 20
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Figure 2.9: Effects of Truth Values of Predicates

e In case 3, if P,’is true then nondeterministic choice is specified between e
and e;. If P, is false, determinism is specified.

o In case 4, P, being true implies determinism. If P, is false, ¢;,e5, and e3 are
not possible as next events at the current point in the specification. '

Hence, we see that only if two of three predicates to identical input events and
null input events are false do we have a deterministic choice from possible nonde-
- terministic specification. It is possible to generalize the above argument for the
case of an integer number of predicates and events to characterize deterministic,

nondeterministic, and grey choice. This characterization is given in scction 2.2, -

2.4.2 A Specific Example From the OSI Transport Layer

In order to exemplify determination of choice types, we give an example from the
OSI Transport Layer [Zimm80]. Consider the state transition diagram given in
Figure 2.10. This state transition diagram gives the possible allowed sequences
. of transport service primitives and transport protocol data units(pdu's). We are
primarily interested in the data transfer phase. This phase is represented by the
state data transfer ready in Figure 2.10. For simplification of the example, we
use logically equivalent names for the actual service primitives and pdu’s of the

transport layer.

Now, during data transfer, a transport protocol entity is capable of four basic
events:

21



T_Dis_Req
T Dis_Ind

outgoing
connection
pending

TLon._LConf

, T.D3%t. Req ~
. dt -
Remove -Buf_ S
+ Remove _Buf_. 3

data

transfer
ready

T_Dis_Req
T-Dis-Ind

T.Con_Ind

inceming
connection
pending

T_Con_Req

4

—

Figure 2.10: Sequences at a Transport Connection Endpoint

1. Receiving from the transport service user a transport data request service

primitive (T_Dat_Reg).

2. Receiving from the network service provider a transport data transfer pdu

(dt).

3. Transmitting to the network service provider any queued transport data re-

‘quest (Remove Buf_§).

4. Transmitting to the transport service user any queuned transport data transfer

pdu (Remove Buf_3).

We represent these four events in the model of a transport protocol entity given

in Figure 2.11,

e

22
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T_Dat_Req | T
N ¢ Remove _Buf_3 l h

Buf_S Buf_3

v L ) | Remove_Buf_5 T J
\ .
I . dt I

Figure 2.11: Simplified Transport Entity

Buf.5 is a queue representing transport data requests coming from the session
layer. T Dat_Req is inserted to Buf 5.

Buf.3 is a2 queue representing transport data transfer pdu’s coming from the

network layer. dt is inserted to Buf_3.

P1 is the predicate: “Buf_5 is not empty”.

P2 is the predicate: “Buf_3 is not empty”.

Remove Buf 5 is an output to the network layer.

Remove_Buf_3 is an output to the session layer.

Note that the events T_Dat.Req and dt have no associated predicates. Thus, we
assume that these events may occur at their respective ports at any time.

In order to clarify the type of choice spec1ﬁcd by our simplified transport protocol
entity, we present the possible scenarios for functioning of the modelled entity in
terms of the context ‘of its predicates P, and P,. It is the totality of choice types
_ of these scenarios which characterize the type of choice specified by the simplified

transport protocol entity. There are four scenarios:

¢ If P, and P, are both false, then Buf_5 and Buf.3 are both empty. Here, it
is impossible for the transport entity to output to either the lower or upper

layer. Thus, if both queues are empty, we have choice between unique input

23



events T_.Dat_Req and dt. Hence, in this case, deterministic choice is present

according to the criteria given in Section 2.2.

e If P, holds, then the output event Remove_Buf_5 is enabled. Here, we have
choice betwceen the single output event Remove_Buf.5 and two unique input
events (T-Dat_Req and db). Hence, grey choice is present as according to the

criteria given in Section 2.2,

‘e If P, holds, then the output event Remove Buf.3 is enabled. Here, we have
choice between the single output event Remove_ Buf.3 and two unique input
events (T-Dat.Req and dt). Hence, grey choice is specified as according to

the criteria given in Section 2.2.

o If P, and P; hold, then both output events Remove .Buf_5 and Remove_Buf.3
are enabled. Here, we have choice between two output events Remove Buf_5
and Remove_Buf.3 and two input events (T _Dat_Req and dt). Hence, nonde-

terministic choice is specified as according to the criteria given in Section 2.2.

‘We sce from the example that the determination of whether"choice is determin-
istic or not can not be made until the truth values for P, and P, are known: output
events Pop.Buf_5 and Pop_Buf_3 may or may not be enabled. Our four scenarios
show that, depending upon the truth values of these two predicates, deterministic
or nondeterministic choice can be present. Thus, in this example, we have a grey
choice specification according to the criteria given in Section 2.2 because determi-
nation of the choice type depeﬁds upon the instantiated values of variables over
which the.predicates are defined. The instantiated values of these variables are not
available from static information of S. |

A subtle but importa.ﬁt point must be made with respect to those cases in which
only a single null input event is enabled (i.e., has true or null predicate) at the same
time one or more input events are enabled (i.e., have true or null predicates). If
one or more of these input events is available at their corresponding ports, then a
nondeterministic choice is present: we can either perform one of the input events or
perform the null input event. However, based on static information of S, we can not
be certain that one or more of these inputs will be available at the same time when
the null input event is enabled. If no input is available, then no choice is present

(i.e., only onevent, the null input event, is possible). Hence, in those cases where

24



only a single null input event is enabled, a grey choice is specified: it is uncertain
whether or-not a nondeterministic choice will be present. On the contrary, if more
than one null input event is enabled (i.e., have true or null predicates), then a
nprideterministic choice is always present: we can indeterminately perform any one
of these null input events. . .

From this s1mple transport entity example, we have seen that a specified choice
may, be dependent upon predicates whose truth values may not be available from
static information of S. Such dependence upon predicates of various alternatives

can lead to what we call grey choice. We have also seen four scenarios excemplifying
deterministic, nondeterministic, and grey choice. This is a very \good example for
illustrating determination of choice types and will be referred to throughout the
remainder of this thesis.
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3 COMPRESSED TREE MODEL COVERAGE

Formal Description Techniques(FDT’s) are methods of defining the behavior of a
system in a language with a formal syntax and semantics. FDT’s are important
tools for the design, analysis, and spcciﬁcation of information p;oceséiqg systems.
It is by means of formal techniques that system descriptions can be produced that
are complete, consistent, precise, concise, and unambiguous.

Various basic objectives to be satisfied by an FDT are as follows[ISO9]:

Expressive Power: An FDT should be capable of specifying all aspects of the

system being described. _ N

Well Definedness: An FDT should have a formal mathematical model that is

suitable for analysis of specifications.

Well Structuredness: An FDT should offer means for structuring the description

of a specification in a manner that is meaningful and intuitively pleasing.

Powers of Abstraction: An FDT should be completely ind'ependent of the method
of implementation and offer the means of abstraction from irrelevant details

with respect to the context at any point in the sp;:ciﬁcation. J
Clarity: An FDT should be readable, clear, understandable, and siml;le.
There are also objectives to be met by FDT’s which are specific to testing
[ISO10}: '
1. An FDT should be suitable for various stages of the testing process: ‘

(a) test sequence derivati;:m.

(b) abstract test description.

(c) executable test descriptirorl.

(d) result analysis. N

2. An FDT should assist in determination of whether an observed instance of

system behavior satisfies the specification.

3. An FDT should enable the derivation and selection of candidate test specifi-

scations from system specifications.
.
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Clearly, there is a large set of criteria which ideally must all be satisfied by
. any FDT. However, due to different emphasis (i.e., basic versus testing objec-
tives) placed on FDT's by the various FDT developers, a variety of techniques
exist. LOTOS, for example, may be superior to ESTELLE in termns of its power
. of abstraction[ISO9]. ESTELLE, on the other hand, may have greater expressive
power(ISO8]. Knowing that various techniques exist, it is our goul to define a
mapping to CTM for four of these techniques and ultimately derive test sequences
from specifications given using these techniques. Thus, our emphasis for an FDT is
clearly its ability to aid in the process of test sequence derivation.

Due to pr.agrnatic considerations, there are several criteria which must be met

by our set of derived test sequences. These sequences must be:

Finite: Clearly, we can not apply an infinitely long test sequence to n given mple-
mentation: not only will the test never terminate, but also we will never get

to the point of analyzing our'results.

Repeatable: Given our derived test sequences, an implementation, and an envi-
ronment with a known context in which to run the test, application of these

test sequences should yield identical results in various runs of the test.

Deterministic: There should be no possible ambiguity in ;'malysis of test results

due to uncertainty in terms of which test sequences were applied.

Minimal: We want the derived test sequences to be as short as possible. Clearly,
the costs incured by application of unecessarily long test sequences are con-
trary to the goal of efficient testing.

We now proceed to define mappings through which we can derive skeletons for
test sequences from various FDT's. Section 3.1 d(,ﬁnca,a-mappmg from finite state
machines (FSM’s) [Rev 83] to CTM. Section 3.2 defines a mapping from Extended
State Transition Language ESTELLE [ISO8] Normal Form to CTM. Section 3.3
defines a mapping from the Calculus of Communicating Systems(CCS)[Miln80] to

CTM. Section 3.4 defines a mapping from the Languagc of Temporal Ordering
Specifications LOTQS{ISO9} to CTM.
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3.1 Tree Model Coverage of FSM

We wish to show that the compressed tree model (CTM) covers the Moore and
Mealy Finite State Machines. Section 3.1.1 defines each of these two types of FSM's-
and shows that CTM covers Iinearlsequences of transitions, deterministic choice be-
havior, an(Lnondctcrrr;inistic choice behavior specified in these FSM's. Section 3.1.2 \“

gives an example mapping from FSM to CTM.

3.1.1 CTM Coverage of FSM
A Finite State Machine M is a quintuple M=(S5,1,0,6, ) . .

where:

e Sis a finite, nonempty set of states;

e Iis a finite, nonempty set of}'nputs;

O is a finite, nonempty set of outputs;

&1 X S —.Sis the stzl}e transition function;

A is the output function such that: .

~ ML XS — O for Mealy machines;

— A:S — QO for Moore machines.

In any FSM, a linear sequence of state transitions starts at a state S; and
terminates at a state 5,,. Such a sequence is represented by (t;,%2,...,tn1), n > 2,
where ¢ is a transition defined at state S) and t,_, takes the FSM to state S,. In

3
a linear sequence of state transitions (21,%2,...,%,-1), no state 5;, 2 < i < n ~1,
exists such that:

o 0: [ XS — Siyy; and
lfS:Ig.YS;—'Sk,k-",éi-{-l. )

Linear“sequences of transitions in FSM’s are mapped into CTM as follows:

For each linear sequence of transitions (¢, 3,...,#,-1) between each pair
of states S; and S, in the FSM, there is an edge ¢’ € E' such thht e =

(51, 5n).

28

Pl



In any FSM, deterministic choice is specificd at a given state §; whenever
there are two or more alternative transitions:

¢  6:(Suk) - S -

o §;: (S, Ip) |

.

o 5, : (S, 1)

" such that: It # I; Vk#j and Ii; # null and jk=1,...,n. We represent S; in CTM
as a deterministic vertex S;: For each transition éy,..., 6, cmanating from state S;,
we create an edge ¢; = (—~,1;,0;),t =1,...,n.

In an FSM, nondeterministic choice is specified at a given state S; whenever
there are two or more alternative transitions: |

o & :(S:i, L),
o 6y :(5;, 1),
o

o 6,1 (S5;, 1)

such that I; = I; for at least two transitions,i # j, or I;=null and I;i=nulli# j,
t=1,...,n. Insuch a case it is indeterminate which transition will b¢ taken. We .
represent S; in CTM as a nondeterminisitic vertex: For cach transition §,,..., 8§,
emanating from state S;, we create an edge ¢; = (—, I, 0;), i=1,...,n.

~ We see that CTM covers transitions, deterministic choice, anid nondeterministic
choice in Moore and Mealy FSM’s. Since the FSM’s have no mechanism-in their
basic forms through which we specify ehabling predicates, they are unable to specify

grey choice. HenC{:, CTM covers every behavior represented by Moore and Mealy
FSM’s. :

3.1.2 Example FSM to CTM Mappiné :

* Consider the FSM shown in Figure 3.1. This FSM is mapped into the CTM shown
in Figure 3,2 where:
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Figure 3.2: Corresponding CTM *
i e;___(_,_,a') ’ -
er=((—a,a")* (=, f, f) * (= e,¢))
czriz((_: b, b') *(—, ¢, c‘) * (""1 ¢, e’))

e:i = (("':'b: b’) * (_:dvd‘) * (_,e,er))

3.2 Tree Model Coverage of Pstelle

We wish to show that the compressed tree model(CTM) covers the Extended
‘State Transition Model (ESTELLE) [ISO8]. Section 3.2.1 gives a general de-
scription of ESTELLE Normal Form Specification{NFS). Section 3.2.2 gives a for-
mal definition of an NFS. Section 3.2.3 defines 2 mapping .té CTM of each of the
constructs of NFS defined in Section 3.2.2. Section 3.2.4 gives an example CTM
mapping from a NFS. - '



3.2.1 Normal Form Specifications

A

In Estelle[ISOS8], a protocol may be specified in terms of externally observable be-
haviors of possibly more than one module. Externally observable behavior of ench”
module is specified in terins of the state space and the pb'ssiblc state transitions of
-the module. In general, specifications in Estelle may include intermodule interae-
tions and rclé,tivcly complex transition definitions. Various transformations climi-
nate intermodule interactions and simplify transition definitions in order 'to obtain
easy-to-analyze, single-module specifications (i.e., normal form specifications) from
the original specifications given in Estelle[SaBo85).”

A Normal Form Specification (NFS) describes the externally observable be-

havior of a module (e.g., a protocol entity) in terms of Normal Form Transitions.

A Normal Form Transition (NFT) consists of the following clauses:

1. an optional WHEN clause specifying an external iﬁput interaction (when
this clause is absent the transition is said to be spontaneous), ~

2. a FROM clause containing a specific identifier for the present stat

3. an optional PROVIDED clause spec1fglmg an cnabling predicate which must
be satisfied for the transition to take ptace

4. a TO clause containing a specific identifier for the next state,

5. a BEGIN-END clause specifying a single path composed of assignment
statements, procedure calls, and possibly some output statements defining

external output interactions.

3.2.2 Formal Definition of Normal Form Specifications

- Formally, a NFS T is defined as T ={t| t is a NFT} where each NFT t consists of |

the following five components:
1. WHEN(t ,
2. FROM[t]

3. PROVIDED]t|



" TO[t]

5. BEGIN-END/(t]

The components of a NFT t are defined as follows: -

1.

Let WHEN(t] be nil for a spontaneous NFT t and let WHENI]t] for a
NFT t that is not éponta.neogs be an inpﬁt interaction : which is in the
form ii(X,,...,;X,), where ii stands for interaction identiﬁér and X,,..., X,
(n 2 0) are interaction parameters. Then, for a given NFS T, the set of input
interactions Iis defined as I = Uier (W HEN([t]}. '

wr

Let FROM[H and TO([t] be the present state and the next state of a NFT
t, respectively. Then, for a given NFS T, the set of states S is defined as
S = Uer{FROM[t}, TO[t]}- Tt is assumed that idle € S and that there exist
at least one ¢, and one t; € T suth that FROM{t1] = idle, TO[t2] = idle, and

B 3 #tg.

Let PROVIDEDY(t] be either nil or an n-ary predicate p(X),...,X,) where
X1y «+ oy Xu (n > 0) are variables.

Let BEGIN-EN D[t] be a statement block? b= {di,...,dm,01,...,0,) where:

e di,i=1,...,m, m > 0, is an assignment statement @ or a procedure
call ¢

L)
e 0;,7=1,...,n,n 20, is an output statement o

(a) An essignment statement a is in the form Y := f(X,,...,X,), where
n>0and Y, X;,...,X, are variables.

(b) an output statement o is in the form out ii(Xj,..., X,,), where out indi-
cates that the statement is an output statement, ii stands for interaction
identifier, and X,,..., X, (n > 0) are interaction parameters.

(c) a procedure call ¢ is in the form (X, ..., X, 1,0 Y, 20000, 2,)
where pn is the procedure name and Xi,...,Xx (k > 0); ,...,Y,
(m 2 0); and Z;,...,2, (n > 0) are variables that stand for actual

_ in-out, output, and input parameters, respectively.

?A statement block is a set of ordered statements b = {r1,...,ra) such that if n s 1, r;
physically precedes ripy,i=1,...,n—1. g
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b =)

r

3.2.3 CTM Coverage of NF'S Constructs

To show CTM coverage of ESTELLE NFS's, we first define how CTM is generated
from the NFS in terms of chms:e and sequencé mappings. We then give a mnppmb
“for each NFS construct specifying valid behavior to events of CTM.

Let NFS T be {¢;,t2,...,%,}.
I) A TM=(V,E) is constructed from NFS as follows:

1. Foreachse S, . .

-

(a) if the total number of transitions originating from state s is equal to 1,
then s is represented by an N-vertex in CTM. -

(b) otherwise, s is represented by a C-vertex in CTM.

That is, each state s€ S is mapped into a vertex that is the root of the subtree

representing all possible subsequent sequences of events.

2. Each teT is mapped into an event that is represented by an edge c:(P,I,O)
between vertices v and w such that FROM[t]=v and TO[t}=w. The compo-
nents of e are determined as follows:

(a) P = PROVIDED[t] =
e " if PROVIDEDI[t] is nil;
¢ p(X1,...,X,) if PROVIDED[t] is not nil.
(b) I = WHEN[t] =
o "-" if WHEN]t] is nil;
o ii(Xy,...,X,) if WHEN]t] is not nil. ~
(c) O={J; 0; in BEGIN-END]t]. Thus, the output list of the event in CTM

is composed of each output specified for the statement block in the cor-
responding NFT. A NFT whose statement block does not contain an

n ‘H

output statement is mg.xpped to an event where O=

p—

IT) Apply the compression of Section 2.3 to obtain CTM from TM.
CTM assumes that context information changes flow from its root towards its
leaves. Hence, context information changes specified in a NFT statement block via

assignment statements and procedure calls are implicitly covered by CTM.

g

33



3.2.4 Example Mapping
A NFS for the OSI Class 0 Tra.nsport' Protocol is given in Figure 3.3. This NFS,

taken from[U:_:alS?] consists of nineteen NFTs (i.e.,t; to t;9) involving four statesr ™~
idle, wice (wait for connection confirmation), wftr (wait for transport connect re-
sponse), and data (data transfer). The corresponding CTM is given in Figure 3.4
application of the algorithm of Section 4.4.3 yielés this CTM?3.
We define the follo:«ving abbreviations for WHEN components and output
interactions of the NFS of Figure 3.3 to aid in readability of Figure 3.4: </
¢ A= tcrcq(to.t.add’r,frorﬁ.t.addr,qts_.req)
¢ B = tdind(ts.disc.reason,tStuser.reason) -
¢« C= cr(source.ref,option,calling.t.addr,called.t.addr:ﬁu.tpdu.size)
o D = dr(dest.refer,disconnect.reason)
» E = dr{disconnect.reason,add.clear.reason)
¢ F = ndreq(disc.reason) .
e G= tdi-nd(ts.user.reason,ts.dis‘clz.'reason)
*o H = cc(max.tpdu.size) \@-\
e J = tccon(qts.res) \
¢ K = tdatr(tsdu.fragment)
¢ L = dt(user.data)
"o M = tdati(tsdu.fragment)
¢ N = ndind()
e P = tdind(ts.disc.reason‘)
¢ Q = tdreq(ts.user.reason)
® I} = ndreq(disc.reason)

o S = tcres(qts.req)

e T = cc(dest.refcr,sourcé.ref,calling.t.addr,called.t.addr,ma.x.tpdu.size)

3In order to fit the CTM into the space provided, we use bold labels to denote continuation of
the CTM: vertices with identical bold labels correspond to one another
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® V = tcind(to.t.addr from.t.addr,qts.pro)

o W = dr(dest.refer,disconnect.reason,add.clear.reason)

. ¢ Y = nrind()
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NFS5 for OS! Class O Transport Protocol

WHEN Icreqto.t.addr, from.t.addr, qts.req)
FROM idle
PROVIDED tcfeg.in.qli.rcq = ok
TO wtee .
tl: BI.GIN
local.refer 1= ..}
- tpluagize e
_calling.t.addr = tereq.in.from.t.addr;
called.taddr = tcreq.in.to.t.addr;
ch.outsoursege! - local.refer;
ci.out.option 1= ‘normal’;
vr.out.calling.t.addr = calling.t.addr;
cr.outcalled.taddr = called.vaddr;
cr.out.max.ipdue.size = tpdu.size;
out cr{source.ref, option, cabling.t.3ddr,
called, adir, max.tpdu.sizel;
END;

-
-

WHEN tereqfto.t.addr, from.tuddr, qta.req)
FROM idle .
PROVIDED tcreq.in.qts.req o ok
TQ idle
t2: DEGIN
tdind.out.ts.disc.reason 1= ..
tdind.out.t.user reason = ..
out tdind{ts.disc.reason, ts.user.teasonk
END;
WHEN cr{source.ref, option, calling.taddr,
called. taddr, max.tpdu.size)
FROM idle :
PROVIDED cr.in.max.tpdu.size = nil
and cr.in.cption = ok
TO witr
td: BEGIN
temotesefer i~ cr.in.source.ref;
tpdu.size = cr.in.max.tpdu.size;
callingTt.addr i~ cr.in.calling.t.addr;
called.t.addr = cr.ln.called.t.addr;
qu.estimate = ..
teind.out.to.taddr = called taddr;
teind.out.from.t.addr ;= calling.t.addr
icind.out.qts.pro e qis.cstimate;
out teind{to.t.addr, from.t.addr, qua.pro);
END;

Jcemoterefer = or.in.source.ref;
tpdusize =

calling.taddr ;= cr.in.calling.t.addr;
called t.addr = cr.in.called.taddr;
qta.catimate = .

. tcind.gut,to.t.addr = called.t.addr;
teind.out.from.t.addr = calling.t.addr;
telnd.out.quapro = qla.estimate;
out tcind(te.t.addr, from.t.addr, qua.prok
END;

WHEN cr{source.ref, option, calling.t.addr
ealted.taddr, max.ipdu.size)
FROM idle
PROVIDED cr.in.option < ok
TO idle
tS: BEGIN
dr.out.dest.refer := cr.in.source.ref;
, dr.out.disconnect.reason i= ...
out dr{dest.refer, disconnect.reason):

- END;

WHEN cof max.tpdu.size)

FROM. wice

PROVIDED cc.in.max.tpdu.size o nil

TO data -

t6: BEGIN ]
qaestimate e ... .
tecon.out.qis.res s= qis.cstimate;,
in.buffer := pil;
outbuffer = nil;
out tecon(qes.res);
END; |

Fl

WHEN ee{ max.ipdu.size}
FROM wicc

-PROVTDED. ce.inmax.tpdu.size = nil

TO data

t7: BEGIN .
qi.eatimate - ..}
in.buffer = nil:
cuthuffer = all;
. tetom.out.qta.res = qta.cstimare;
out tecon{qis.resk
end

WHEN dr{disconnect.reason, add.clear.reason}
© FROM wifce .

- - PROVIDED dr.in.dlsconnect.reason = "user.nit”
WHEN crisource.ref, option, calling.taddr, ' TO Idle
alled.t.addr, max.tpdu.size) t8: BEGIN

FROM idle ndreq.outdisc.reason = dr.in.disconnect.reason;
PROVIDED cr.in.:nax.tpdusize < nil tdind out,ty.disc.re2son := dr.in.disconnect.reason;’

and cr.in.aption = ok tdind.out.ts.user.reason 1= dr.in.add.cleas.reason:
TO witr out ndreg{disc.reason);
14: BEGIN out tdind{1s.user.reason. ts.dlsc.reason);

Figure 3.3: OSI Class 0 Transport Protocol NFS
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END;

—_——

WHEN dr{disconnect.ceason, add.clear.reason)}

FROM wrec

PROVIDED dr.in.disconncet.renson o “user.init™;

TO {dle

:9: BEGIN . :
ndreg.out.dise.reason  im drin’disconnect.reasen; -
tWind.out.ty.dise reasan sm d.r.ln.discouncc:.tea.!on:
out ndreq(disc.reason ) :
out tdind(ws.dise.reuson )3

WHEN teres(qta.req)
FROM wittr R
PROVIDED Wreningrs.req <= qts.estimate
TQ data ' ‘ '
t10:BEGIN
local.rater \ i .
cc.outdest.refer 1w remote.refer;
cCoutsource.ref - local.refer:
.outcalling.t.addr w calling.t.addr;
ccoutcalled,t.addr v called.t.adds

ce.outmax.tpdusize - tpdu.gize:
fnbuffer 1w pil; .
outbuffer = njj; "

out ce{dest.refer, source.ref, calling,¢.addr,
called.t.addr, max.tpdu.gize);
) .
WHEN teres(qts.req)
FROM wiir
PROVIDED tcres.in.gua.ren » qus.catimate
TQ idle
t11:BEGIN
dr.out.dest.refer ;- remoterefer;
dr.outdisconnect.reasog = .y
dr.out.add.clear.reason e el
tdind.!In.ts.disc.reason
out dﬁdur_:cfcr. discannect.rezson,
out tdind(s.disc.reason
END;

. 3
o ey

add.clear.reason);

WHEN tdreq{ts.user.reason)

FROM witr
TO idle
t12:BEGIN
dr.out.dlsconncct.rmen -
droutadd clear.renson e tdrcg.in.ts.uscr.rmon:

dr.outdestrefer = Temote. refers
out dr{dest.refer, disconacet.reason, add.clear.reason)

WHEN watr{tsdu.fragmeat)
FROM dana
TO data
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ULBEGIN
lnsert{outbuffer, tdatrinsdu.fragment);

"FROM dara
PROVIDED outbuffer « nil
TO data
t14BEGIN
removel {fer, dt.out.user.data);

out difuser.dat
END; ‘

WHEN dt{user.data)

FROM data

TO daa _

t15:BEGIN
lnsert{in.buster, dt.in.user.data);

—_——

FROM dat

PROVIDED In.buffer o ai|

TO data

t16:BEGIN )
remove(in.buffer, tdad.out.tsdu.fragment);
out tdati{tsdu fragrent)

- WHEN tdreq{ts.user.reason)

FROM data

* TO ldle

t17:BEGIN .
odreq.cut.dlsc.reason tm tdreq.n.ts.user,reason;
out ndreq{disc,reason):

END;

| WHEN nding()

-FROM data -
TO Idle )

t18:BEGIN
dind.out.ts.dise.ceasson =
out tding{s.disc.reason);

. WHEN nrind()

FROM dana

TO idle

t19:BEGIN
tdind out.ta.dise.reason :m i
out tdind(ts.disc.reason);

-
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3.3 Tree Model Coverage of CCS

We wish to show that the compressed tree model (CTM) covers the Caleulus of
Communicating Systems (CCS) developed by M:lncr [Miln80]. To aid thc readers
understanding, we develop the coverage in three step:,

1. In Section 3.3.1, we approach the problem conceptually in order to give an

intuitive feel for what the coverage involves.

. In Section 3.3.2, we show & mapping from CCS to a tree representation which

expresses behavior of only a limited subset of CCS. In Section 3. 3 3 this tree

o™

representation is then shown to be covered by CTM. This will serve as-n first
simplified approximation to mapping from CCS to CTM with the mt:}\_of

aiding the reader in understanding how various constructs are mapped. \ ,

3. In Section 3.3.4, we show a mapping from CCS to a tree representation which
fully represents behavior expressed in CCS. In Section 3.3.5 this trce repre-
sentation is then mapped to CTM in order to show CTM coverage of CCS.

bl

Acclofnpanying figures are‘provided to help the reader visualize cach mapping. Sec-

tion 3.3.6 gives an example mapping from a CCS specification to its corrcspondxng
CTM. Conclusions follow.

3.3.1 Conceptual Coverage

CTM models valid behavior of possible system implementations as described by S
in terms of possible valid orderings of events e = (P,1,0). The terms of CCS are
behaviors and CCS models functionality through manipulation of guards to these
behaviors. CCS has two basic types of guards: unrestricted which specify input
and output events and internal(r) which specify unobservable events.

In CCS, positive labels bind values to variables and negative labels qualify values:

¢ input(l) in CTM is equivalent to an a-v experiment (v a value submitted by

the environment) in CCS,

¢ output{Q) in CTM is equivalent to a 3-v experiment (v a value received by

the environment) in CCS.

o Null events (P,-,-) in CTM are equivalent to 7 events in CCS.
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Thus,.the three types of guards t;> behaviors in CCS that ?.re covered by CTM a;re':
e ax-tuple, - '
e JE-tuple, and
o T;

where x~tuple and E-tuple are tuples of variables(input in CTM) and values{output
in CTM), respectively.
To gain an intuitive feel for CTM coverage of CCS, we stress the following:

e CTM uses deterministic C—vertices to model deterministic choices. CCS does
not explicitly model deterministic or nondeterministic choice. Instead, CCS
has a general choice operator: summation “+”. Semantic rules, on the “+”
operator distinguish deterministic from nondeterministic behavior specifica-
tion. CTM’s deterministic vertices cover deterministic summation operations

in CCS.

e CTM also covers nondeterministic summation operations in CCS. A CCS
summation is nondeterministic if it either specifies two internal events(r) or
specifies two identical experimments with different outcomes from a given state.
This is equivalent to the criteria set forth in Section 2.2 for establishing a

nondeterministic C-vertex in CTM.

s CTM uses grey C—vertices to model points in S at 'which determination of
whether or not a choice is deterministic is sensitive to the context vaMables
in predicates of alternative events. In CCS, the conditional operator “If E
then B else B”"; where E is a boolean expression and B and B’ are behavior
expressions, can specify grey choice. A conditional operation such as this can

* specify grey choice since the truth value of E can not always be determined
using only syntactic information. Thus, CTM covers grey choice specified in
CCS.

e CTM uses terminal N-vertices to denote a point at which S terminates. This
is equivalent to the inaction operator NJL in CCS. '?llus, CTM covers termi-

nation of specification in CCS. J
v

-~
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o CTM abstracts linear sequences of events. CCS can specify abstraction of ‘
- . behavior directly by specifying behavior identifiers for the abstracted behavior,
For example, we may specify the following in CCS: .

aE-tuple.B.

Here, we have abstracted specifics of behavior B. CTM covers this type of
abstraction by representing the abstracted behavior as a subtree which stands-

for subsequent behavior. Thus, CTM covers the abstraction capabilitics of

CCS. "

o CCS forbids ﬁnguarded recursive definitions: it docs not allow infinite se-
quences of identical behaviors which come about due to the absence of guards.
This in turn means that CCS can not define an infinite S of this type. We
have no such restriction on S in CTM. Clearly, CTM can cover the restricted

specifications of CCS since CTM imposes no limits on the depth of the tree.

This section has conceptually shown that specifications in CCS can be modelled
using CTM. We note that Milner’s attempt to define CCS in the algebra of commu-
nication trees (CT’s) [Miln80] is strong evidence for the usefulness of a tree based
model such as CTM. We now proceed to define a series of mappings showing CTM
coverage of CCS. ’

3.3.2 Mapping CCS to ST’s

Towards a first approximation for showing compressed tree model (CTM) coverage

of CCS, we show a mapping of CCS to synchronization trees (ST’s) [MIINSO)].
ST’s are an extension of rigid synchonization trees (RST's) [Mils80]. The cleinen-

tary algebra of RST’s and ST’s are the same. Definitions needed for the following

discussion are: =

*

¢ A label is a member of a given (fixed) label set A.
e A sort is a subset of A.

® A ST of sort L is a rooted, unordered, finitely branching tree, cach of whose
edges is labelled by a member of (L U7). The vertices of a ST are abstract
representations of states. The label “7” stands for a silent (unobserved) tran-

sition.
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e A ST is a representation of a transition graph[Miln80).

To show a mapping from CCS to ST, we give a mapping for each CCS behavior
type. Refer to Figure 3.6 on page 59 for the fSllowing:
Inaction specified by NIL is represented in ST as a single vertex (black circle). Label
sets in both CCS and ST for this behavior are empty. . \
The summation operator “+” represents choice between two or mdre behaviors.
The resulting behavior expression has a label set which is the union of label sets
*of all components of the choice operator(s). In ST, thiﬁ choice is represented as a
vertex with out-degree equalling.the component number-of behaviors in the CCS
summation operation(s). Each edge emanating from a choice vertex in ST represents
the first event of the alternative behaviors represented as trees in the corresponding
CCS specification. Let

~ 8 t1=a1,...,an

L] t2=bh...,bn

-

specify two behaviors in CQS. t1+t2 1s mapped into ST as C,=(W;,C-SET)); where -

N

o () is the choice definition,

¢ V) is a vertex representing the point in the specification where choice is spec-
ified, !

o C_SET is the sct of edges efnanating from V. Here, C_SET] is {a1,b).

We label cach edge in C_Set;, i = (1,..., number of points of choice in the CCS
specification), with the corresponding CCS label; namely, a) and b, for C_SET;.
Remaining sequences of behavior ay,...,a, and by,..., b, are mapped as linear
sequences in ST, The label set in ST is the same as that in CCS.

Events are guards to behavior expressions and are of three types: binding, quali;
fying, and internal. Binding events, which deI;ote input from the environment, are

represented as positive labels and bind values to tuples of free variables. Qualifying -

events, which denote output to the environrhent, are represented as negative labels
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.,
and qualify tuples. Internal events are represented with the label 7. Since ST's are

unable to specify input to or output from the environment, the mapping from CCS
ST is incomplete. If, though, we treat the guards in CCS as generic labels (i.c.,
positive and ncgativé labels are not differentiated), then we simply map gunrds o
CCS to edges in ST with the generlc label “r” guards in CCS map dm.ctly to
. edges in ST with the label “77.

Event Sequences

Sequences ot events in CCS are separated in ST by vertices representing abstract
states. Let ey,...,e, be a sequence of events in a CCS specification.’ This sequence
is represented in ST as ((vl,...,v,,.,.l),(ef_,. .., €n)), where vj, j=1,....n+1, represents
the current abstract state, and e;, i=1,...,n, is the edge corresponding to the event
e; between vertices v; and v;y,. Each edge is labelled with its corresponding event.

Label sets are preserved for the mapping of events from CCS to ST since they are
treated as generic entities. : #

Composition

L s
The composition operator “|”

in CCS is used to represent the parallel composition
(“running”) of two or more behaviors. It is also used in ST’s to express parallel
composition of component ST's. Thus, the mapping of composition from CCS to
ST’s is direct. Let ‘

e t1=ap,...,0qp;
L] t'2=b|_,...,bn

specify two behaviors in, CCS. ST can represent their parallel composition in two

ways.

1. If, in ST, we linearize the composite behavior of ¢; and ty, then at every
abstract state vertex in'ST we give choice of next event between next possible
parallel events. Thus, for our first choice, we have C, = (V|;C_SET)), where
C.SETi=(ay,b,). The subtree of a; will have choice (V3,C.SET;), where
C_SET;=(az,b), and so on. If two or more members of C_SET; arc co-labels
{(matching positive and negative labels) and we are lincarizing the composition,
then we must specify a 7 edge for each such pair in C.SET,. We add such 7
choices to C_Set;. Thus, if

o C; = (Vi,(a,a)),
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then we have edges emanating from V) with labels

e A,
e a, and
o T

OOC_SET;‘ = C.Setp|Jr. o !

2. If we do not wish to enumerate possible choices, we specify parallel compo-

sition of component subtrees using “|”. Thus, if we have enumerated choices

ap, by, then the component subtree of a; can be represented as:
((12, ey an)l(bl, ceny bn) = f’lltg

Label sets are preserved for the mapping from CCS to ST’s (assuming CCS labels
are treated generically).

Restricti
The restriction operator “\” is used to specify forbidden behavior. Arguments of the
restriction opemtdr are labels. Behavior specified using a given label is forbidden
if this label is restricted. In ST’s, any edges with a restricted label are pruned
along with their subsequent subtrees. The restriction operator can be used in ST's
to express forbidden behavior within.éomponent subtrees. Thus, the mapping of
restriction from CCS to ST’s is direct. Let the CCS label set be L, restricted labels
be ly,...,In. Then, the restricted label set is L - (&y,...,1;). Label sets of the CCS
specification and ST representation ate equivalent through restriction.

Relabelling
The relabelling operator “BjS]” for behavior B is used to give new labels to the
current behavior label set. Any relabelled behavior in CCS is directly represented
in ST under the new label. Thus, the mapping from CCS to ST is direct under.
relabelling. ST represents only the new label set (i.e., abstracts the relabelling
operation).

P N
The identifier construct “b(E}, ..., E,)” is used for the parameterization and subse-
quent instantiation of behaviors. Parameterization requir;as the use of free variables
and instantiation of these variables with actl.ta.l/\/r;]ues. Since ST is unable to repre-
sent propagation of valucs, representation of the CCS identifier construct in ST is
impossible. Thus, there is no mapping for the CCS identifer construct to ST's.

-
-
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Conditional Choj
The conditional construct “if E then B1 else B2 is used for specification of choice
. -~
between two or more behaviors based on boolean predicates. Predicates for the
conditionp! construct are, in general, composed in part of variables. Since ST can

not represent variables, there is no mapping for the CCS coffditional construct to
ST’s. '

3.3.3 Mapping ST’s to CTM

Having mapped CCS to ST’s, our first approximation for CTM coverage of CCS is
to now show a mapping from ST's to CTM. To do so, we map each construct in ST
to a construct in CTM. Refer to Figure 3.7 on page 61 for the following:

Inaction
An inaction is represented in €M by a null event e=(P,-,-).

Event Sequence and Choice

Since a ST is just a representation of a transition graph{Miln80}, each edge in ST
is neither an input (I) nor an output (O). However, if we treat each label in ST as
an input, we can then show CTM coverage of ST's. Consider a linear sequence of
transitions (ty,%2,...,%,) in a ST with the initial vertex v; and the terminal vertex

Un41- This sequence can be represented in CTM as a single edge €, = (ey,...,¢,):

b ea':('jth'): b )
e i=1,...,n, and

e "-" denotes no predicate and no output respectively.

o If choiceset of v,,; consists of a single transition thegl Unsy 10 CTM is a

N-vertex. . v

o If choice_set of v,4, consists of more than one transition, then v,,, in CTM

P~
is a deterministic or nondeterministic C-vertex.

One can employ the criteria of Section 2.2 to determine the vertex type. If in ST, a

choice among a set of alternatives at vertex vy is 7 (unobserved), then CTM models

this as an edge of type E,. All other alternatives are modelled as edges of type E,.
Composition '

Composition i ST can be represented by “|”. In CTM, choices represented by
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- ‘ |
a parallel compositioh must be !lineari:zed. Let C=cy,...,cx be the possible next
events for parallel processes Py,..., P at a given point- in & CCS specification. In
ST, these next events are represented in the composition P, | P; |,...,| P.. In CTM, -
if for all ¢;, ¢;, i#§; 1, =1,...,k; ¢; # ¢;, and ¢; # 7; then we create a deterministic
vertex with out-going edges (ey, ea,...,en), & = (—,¢;,—), 1 £ ¢ < n Otherwise,
if for any ¢;,¢531,j = 1,...,k; ¢;=¢;j, or ¢; = 7, then we create nondeterministic vertex
with out—going edges (e1,...,en), & = (—, ci, -)1<i<n.
Restricti

Restricted trees in ST map directly into CTM. Since the mapping from ST to -
CTM demands composite subtrees representi:ig parallelism be linearized in CTM,
restricted branches and their subtrees will be pruned when the mapping is per-
formed. Parallel composition specified in ST must be linearized and any restricted
branches pruned in CTM.

3.3.4 Mapping CCS to CT’s

It is shown in [Mil 80] that when considering atomic events, it makes no difference
‘whether we think of CCS programs, or of the communication trees (CT’s) [Mil 80]
which they denote. Thus, when we later show a mapping from CT’s to CTM, we
can claim CTM coverage of CCS.

CT’s, a further extension of ST’s, are defined as follows. A CT of sort L is a

finite collection (multiset) of pairs, each of which is of the following form:

o (af); a € L, where { is a family of CT’s of sort L indexed by the value set

appropriate to a; or

¢ (B,(v,t)); B € L, where v is a value appropriate to 7 and t is a CT of sort L;

or

¢ (7,t) where t is a CT of sort L.

As in ST's, the vertices of CT’s are abstract representation of states. “r” again

stands for a silent {(unobserved) transition.

The primary difference between CT’s and ST’s is that CT'’s are able to specify
value communication. CT's, unlike ST's, are able to cover all three types of events
which can be specified in CCS: binding, qualifying, and internal. Thus, CT’s, as

? . -
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their name implies, are capable of expressing mput output and internal communi-
cation through use of va.nables

To show a mapping from CCS to CT, we give a mapping for each CCS behm ior
type. Refer-to Figure 3.8 on page 63 for the foIlowmg '

Inaction ; _ - .
Inaction specified by NIL is represented in CT as a single vettex(black circle). Label
sets in both CCS and CT for this behavior are empty.

Summation
Choice specified using the summation operator “4" is represented in CT as a vertex
with out-degree equalling the component number of choice behaviors in the CCS
summation operation(s). As in the mapping to ST, each edge emanating from a
vertex in CT tepresents the first event of the alternative behavior trees in the CCS
specification. The label set in CT is the same as that in CCS.

CCS is founded on two central ideas: observation and synchronized communi-
cation.” The behavior expressed by a CCS specification is thought to be observed
by an observer external to the specified system. The observer can witness two basic
types of communication: inptﬁ to the system (binding events) and output from the
system (qualifying events). Further, CCS can spec1fy internal events of the system
whicH can not bé witnessed by an external observer. As well, CCS can specify

forbidden behavior in terms of system events; this is called restriction. We wish

* to show mappm{;‘;\o‘f\these various CCS features to CT’s.

Binding Events

Binding events in CCS specify the binding of values to tuples of free variables.
Positive labels bind variables: these variables will take on values of type appropriate
to label A. We think of a binding event as a A-v experiment, where v is the (tuple
of ) value(s) submitted by the observer of type appropriate to A. Binding events in
CCS map directly to CT. Let the binding event in CCS be: .

BA=az,,...,z,.t
_ . , . \
® z; = free variable to which a value is bound, i=1,...,n.
e label a € A.

o t the subsequent behavior.

A binding event is represented as an edge'E1=(Vl,Eg) in CT with label o
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e 'V, is the abstract previous state vertex in CT,.

e E; is an edge in CT &long which we specify, at regular intervals, each value
Vi, i=1,2,..., which the free variable tuple z,,...,z, in BA ¢an have bound to
it, '

e each V; is the root vertex of & CT ¢; indexed by j.

Thus, depending on the value tuple V; communicated, we have different subsequent
behaviors. If A is an infinite-value-domain, then E, is represented as being infinite
with .an arrow head in the direction of increasing index j. The label sets for CCS
and CT are identical for Biriding events.
‘Qualifying Events .

Qualifying events specify qualification of values {o be received by the observer. Neg-
ative labels qualify variables: qualified variables ut values of type appropriate
to A. We think of qualifying events as A-v experiments, where v is the (tuple of)
value(s) received by the observer of type appropriate to A. Qualifying events in
CCS map directly to CT. Let the qualifying event be:

QA = av.t
e v = bound variable of type appropriz;te to &;
e &cAh;
o t the subsequent behavior.
Represent label & of QA as an edge E1=(~VI,VQ) in CT with label ;—x:
e V) is the abstract previous state vertex in CT,

e V, is the root of the subsequent behavior tree t which is labelled with bound
variable v of QA.

The label-sets for CCS and CT are identical for qualifying events.

Internal Events
Internal events.map directly o edges in CT ®ith label “7”.

Event Sequences
Sequences of events in CCS dre separated in CT, as they are in ST, by vertices

<\

representing abstract states.
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Composition ’

Composition of parallel behavior specified in CCS using the compesition operator
“I" is represented directly in CT using “|”. Thus, as with the mapping to ST's,
component subtrees running in parallel can be expressed directly in CT. There nre

four cases.

e For each binding event awx),...,x,.t as above composed with behavior u,
specify }ﬂn for each subtree t; indexed by value v; bound to tuple z,,...,x,
of type appropriate to o in CT.

o For each qualifying event @V.t as above composed with behavior u, specify
tlu for subsequent behavior tree t in CT.

*» For each internal event 7.t composed with behavior u, specify ¢ |u in the
component subtree t in CT. -

» For each binding event az,,...,z,.t and complementary qualifying event év.u

as above, give a branch labelled  and component subtree ¢;| u" in CT.

Linearization of choices for parallel composition in CT is carried out in the. same
manner for C{"s as for ST’s. Label sets are preserved for the mapping of composi-
tion from CCS'to CT.

Restricti
Restriction of bebavior is represented in CT, as in ST, using the restriction oper-
ator “\”. Any branches in CT with a restricted label are pruned along with their
component subtrees. The restriction operator is used in CT to express forbiddén

behavior within component subtrees. The restricted label set in CCS maps directly
to CT.

Relabelling
Relabelling of behavior in CCS maps directly to CT by relabelling the branches of
CT. CT abstracts the relabelling operation.

p N ‘ |
The identifier operation is represented directly in CT. Let the CCS behavior iden-
tifier be b(ey,...,e,):

¢ For each e, i=1,...,n, which parameterizes a binding event, we create a binding
branch in CT.
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e For each ¢, i=1,...,n, which parameterizes a qualifying event, we create a
qualifying branch in CT. : ' {

Occurrende of a behavior identifier in a CCS behavior expression is represented in
CT as a component subtree [[b‘(e{, ...y ¢5)]), where [[]] stands for “the CT of”, and
cach e;, i=1,...,n, has a specific value appropriate to its type!. The label set of CT
is the same as that of CCS through the identifier opération.
Conditional Choj

The conditional operator “If E then B else B maps directly to CT. In CT, the
choice is represented as a pair of choice edges with the necessary propagation of free
variables. Each choice edge is labelled with both the predicate (condition) necessary
for it to be taken (E or =(E)), and the label of its corresponding event. Thus, we
see that the mapping of the CCS conditional operator to CT is the same as the
mapping of the CCS summation operator to CT with the exception that the first
mapping implies mapping;, predicates as components of labels in CT. CT abstracts
the conditional operator. The CT label set is the same as that of CCS through the
c'onc_litiona.l operation. -

o

Having mapped CCS to CT's, we now map CT’s to CTM. As previously stated,

3.3.5 Mapping CT’s to CTM

since CT’s cover CCS, we can claim CTM coverage of CCS by showing a mapping

from CT’s to CTM. To map CT to CTM, we map each CT construct to CTM.

Refer to Figure 3.9 on page 66 for the following:

A NIL event in CT, as in ST, can be represented in CTM as a null event e=(P,-,-).
Binding Events

To map binding events of CT’s to CTM, consider a binding event BA = (vy,61,¢;)
in CT, where: “

e v, is the abstract state vertex in CT at which we specify ¢he binding event

* ¢ is the edge in CTyith label a specifying the binding event

4CCS restricts behavior identifiers by imposing they be guardedly-well-defined[Miln80]. Ba-
sically, this requirement forbids infinite unguarded recursion in the CCS specification. This require-
ment ensures a unique CT for the behavior identifier and assigned tuple value.
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® e2=(ug,...,;ux) is the edge along which we specify value tuples vy,...,ux of type
appropriate to a. '

Represent the binding event in CTM as an edge e'=(v,, v3) where:
o ¢ is (—a,-) A

¢ v; is the initial vertex of the event

r

e v; is the terminal vertex of the event.

We note that CTM statically represents the binding event whereas CT attempts to
give a dynamic representation by enumerating the possible set of values which can
be bound to the input tuple. However, since CTM assumes flow of context changes
from root-to-terminal-leaf paths, the CTM and CT representations for binding
events are equivalent. '
Qualifying Events
To map qualifying events of CT’s to CTM, consider a qualifying event QA=(&,v, \U2)
in CT where: §

e v is the abstract initial state vertex

* v, is the terminal vertex of the event labelled with qualified variable v of type
appropriate to &

* & is the label of the qualifying event.
We represent QA in CTM \;.'ith edge e'=(v1,v;) where:

o ¢ is (--,a);

e v is the initilal vertex of the everit;

® v, is the terminal vertex of the event.

Internal Events .
The mapping from CT to CTM for internal events is the same as the mapping for
qualifying events with the exception that we label edge €' in CTM by —/-.

Event Sequences

Sequences ¢f events in CT can be composed of internal, binding, or qualifying events.
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Consider the sequence of transitions (t1,22,...,1,) in-CT with the initial vertex v,
and the terminal vertex v,4;. This sequence can be represented in CTM by the

K ¥ .
edge ¢, = e),...,€, Where:

o ¢;=(-,-,-) if ¢; is an internal(7) event

o ¢;=(-,-,(qualificd-variable)) if ¢; is a qualifying event
s ¢;=(-,bound-variable,-) if ¢; is a binding event.

If choiceset of v,y consists of a single transition and is the last vertex in the
linear sequence, then v, is a terminal N-vertex. If choiceset of v,y; consists of
more than one transition in CT, then v,y is a deterministic or nondeterminjstic
C-vertex. '

Choice represented in CT is represented in CTM as either a deterministic, nonde-
terministic, or grey vertex with corresponding choice_set. The criteria of Section 2.2
can be applied to determine the choice type. However, for sake of clarity, let us

.

consider each case in turn.

Deterministic Choice is mapped into CTM as follows: Let the choice given in
CT be C=(CV (e1,...,¢e,)); where CV is the abstract state choice vertex and
€1y...,€n are the alternative events with null predicates. If each ¢; is a binding
event BA;=(CV, E\,, Ea,,); where:

o Ey,, is the edge labelled o specifying a binding event,

~ o Ey,, is the edge along which we specify values the tuple of type appro-
priate to a;.can take on,
> .
¢ o # aj, i#j, ‘ ' J

e 1.7=1,...,n,

then we specify this choice in CTM as a deterministic- C-vertex. Each al-
ternative event is represented by an edge in CTM (~,04,-) ; i=1,...,n. Thus,
when considering & binding event, if we do not have any two alternatives with

identical labels, then we have a deterministic vertex in CTM.



Nondeterministic choice is mapped into CTM as follows: Let the choice given
in CT be C=(CV (e1,...,en)), as above, If each ¢; is a binding event with
null predicate BA;=(CV,E\,,,E1,,) as above; and for some label o; associated
with edge E,,; and some label a; associated with edge Ela,y i#]; ai=ay, then
we spécify this choice in CTM as a nondeterministic C-vertex. Each alterna-
tive event is represented by an edge in CTM (~,'nr.-,—-), i=1,...,n. Thus, when
considering a binding event, if we do have any two alternatives with identical
labels, then we have a nondeterministic vertex in CTM assuming absence of
event predicates in CT. Likewise, if we have two or more alternatives which
are either internal events or qualifying events with null predicates in CT, then

we also have a nondeterministic vertex where each alternative is:

* (-,a;,-) for a binding event,

-® (-,&;) for a qualifying event, and

¢ (-,-,-) for an internal event. Mo

Edges of the vertex are labelled as explained previously.

Grey choice is mapped into CTM as follows: If at some point in CT, we have
choice between two or more alternative events e;,...,ex with corresponding
predicates Py,...,P; and Py,...,P; are such that it'is not known whether deter-
ministic or nondeterministic choice can be specified depending on the instan-
tiation of predicate values, we represent this choice in CTM as a grey vertex.

. Alternative events are represented as explained previously.

Composition

Composition of behaviors can be represented directly in CT using the composition
operator “|”. In CTM, as with the mapping from ST, choices represented by a
parallel composition must be linearized. Let choiceset = (cy,...,¢c.) be the set of
alternative events for parallel processes py,...,p, at a given point in CT. Each ¢; €

choice.set, i=1,...,n, is either a binding event, qualifying event, or internal event.
Let:

e bind_sct be the subset of choice_set composed of binding events,

o qualify set be the subset of choice_set composed of qualifying events, and
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e internal_set be the subset of choice.set composed of internal events..
. LJ

We represent the choice of next event in CTM between each ¢; as a deterministic,

nondeterministic, or grey vertex:

. Bind_set; is UL, (Prouy ), where P; is the predicate to the bmdmg event and
a; is the label of the binding event, '

e Qualify.Set; is U, (P;,-,&;); where P; is the predicate to the qualifying event

and d; is the label of the qu_alifying event; and
. Int’.(:1.*1'1a.l_~5<zt;c is UP~, (Pr,-,-); where Py is the predicate to the internal event.
The following rules hold:

1. If bind_.set,: :,é bind_set;, i7#l, and if qualify_set and internal set are both empty,
then the choice is represented in CTM by a deterministic vertex as explained

previously.

2. If bind_set; = bind-set;, i#l, with P;=true and Pi=true, and/or quali fy_set;
and quali fy_set,, exist such that P; = true and P, = true , a:nd/or internal_sel;
and internal_set, exist such that P, = true and P, = true ,and/or qual: fy_set;
and internal.set; exist such that P; = true and. P, = true, then the choice is

represented in CTM by a nondeterministic vertex as previously explained.
3. Any other choice is represented in CTM by a grey vertex.
4. Alternatives are represented as edges in CTM as explained previously.

5. Only when no parallel choice between two or more behaviors remain can we

abstract linear sequences of events in CT into CTM edges.

Restricti
Restricted trees in CT map directly into CTM. Since the mapping from CT to CTM
demands composite subtrees be enumerated in CTM, restricted branches a.nd their
subtrees will be pruned when the mapping is performed ‘

CT is able to specify parameterization of corﬁponent behavior trees using the opera-
tor *[[]]". These component behavior subtrees must be enumerated and represented

using choice and sequence representations in CTM as explained above.
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3.3.6 Example Mapping .
Consider the following CCS spcciﬁ.cation from [Miln80]:

q=(P, | P, |)\n¢ where:-
Py =7a, 5,4 P,

T Py =naaféPr
S=T¢s ..

Then, by CCS expansion theorem{Miln80]:
q=(ro1f1¢ P | 7528 P, | ?33)\7r\¢
=1((e1519P1 | P, | $s)\m\¢)+

T((Py | aaf29 Pa | 33)\71'\¢
=t fi((¢Pi | Pp | gs)\mw\ @)+

Taxfo((Pr | P2 | 33)\_“\‘35
= "T'OflﬁIT((Pl | P | 3)\”\@5)‘*‘

TaBr((P1 | Pz | s)\ 7w\ o)
=TT + Toafa7q

Clearly, the composite behavior is infinitely recursive since the two derived choice
behaviors specify recursive invocations of behavior q. Qur key then is to label those
vertices in CTM where a recursive instantiation occurs with the instantiated behav-
ior identifier. Producing a finite CTM is then simply a matter of pruning beneath
the second occurence of a given vertex label. The labelled CTM corresponding to

the expanded CCS behavior expression is given in Figure 3.5 where:
o e‘l = (_’_1_)*(—?a1)—)*(_1ﬂ1?_)*(_i_i—
o & = (~)*(=a2-) (=, ()

3.3.7 Conclusions.

We have shown how CTM covers CCS. We first showed a coverage infurmu]ly'iq
order to give an intuitive feel for the problem. We then proceeded to show four
mappings. The mappings from CCS to ST and from ST to CTM gave us our first
approximation for coverage. The mappings from CCS to CT and from CT to CTM
showed that CTM does cover CCS.
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Figure 3.5: Example CCS to CTM Mapping
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Figure 3.6: Mapping CCS to ST
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" Relabelling: B[S]

[s): ST, —> STy

Absiracted. Label setlL
maps to Tabel set M in ST.}

identifier: No mapping. ST oan not "._
b(E1,...,En) represent instantiation and
propagation of free
variables,
Conditional; No mapping. ST ocan not

ifE then B ¢lse B'

represent instantfation and
prapagation of fres
variables,
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ST coh, MAPPING
ATION

REPRESE REPRESENTATION
: ' Nil action is repres.en{ed
NIL e=(P,-,-) in CTM by a null event.
% A linear ;equence in ST
L maps to an edge between
I v1 and vn where vn is the
. L(1) - ‘
. SEOUENCE terminal vertex,
[ .
I L(n=1)

A linear sequence in ST
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v1 and vn where vn is a
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L " oLk, joOK,
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v
IL(I)
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A linear sequence in ST
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v1 and vn where vn is a
nondeterministic vertex
with edges labelled
Lr)/-; r=g,... k,
L(k)=L(J) for some k<> j
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Alternatives at a choice in

' ST are represented by a
a| -tao- EVENTS al- -/-

type E2 edge if not -tao-;
otherwise they are a type
E4 edge in CTM,
E2 E4
3 <> -tao-

Figure 3.7: Mapping ST to CTM
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Figure 3.8: Mapping CCS to CT
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{i) for each branch of CT

v

a branch

iii} for each branch of CT

~tao- | '

a branch

-tao-

iv) for each pair of branches
of CT

a
v0 vl : o
and
t0 3
u
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~tao-

Similarly for branches of u.

L
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B[S] : maps to label set M inCT.
[denziﬁer: ) Example. 1 ot by) = ay b(y) Direct. If the behavior
b(El,... En . identifier b is guardedly
' Then, CT is: R well-defined, then a
0 1 » unique CT is defined for
B\ - the behavior identifier and
q tuple value for E1 JoesENL
/ lb(o)1]
[ = cT with (E1,... En)
taking on tuple value (0,1,.)
Ex. If x=0 then BxNIL

Abstracted. Represent in
CT as a choice with
necessary propagation of
variables and labels
including the predicate
and choice of the label.

T,
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cT

CTH HAPPING
REPRESENTATION REPRESEN’LATIOH '
Anilevent in CT is
_ . NIL e=(P,-,- represented in CTM as a
null event.
. i) Letti=ax .. % .. i) If chpice in CT is between
! two or more different
t2=bx‘ e binding events ,then create 3
™ ' deterministic vertex in CTM
en, with emanating edges
t 2 labelled:
al- bound-variable/-.
CHOICE red b/-
o
[ ]
[ ]

Assuming nil predicates.

ii) Let ti=-tao-...
t2=bx, .., x ..
1 n

Then,

y
b/-

Assuming nil predicates

iii) Let t1=[P1]-tao-

t2=b
x] AR xn

Then,

ii) 1f chojce in CT is between
internal events identical
binding events, or qualifying
events, create a
nondeterministic vertex
in CTM with emanating
edges labelled
_appropriately.

iil) If possible nondetermin-
istic choice depends on the
truth value of a predicate,
create a grey vertex with
appropriate label set |

66

Figure 3.9: Mapping CT to CTM



BINDING EVENT

Represent the binding

event as an edge with

label:
bound_variable/-

QUALIFYING EVENT

Assuming nil predicates

As part of a choice, a
qualifying event causes the |
choice vertex to he
nondeterministic in CTM.
The choice edge is labelled:

- =/qualified_variable

INTERNAL EVENT

As part of a choice, a -tao-
event causes the choice
vertex to be non-

Let t1=ax1,... xn.
byt,...,yn...

t2=ov.dz1,...zn...

-

-fac'l -/ deterministic. The choice
‘ edqe is labelled -/-.
o .
M-
Assuming nil predicates
COMPOSITION Parallel composition ex-

pressed using "]” in CT is
linearized in CTM. Choice
between 2 or more parallel
events is represented as a
deterministic vertex only if
a1l choices specify unique
inputs and there is no predi-
cate influence. A nondeter-
ministic vertex specifies the
choice and edges are labelled
appropriately if there is a
null input or 2 or mare
identical input events with
out predicate influence.

.| Otherwise, a grey vertex

specifies the choice,
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RESTRICTION

5 ~tao-

vO

5t2[u)\: /

@iloNa
\

r

[
L

CTM
REPRESENT ATION
OF SUBTREES

Restricted labels in CT
have their corresponding
branches and subtrees
pruned in CTM.

LINEAR SEQUENCE

Represent a Tinear
sequence as a singe edge

V(1) IE(‘) between V(1) and V(N+1)
¢ EC1)!
VN1 I € |
o )
i
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3.4 Tree Model Coverag‘e of LOTOS.‘

- We wish to show that the compressed tree model(CTM) covers the Language of
Temporal Ordering Specifications(LOTOS){ISO9]. To aid the readers understand-

ing, we develop the coverage in two steps:

1. In Section 3.4.3, we show a mapping from a subset of LOTOS called Basic
LOTOS [ISO9] to CTM. This mapping will serve as a first approximation
to LOTOS caverage (i.e., concepts developed for coverage of Basic LOTOS
hold also for LOTOS). Each Basic LOTOS construct is mapped to o CTM

construct.

2. In Section 3.4.4 we show a mapping from LOTOS to CTM. Each LOTOS
construct is mapped to a CTM construct. -

Section 3.4.1 gives a general description of LOTOS. Section 3.4.2 gives assumptions
made in showing CTM coverage of (Basic)LOTOS. Section 3.4.5 gives an example
mapping from a LOTOS specification to its corresponding CTM.

- 3.4.1 General Description of LOTOS

In LOTOS, distributed systems are described in terms of processes. A system
1s a process that may consist of any number of interacting subprocesses. These
subprocesses may in turn be refined, and so on, such that a LOTOS specification is a
hierarchy of processes. A process is described in terms of its ability to communicate
" with its environment via interactions. Processes arc thought of as black boxes and
can communicate with their environment only through what are called gates. Gates
can be thought of as windows through which a process can perform interactions. The
atomic form of interaction is an event: events specify synclironized communication
that may exist between two processes that can both perform that event through a
rendezvous at a particular gate.

The format of a process definition in LOTOS is:

process{process_idéntifier} {parameter_part}
{behavior_expression}

endproc



where:

e processiidentifier is the name by which the process can be referenced.
e parameter_part gives:

- — the list of interaction points(i.e., gates).

-

— a formal parameter list that can be used to parameterize the process.
- a list ofd'output parameter types(i.e., sorts) defining the functionality

of the process.

e behavior_expression is the LOTOS expression defining the observable behavior

of the process.

3.4.2 Assumptions

LOTOS specifications can be divided into two parts: a behavior description part
and a data description part[Stee86]. We show a mapping 'fgh,only the behavior
description part of a LOTOS specification. Th’g/data. description part, given in

_terms of ACT ONE{ACT 85] algebraic specifications, are left outside the scope of

this thesis. . . .

"The functionality of a LOTOS process is defined to be the p.roduct of the domains
of the values passed at successful termination of that process. A proces‘s definition is
well defined if the functionality of the behavior expression of that process definition
Is cqual to the functionality of the process identifier of that process definition. We
assume that the process definitions of the LOTOS specification from which we derive
a CTM obey the functionality constr;aints of well defined process definitions.

- Composition of parallel behaviors can be defined in terms o%three operators:
"™, "|", and ”| [a1,...,a,] |”. We assumé that any composition of multiple

parallel behaviors is given in terms of only one of these operators. Thus,
o b |[ba]l... || ba follows our assumption,
o by ||[b2]] ... || by does not follow our assumption.

For all mappings performed, we assume the existence of an environment which
may influence process fqnctioha.lity through synchronizing on given events. We
also assume that the environment is not able to influence functionality through
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a multiple-rendezvous (i.e., only two procesies are able to rendezvous at a given

time).

3.4.3 MappinEB\asic LOTOS to CTM:
Basic LOTOS[ISO9] has the following features:

* The events for pehavior expressions for all processes are limited to the gate
names of that process as well as the event exit, the internal event i, and the

event stop.

—

¢ Events are based on a finite alphabet of possible events.

e The behavior expression of a process can invoke other processes or recursively

invoke its own process.
e There is no parameterization of processes.
e Process functionality is not defined in terms of output sorts(sce [ISO9)).

o All other features given in Section 3.4.1 not in contradiction with those given

U]
.
“ur o

‘above.
‘ A

We treat the events of Basic LOTOS as we treated the labels of synchronization
trees(ST’s) of Section 3.3.2: each cvent is treated as an input. To show a mapping -
from Basic LOTOS to CTM, we map each Basic LOTOS construct to a CTM
construct. Refer to Figure 3.10 on page 83 for the following:

Inaction
Inaction specified by the event stop or the internal event i is represented in CTM
as a null event e=‘(P,-,- .

Action Prefix '
The ;" construct produces a new behavior expression out of an existing one by
prefixing it with an event name. The ;" implies sequentiality of events. Sequences
of events are represented in CTM as abstractions into edges. Let ey;¢q5...5¢, be a
sequence of events in a Basic LOTOS specification. This sequence is represented in

!
CTM as e; = (q;,u;+1), where:

L P el ' 4
o v, is the initial vertex of e,
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] . . . '
e v, is the terminal vertex'of e,
) ,
¢ ¢, =eyeg...,eq, where ¢, = (P, I;, 0;) * stands for an event.

Choice | |
The &{]” operator specifics choice between behavior expressions. .Choice is repre-
sented in CTM by deterministic, nondéterministic, and grey C-vertices. Let

By(|B,{|By[] .. . [} Ba

e the choice behaviors at a given point in a Basic LOTOS specification. This choice

is represented in CTM as a C-vertex with a Choice_set=(ej, €3, ...,€,) Where ¢; is:

1. the first evert of the choice behavior B;, i=1,...,n, if B; does not express

. L]
choice of first event; or

2. the set of choice events of B;, i=1,... n, if B; expresses choice of first event.

Apply the criteria of Section 2.2 to determine the type of the C-vertex.

Composition _
There are threé types of parallel composition of behavior which can be specified in

Basic LOTOS. We consider each in turn.
&

1. The "|||" operator specifies the parallel composition of two or more Basic
LOTOS behaviors such that there is arbitrary interleaving of events specified

in these behaviors. Behavior specified using ”|||” must be linearized in CTM.
Let

® c=cy,..., ¢ be the possible next events for parallel behaviors Ay,. .., P,

each specified using "|||”
(e, P[P -2 (] P,
of a process P at a given point in a Basic LOTOS specification.
® p,...,p, be possible next events for the environment of process P.
e ij beindices in 1,...,r7.

e m,n,s be indices in 1,...,k.

np)

*Handling of variable declarations (i.e., "?") and value declarations (i.e., "¥") is discussed in

Section 3.4.4.
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(a) If

® Di = Cnm,
.pj=cﬂ) 1
* m# n,

then create a C-vertex in CTM with outgoing edges:
®e),.. . ,6e, . \ ' /V
¢ 3 = number of synchronizing sequences.

In this case, there is more than one possible sequence synchronizing with
the environment and this is represented in CTM as a choice. Employ the
criteria of Section 2.2 to determine the type of the C-vertex.

(b} If
* Di=Cm,
* (p; = ca),
o (1 #7)V(m #n))
then map this single choice into CTM as part of a sequence mupping.'

In this case, there is one sequence synchronizing with the environment.

(¢) If =(p; = cn), then create a terminal vertex in CTM. In this case, there

are no sequences synchronizing with the environment.
4

2. The ”||” operator specifies the parallel composition of two or more Basic
LOTOS behaviors such that parallel behaviors must synchronize with respect
to all events. Two behaviors synchronize with respect to an event if they both
offer this event. Behavior specified using ”||" must be linearized in CTM.
Let ' '

® c=¢y,...,Ck be the possible next events for paralle] behaviors Py,. .., Py,

cach specified using "}|”
(ie., P || P ||... |} Pe),
at a given point in a Basic LOTOS specification.

¢ m,n,q,rs,t be indices in 1,..., k.
(a) If N
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® Cm =Cny

e m#n; and

* C,=Cr,

°* qg#r,

(g =mAr =n)V(g =nAr =m}),

then create a C-vertex in CTM with outgoing edges:

®Cy.nayCyl
® ¢ =cm Ve =cy,
e t=1,...,8 = number of unique synchronizing sequences

labelled ¢, /-,...,c,/~ for all ¢q, ¢, as above. In this case, there is more

Rt
|

than one possible sequence synchronizing between parallel processes and <
this is'represented in CTM as & choice. El\'_x}gloy the criteria of Section 2.2
to determine the type of the C-vertex. :

(b) 1¢ \

® Ch =Cp

s mz#n

~(cg =cr) ﬂ;
Mg=mAr=n)V(g=nAr=mnj) .

then map this single choice into CTM as part of a"‘sgggehce mapping.

In this case, there is only one possible sequence synchronizing between

parallel/processes. —

o 0

] _|(C'ITI = Cﬂ)!
emz#n
then create a terminal vertex in CTM. In this case, there are no se-

quences synchronizing between parallel processes.

Thus, all possible synchronizing sequences are represented in C‘I/‘DX. Only syn-
chronizing behavior sequences specified in this type of parallel composition are
mapped to CTM: an explicit pruning occurs since non-synchronizing event

sequences are not mgpped.
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3. The | [61,-..,aa] | operator specifies the parallel composition of two or more
Basic LOTOS behaviors such that parallel behaviors must synchronize with
respect to events ai,...,a,:, cyll these dependent events. Synchronization
on any other events between parallel behaviors is not necessary: call these

independent events. Behavior specified using "| [a;,...,a,] |" must be
linearized in CTM. |

Let

® c=cy,...,c be the possible next events for parallel behaviors Py, ..., P,

each specified using | [ay,...,a,] |” <

(i.e., Py | {a1,.-van] | Pallar,.-ov@n) | oon ] [any ooy an] | Py),
at a given point in a Basic LOTOS specification,
® pi,...,Pr be possible next events offered by the environment.
¢ ab beindicesin 1,...,r {

® 1,j,mn,q,s,t be indicesin 1,...,k.

{(a) If ' 4
* ¢, ¢, 1 F#j, are iﬁdependent events, ' | |
® & = Pa,

* =Dy,

then create a C-vertex in CTM with outgoing edges:

® ¢p,...,culUCry. ., 0
e w = number of unique independent events synchronizing with the

environment

¢ t = number of unique dependent events synchronizing with one an-

other:
— Cm = €y \
— ¢myCn are dependent events ' \
— =0

— ¢,,¢, are dependent events

= ~(em = g Aca = ) V(em = ¢4 Acn = Gy))

75



o

In this case, a‘t. least two independent sequences are synchronizing with
the environment in the paralle! composition. Employ the criteria of Sec-
tion 2.2 to determine the type of the C-vertex.
(b) If |
® Cp =Cpn,y
. &m, c,,. a.r; dependent events; and : .
e ¢, =c,, j
* ¢, ¢, are dependent events; 'a.nd
o ((em =g ACa = c,.) Viem = ¢ Acn = ¢g))
then we create z;, C-vertex in CTM with outgoing edges:
® Ci,..., e, 000
¢ w = number of unique independent events synchronizing with the

environment.

s t = number of unique dependent events synchronizing with one an-

. other:
- — Cn = Gy, ‘
- "((Cm =cAen = Ca) V(Cm =¢, Nen = Cq))
In this case, at least two unique sequences are synchronizing with one
another in the parallel composition. Employ the criteria of Section 2.2
to determine the type of the C-vertex. £ '
(c) If -
L,
¢ =(p; = ¢y), ¢m an independent event, :
- o (¢, =¢,), ¢4, ¢, dependent events,
then crcate a terminal vertex in CTM. In this case, there are no syn-
chronizing sequences either between processes or between a process and
the environment.
s ) ~}
Hiding
The "hide ay,...,a, in B” construct specifies behavior in which events ay,...,a,

are not cbservable by an observer external to behavior B. The hide construct is

“used in the context of a parallel composition. When the events of the parallel
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composition are linearized, which is necessary when mapping to CTM, those events

specified to be hidden are represented in CTM choice and sequence mappings by the
event e=(P,—,-). Such events can be either dependent or independent. Indcpcndc:-lt
events are effectively forced to synchronize within the parallel composition .‘sincc
they can not synchronize with the environment (i.e., they are hidden), Since the
hidden event is internal to behavior B, no input or output is observable external
to B in terms of this event. CTM provides the mechanism (i.e., type E, (.db(,s)
through which such internal events are specified.
Enabling
The "B1>>B2” construct specifies sequential composition of behavior in which pro-
cess B2 may begin its functioning upon the successful terminntion of process B1. B1
is defined to terminate successfully if it exec‘ﬂcs the event exit. CTM uses choice
and sequence mappings to specify Bl. Subsequcnt to this, choicé and scquence
mappings are performed to map B2 to CTM: each terminal vertex of the mapping
for B1 reached via the event exit has appénded to it the CTM mapping for B2.
The event exit itself is mapped to CTM as the event e=(P,exit,-) appended to cach
terminal vertex of the subtree representing B;. Thus, exit is trea.tcd as an input.
Disabling

The "B1[>B2” construct specifies behavior in which process B2 may at any time
interrupt the functioning of B1. If this occurs, B2 begins its functioning. We treat
the disable construct just as we would a parallel construct. Each event in B1 has
as a choice the root®f the CTM for B2 (i.e., the entire CTM mapping of B2 is
appended as a choice for all events in B1). Erhploy the criteria of Scction 2.2 to
determine the type of the resulting c-vertices. If Bl terminates successfully (i.c.,
reaches a terminal vertex in its mapping), then subsequent functioning is specified
by other Basic LOTOS constructs and B2 is no longer .spccificd as a choice to every
event. There is no compression of linear sequences of Bl since each event of B1 lLas
an alternative. Thus, B1 is composed entirely of C-vertices and edges representing

single events. -

3.4.4 Mapping LOTOS to CTM

LOTOS has the following features in addition to those existing in BASIC LOTOS:
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The ability to specify value communication in terms of structured interactions.

Events in LOTOS are 5pec1ﬁed in terms of value (output in CTM) declarations
and variable (mput in CTM) declarations.

s The ability to specify behavior that depends upon conditions on values (i.e.,

guards).
e Parameterization of processes.
e Process functionality defined in terms of output sorts.

o Generalization of choice constructs in terms of values of variables and gate
identifiers.

o Generalization of parallel constructs in terms of values of gate identifiers.
To show a mapping from LOTOS to CT)&VI, we map each LOTOS construct to a
CTM construct. Refer to Figure 3.11 0 age 86 for the following:
The mapping of inactionin LOTOS is identical to the mapping of inaction for @,ﬁic
LOTOS.

Action Prefix
The mapping of action prefix in LOTOS is identical to the mapping of action prefix
for Basic LOTOS. N

Structured Event Offers
A structured event offer consists of a label (i.e., gate name) identifying the point
of interaction and a finite, non-empty list of attributes. These attributes are either
value (output in CTM) or variable {(input in CTM) declarations:

s value declarations are of the form:

glv
where g is the gate name and v is the value offered.

b ]
» variable declarations are of the form:
g?visqit '
where g is the gate name and v is the variable specified of a given sort.
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Let .
g?input_list!output_list
be a structured event offer in-a process A where:

¢ ?input_list is a finite list of variable declamtioné,
o loutput_list is a finite list of value declarations,
o there is any arbitrary interleaving of value and variable declarations.

We first map such structured events for the case where A is not used in a

| -pa.ré.llel operation. In this case, the structured event offer is mapped to an event
e=(P,1,0) where: 'l

o I=(UPz; | 2; € input.list) where ; is the variable specified for the ith variable
deglaration and n is the number of variable declarations in the structured

event, 1=1,...,n.

o O = (Ujyi | yi € output.list) where y; is the value offered for the ith value
declaration and r is the number of value declarations in the structured event,

i=1,...,r.

We now map such structured events for the case where A is used in a parallel
 composition. Without loss of generality, assume that process A is in parallel compo-
sition with process B. In this case, the structured event offers'in both processes are
mapped\to CTM events e=(P,1,0) for each possible synchronizing pair of parallel
events (see the mapping for composition to determine the possible synchronizing
pé.irs). The mapping of the members of input_list and output_list to the [ and O
of e=(P,I,0) is dependent upon the type of synchronization that occurs for cach

variable and value declaration. The mapping is as follows:

1. For each value declaration g!E1 in process A, and each matching value decla-
ration g!E2 in a process B, where E1=E2, we construct an e with an output

A.El and an output B.EZ2, i.e.,, e=(P,-,(A.E1,B.E2)).

2. For each value declaration g!E in process A, and cach matching variable
declaration g?x:sort in a process B, where sort(E)=sort, we construct an ¢
with an input B.x and an output A.E, i.e., e=(P,B.x,A.E).

\
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D . . .
g?x:sortl in process A and each matching vari-
able delcaration g?y:sort2 in a process B, where sortl=sort2, we construct

an e with an input A.x and an input B.y, i.é, e=(P.',(A.x,B.y),-—).'

We note that ecach I and O in e is prefixed with the process identifier to which
it pertains. This will become important for testing in order to identify the process

to which the input or output applies.
G lized Choice

The "[|" operator is generalized such that it is possible to specify alternative be-
P g _ D

havior betwégn any number of behavior expressions. There are two forms:

1. For summation on gates, ,

choice 14 in [gh Lo :gn] []A

specifies that behavior A is parameterized in terms of gate g. Thus,

Alg0ALg2)() - - [ Alga]

is an equivalent behavior expression. In CTM, a summation on gates is
mapped to a C-vertex with the CTM mapping for behavior specified in A
instantiated in terms of choice and sequence mappings for each variant gate
value (g1, ..,9n). Such enumeration of choice behaviors is necessary in CTM
since cach choice can be statically differentiated from information in S (i.e.,
the LOTOS specification). The summation on gates is simply a shorthand
notation for specifying the range of static choices. Apply the criteria of Sec-
tion 2.2 to determine the type of the C—vertex.

2. For summadtion on values, g
choice x:t [| B

specifies that behavior B is parameterized in terms of the value of x, Wllich is
of sort t. Such parameterization of subsequent behavior depend: on context
information and, hence, is not statically modelled in CTM. Context informa-

tion is assumed to flow from the root of CTM. B is itself mapped to CTM.
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q lized Parallel
The parallel operators "[|[”, "||”, and "{ [a),...,as] |" can be used to compose

behavior expressions parameterized in terms of gate names. Thus,

par g in {g1,...,gn] parop A

where

o par_op is one of *|||”, ”||”, ot "] [ay, .., an] |”
e

|
1Y

¢ A is & behavior expression

1s equivalent to its expansion:

Alg] par-op Alg:] par-op ... par-op Alga].

In order to map generalized parallelism to CTM, we first expand the generalized.
parallel composition to its equivalent (non-parameterized) form. From this form,
we can map the composition to choice and sequence mappings as, explained in the
composition section. ' k

Composition
In LOTOS, the mapping of the parallel constructs is identical to the mapping for

Basic LOTOS with the exception that synchronization is now defined in terms of
structured event offers instead of a finite alphabet of events. Thus, to define a
mapping of composition in LOTOS to CTM, we need only to:

1. Define when two structured event offers are able to synchronize.

2. Apply the mappin;g for composition in Basic LOTQS which was presented in
Section 3.4.3

3. Apply the mapping for structured event‘offers to events of C'TM which was
presented in Section 3.4.4.

To perform the mapping, we define the following:

Relative Position of an attribute of a structured event offer is the number of

attributes between it and the gate identifier of the structured event plus one.

Matching Occurence between two attributes at the samg relative position of

two structured events to be either:
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1. Two variﬁblo declarations with the same sorts..
2. Two value declarations with the same values.’

3. A value declaration whose value is a member of the sort of the corre-

sponding vanable declara.tlon

Using the above deﬁnltlons, we can enumerate the criteria for synchronization

of structured event offers. Two structured event offers can synchronize if:
1. Each has the same number of attributes.

- 2. Each attribute in one event offer has a matchlng attribute in the other event

offer. _ |
Hidin ! :
The mapping of hiding in LOTOS is.identical to the mapping of hiding for Basic
LOTOS. '

Guarded Expressions

Any behavior expression may be preceded by a predicate. Sucha behavior ex-
pression is said to be guarded. If the predicate holds, the behavior described by
" the behavior expression is possible, otherwise, it is not possible. Each predicate of )

a behavior expression is mapped to either:

1. P of the event e=(P,1,0); where e is the CTM mapping of the first event of the
guarded behavior expression and the behavior expression expresses n& choice
of first event.

4]

. P of cacDYvent e; = (P, I;, 0;), where ¢; is the CTM mapping of the first
event of each alternative expressed in the behaviox expression; i=1, ... ,number
: Te e :

of alternatives.

Let .
[z > 5]—saplx;.. ‘
dcnotc a LOTOS guarded behavior expression. We map this to the event:

=( P1110)=([I > 5] ,—,sap.x).

Disabling
The mapping of disabling in LOTOS is identical to the mapping of dlsabhng for ¢
Basic LOTOS. } . p
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b1

BASIC LOTOS
BEHAVIOR

CTH o
REPRESENTATION

MAPPING

o

INACTION:
stop

internal eventi

e=(P,~,)

Inaction is represented in
CTM by a null event.

ACTION PREFIX:
ab;e

-

e'=abc

Sequences of events are

abstracted into edges, .

"CHOICE:

AllB(lc

Ry v

choice_set = {A,B,C}

A choice is represented in
CTM as a deterministic,
nondeterministic, or grey
vertex.

/Composition

1. PullP2ll..liPk

2. P1lP2ll..Pn

i

c-vertex

i} n-vertex

1 e=(P,1,0)

iif) o n-vertex

1) If two or more

events can synchronize
with the environment, then
represent this as a chajce.

ii) If only one sequence can
synchronize with the
environment, represent this
as a single event.

iii) If no sequences can
sgnchroniﬁg with the
environment, represent
this with a terminal vertex.
since further functioning
does not occur.

i)

c-vertex

ii) n-vertex

/ e=(P,1,0)

1) If two or more
sequences in the parallel
composition synchronize
with one another,
represent this 3s a choice.

ii) If only onesequence in
the parallel composition
synchronizes, represent
this as a single sequence.

, \ Figure 3.10: Mapping Basic LOTOS to CTM

v
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BASIC LOTOS
| BEHAVIOR

CTH
REPRESENTATION

MAPPING

-

3. P1lat,...,anl
P2lat,...,an|

iif) O n-vertex

iii) If no sequences can
synchronize, represent
this with a terminal

vertex since further func-
tioning does not poour

1o

c-vertex ,

) If at least two
dependent sequences-or
at least two independent
sequences are able to” .
synchronize, represent
this as a choice,

B1:= ab;c jexit
[Id;e;f;exit

B2:=g;h;i ;stop

=

e1 '=abeghi
e2'=defghi

84

Pklat,...,an]
A p i
: - ii) If only one set of
_— i) ,@rtex dependent sequences or |
independent sequences are
e=(P,1,0) able to synchroniae, p ,
represent this as a single
event.
{ii) 1f no sequences are able
- to synchronize, represent
ii) - d
o O n-vertex this with a terminal vertex
’ since further functioning
H does not oceur. '
HIDING - Hidden events are mapped
. B to E4 edges in CTM.
hide a b, in -/- e'= ((P,~,-), The hidden events
P - become e=(P - ).
where B = (P'-’-),
I r
a;b;c;d;stopll P, .
ab;e,;d;stop
Enabling . Append to the terminal
' vertices of the mapping
B1»>RB2 el 02’ :or l;lz the CTM mapping
-for B2.
where: '




e

'BASIC LOTOS | CTH MAPPING
BEHAVIOR REPRESENTATION -
DISABLING — Append as choeice to-
B1[>B2 where: ' every event in B1 the

i CTHM for B2, IfB1
B1 ';'_b '-c-’s“i,tp terminates successfully
- B2=de M ex via an exit, then
subsequent mapping is
o performed and B2 isno _
Tonger appended as a .
choice. ]
- 3
M-
L
)
A
b4
i
2
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Pl

LOTOS
BEHAVIOR ~~

CTH -
REPRESENTATION

MAPPING

. | STRUCTURED
EVENTS ’

i) Matching Value
Declarations:

gEt gE2 7
E1=E2

glE g?x%:sort

.

iid) Ma‘tc'hing .

Variable Declarations
g?x:sort g?y:sort |

i) e=(P,- (AE1 B .1-:2),)\L

v

i} For matching value
‘declarations in a process
A and a process B, we
append outputs AEY and -
A:E2 to the cutput list

of the event for each
such matching attribute
pair.

i) Matching Value and | i) e=(P B.x,A.E)
Variable Declaration:

1) For a matching value
declaration and variable
declaration in processes

A and B respectively, we
append an output AE and an
input B.x to the event for
each such matching
attribute pair.

’ iif) e=(P (A.x,B.y)~)
+

§ii) For matching variable
declarations in processes

" Aand B, we append
inputs A.x and B.y for
each such matching
attribute pair..

SUMMATION ON
GATES

“choice g in [g1,...9n]
(1A

c-vertex

en

Behavior parameterized
in terms of gate valyes
is enumerated in CTM as
explicit choice of each
behavior mapped with
instantiated gate values.

[

Figure 3.11: Mapping LOTOS to CTM
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v,

L0TOS ‘CTM . -I_"lAPPlNG
BEHAVIOR REPRESENTATION
4 GENERALIZED Algt ]‘par_np Alg2] par—op ’ We abstract the generalized
PARALLELISM Algn] ' " . | parallelism construct
. " |'before mapping to CTM.
p: : ri:: E’“ ! ...,gn\] . Use choice and sequence
-l ' : ‘mappings in CTM as for
! : - | compositidn.
COMPOSITION ) If var_set aw of E1
. Let E1 :g?var_lset .‘ s and E2 are identical, the
" lval_set events can synchronize.
E2=g?var_set . ~
“val_set ii) Map synchronizing events as .
‘ for compesition in Basic
_-LOTOS. '
s iti} Map structured interactions "
b as defined previously. Ty .
GUARDEW ' i - Guards to behavior
EXPRESSIONS e=([9uar:ﬂ.(m‘appmq for B) «pressions are mapped
_ d. as predicates to the first
[guard] -> B event(s) of the guarded
behavior expressien B.
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) 3.4§§ Example Mapping " _ N

‘ ‘We give an exa.mple mapping from a LOTOS ,specification of a X.25 multlplcxcr/de- '
- multiplexer. The specification, is gwen in Figure 3.12. From thc*ﬁpcczﬁcatxon we
note the following: - > y '

1. F'unctioning of the multiplexer/demultiplexer is defined in terms of the parallel

composition of a multiplexer process and a demultiplexer process.

2. The specxﬁcat.xon does not contain any EXIT or STOP opcra.tors Thus,

infinite functioning is specified.

3. Functioning-of the process is defined for the packet level[P] and link level[L] -

tes. :
gates N

4, lcn.is the logical channel number on which data are received.

| 4
5.%ud is the user data received.

) ! | '
- 6. Data_-pdu is the protocol data unit into which data is multiplexed or from”

which data is demultiplexed.

The correspon?.i(g CTM is given in Figure 3.13. In order to fit the CTM into the

space provided| we use bold labels to denote continuation of the CTM: vertices with

_identical bold labels correspond to each other.

N
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* process X.25.Mux.Demux([P,L]:noexit :=
X.25-Mux([P,L)|]|X.25-Denntx{P,L}
" where
process X.25.Mux[P,L]: nocxit :
" PIReq?len:len id sort7ud: uscr_data_sort
LIReq!Data_pduy; . _
X.25:Mux[P,L] - A
endproc o )
process X.25_Demux[P,Lj:noexit :=
[len # null AND ud.# null] L!Ind!Data_pdu; '
Plind!lenlud;
X.25_Demux([P,L]
endproc
endproc

L}

Figure 3.12: Example Multiplexer/De-multiplexer
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C

B .

N ' )
-/L.ind L.Datapdu P.len,P.ud/P .Req

Q . @

~/P.ind P.len P .ud

\

"A2

-/P.ind,P.len,P.ud

-/LReq L Data_pdu ~{L.ind L Data_pdu

All Al2

Figure 3.13: CTM for Multiplexer/De-tnultiplexer
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4 THE CONFORMANCE TESTING PROBLEM
' 7~

In the previous chapters, we presented a fr’achork, in terms of a tree model,

which serves as a basis for- characterizatioh of those issues specific to the confor-

. mance testing problem. We also provided mappings from various formal description

techniques through which ta-dert «dleton test sequences that will be employed
for conformance testing. In this chapter, we first refine the concepts of a specifica-
tion and its corresponding implementation. We then present heuristics to complete
our previously obtained skél@ton test sequences to obtain test sequences for testing
valid and defensive behavior of an implementation. A characterization of the sct
of conforming implementations of a given specification in terms of a set of tests is
then given, followed by suggestions of solution strategies for selectively applying a

particular subset of tests to a given implementation.

4.1 Definition of S; and I;

Given S, consider the following;

o IMP ={I,I,..., I} is a set of conforming and nonconforming implementa-
tions (£;,1 <i < n)of S.

s S, is the implementors view of S.
o.]; is an implementation conforming to S;.
~S; has the following two properties:

1. S; is deterministic since the implementation I; has to resolve any nondeter-
! \\

minism in the original specification S. i
/
4

2. S; differs from S;, where ¢ # j, in the way it resolves at lcast one nondeter-

ministic choice specified in S.

Thus, each implementation in IMP differs from all other implementations in this
set by at least one nondeterministic choice it has resolved. To clarify, we define the

following:

Invariant choice construct implementation is such that order of presentation
of each choice ¢;,...,c, can not have influence on I; in terms of externally

observable sequences of events, n > 2.
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Variant choice construct implementation issuch that order of presentation of
each choice ¢y, ... ;':c'n can have influence on I in terms of externally observable
sequences of events, n > 1. (Note that an illlpcnlcﬁtatiou can refuse to im-
plement given alternative(s). Hence, the choice construct can be di:compuscd

to a single choice (i.c., n=1}).

Then, |

s Alternatives of deterministic choices originally specified in § are preserved in
S: and are implemented invariantly as clioice constructs in Ii{eg;ense, if,
etc.).

¢ Alternatives of nondeterministic choices originally specified in S may or may
not be preserved in S; and-are implemented variantly as choice constructs
in I,'.

AN

Thus, it is the nondeterministic choice(s) specified in S which are implemented
vaniantly that cause each I; €IMP to differ in its view of S (i.e., Si).

We note that when di:scussing each I; €IMP, there are many implementation
issues which are outside the scope of the specification S. Each I; can be thought-
of as a view of the corresponding specification(5;) plus its handling of specific im-
plementation concerns IC = {icy,..., ica } where ic;,1 < j £ n, denotes a specific
implementation concern and n is the number of implementation concerns for I;.
An implementation concern is any aspect of an implementation which is not
addressed in S. For example, the method of segmentation and blocking, the set of
encoding and decoding rules, and the method of buffer management of a given im-

plementation I; may all be concerns of an implementation which are not addressed

L=SUIC ﬂ

in S. 'Therefore,

where:
¢ ic; = method of segmentati.on and blocking
e ic, = set of encoding and decoding rules

~r

¢ ic; = method of buffer management
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e icy = operating system interface
s ctc. . -

Thus, when speaking of an implementation’s conformance to S, although implemen-
tation cuncerns are of consequence it is assumed that solely resolution of nondetér-
ministic choices ql)ﬁmfw(l in S (whicluare :mplemcnted variantly) differentiate each

I, eIMP, —
” “

4.2 Conformancé Testing Problem

£

. -
In order,to define the conformance testing problem, we ﬁrst define the following:

Maudatory Capablllty of a Specifieation: Any Capd.blllt}' specified in S which
must be provided by any I; € IMP.

- Conditional Capability of z:)Speciﬁ'c‘ation: Any capability specified in S which -
‘must be provided by an I; € IMP only when the conditions for inclusion of
this capability as outlined in the corresponding standard apply.

Optlonal Capability of a Specification: Any capability specified in S which
can be selectively provided in I; € IMP so long as any requirements on which
the option depends or which depend on the option as specified in the corre-

sponding standard are observed.

Valid Derivation of a Specification: A specification .S; which expresses a sub-

set of the functionality expressed by the- original specification S is a valid

. Y
derivation if it is composed of the following:

1. the functionality of all mandatory capabilities stated in S.

2. the functionality of all conditional capabilities stated in S only if the

conditions to be met set out in the corresponding standard(s) apply.

3. the functionality of all optional cal-f)ébilities stated in S oniy if condi-

"tions on which these options depend are observed.

‘Conforming Implementation of a Specification: Animplementation which is

shown to satisfy capabilities and options consistent with the capabilities and
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Conforming?

Figure 4.1: Conformance Testing Problem

options of the specification stated to be supported in the Iinplementation
Conformance Statement(ICS)[Rayn87]°.

Now, we can define conformance testing as selecting a set of test sequences

T; which help to determine whether:

\\:;)S)jmﬂid derivation of S or, alternatively;

e I; is a conforming implementation of S. Here, we assume that I; is the imple-

mentation conforming to S;. )

We note that Ty is deterministic in that it tests the behavior of the deterministic
implemente;tion, and nothing elseé. Figure 4.1 illustrates the conformance testing
problem. - ‘

Our primary objective is to characterize a set of conforming implementations
.b); a set of tests. However, we are, in general, not given the source code for these
implementations. The only resource we have from which we derive tc_sﬂt. sequences
is the given S (which is represented by CTM). Thus, we wish to use CTM to detive

test sequences, )

4.3 . Possible Test Selection Strategies

Let @ set of implementatio g iven 5 be denoted by IMP. We characterize the
set IMP' CIMP of implémentations conforming to S by a set of tests T such that

6See Section 4.5’.3--1'0:'- discuasion on ICS
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any nnplun(-ntatzon I; that passes tests in ‘T is in IMP'. I; passes tests in T if
ench test purpose” defined for T is fulfilled (i.e., the required testing for cach test
purpose is properly performed) and the observed behavior for I; does not differ
fromn its expected belavior. Since CTM répresents possibly infinite interaction
sequences, it must be made finite in order to obtain a finite number of finite length
test sequences, Testing is by natuxc finite: we can not hope to conduct an infinitely
long test because we will never get to the point of analyzing the test result. A finite
test is composed of a finit¢ nunber of finite test sequences. We thus define a testing
tree (TT)[Chow78] to be a finite CTM of S. TT contains bnly those tests which are
intended to test the reactions of each I; €IMP to valid input. We wish to augment
TT to obtain tests for reactions of each I; to erroncous\input. The aim here is to
achicve a reasonable level of confidence that I; is robust[Myer79]. Therefore, we
define T to be TT plus test scquences to determine reactions of 1mplemcntatxons to
erroncous mput !

T has the following properties: |

¢ T is an augmented TT which tests for valid and defensive behavior of any I; €
IMP. |

o T characterizes the set of conforming implementations IMP' CIMP.
-

o T is nondeterministic because it specifies tests for all possible behaviors of
~our set of conforming implementations IMP', which, when these behaviors

are taken as a whole, are nondeterministic.

o T is also nondeterministic in that only a subset of all sequences in T is applied

to any I;. ' L ) : N

“«

¢ T is an adaptive set of test sequences: it adapts itself to a given I; to yield a

subset of test sequences relevant to testing the conformance of I; to S.

¢ T can be thought of as a generic[ISOT] or abstract{ISO7] set of test sequences
for II\IPB T does not specify tests for any partxcuar I; € IMP, it.specifies tests-
for all I; € IMP. : ) e

See Section 4.5
8Gee Section 4.5 for discussion on generic and abstract test sequences.
)
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1, ' -
o T is not directly obtainable from § because S may not, in kcncrnl, specify

defensive behavior.

-

We wish.to obtain a deterministic get of test sequences specific to a given [; €
IMP. To do 50, we define T; 'to be a pruncd\T specific to a particular I;. 7T} is the set
‘of test sequences that are adaptive for a given' I; beeause of existing grey choices in
I;: for T, grey choices resolved as deterministic choices taken by I; are not known
to be such-by the tester and hence, an adaptive test method must be applicd.

"In an adaptive test method, the implementation being tested can exhibit
any one of a varicty of valid behaviors. These valid behaviors are the consequence
of variant choice construct implementation(s) in the implementation. In testing
an arbitrary implementation, we are unsure of which variants of choice construct
implementation were chosen. For example, consider the simple transport entity
example of Section 2.4.2. The specifier deliberately did not specify exactly which
buffer (Buf-3 or Bu§5) must be checked-first by an implementation. Thus, the choice
between checking of Buf_3 or Buf_5 first is left to be resolved by the implementor as®
a variant choice construct implementation. Since checking Buf_3 first and checking
Buf_5 first are both viable options, adaptation to responses of I; is still necessary
for the tester. In this case, two possible valid sequences of bclmvior (i.c., responses) -
are possible for the implementation. The tester must be capable of adapting itself
to responses.exhibited by the implementation by applying appropriate next stimuli
to enable cont-rmrzrbton\f the test.

An adaptwe test methoa‘enlploys adaptive test sequences which are in a tree
form. Using the terminology developed for CTM, any member of the choicesct of a
given vertex in a given adaptive test sequence is a viable alternative for application
to the implementation. When a given alternative is applied to the implementation,
the subtree reached through the edge denoting this alternative is now the remaining
portion of the adaptive test sequence which can be applied to the implementation.
Thus, an adaptive test sequence is able to respond to the various alternatives-which
can be taken by the implémentation. a

There are two ways of selecting adaptive test sequences to implementation apply
to I;, each of which requires some knowledge of how nondeterministic choices are

i
S

resolved by I;®,

9This knowledge may be obtained from the Implementation Conformance Statement(1CS) which
is submitted by the implementor of a particular implementation of S.
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1. Apply T to I,. This reduces to applying T; because there is an implicit pruning
of T when applied to I;. This requires an on-line selection of test sequences

(see Section 4.8). o
,

2. Derive T,--.from T and apply T: to I;. This reqdires an‘off-line selection of

test sequences (sce Section 4.9): A special case of this second alternative is to

derive T; from TT and apply T;to I;. This is also an off-line selection of test

sequences. However, this method does not test for defensive behavior.

Figure 4.2 illustrates sclective application of test sequences to [;. These methods,
of sclegtion correspond to possible solution strategies for the conformance tésting
problem. We are left with the question of which is better to apply that is addressed
in Sections 4.8 and 4.9. Of course, we are also left with the question of how to
derive T from TT and T; from T. Section 4.4.3 gives an algorithm to obtain TT

Off-Line
Selection

On-Line
Se]ec}ion

" Figure 4.2: Appli@tion o{*':Conforma.nce Testing

from CTM. Section 4.5 gives a discussion oli\ obtaining T from TT. Section 4.6 gives

. . v N .
a discussion on obtaining T} from T. '



4.4 Obtaining TT from CTM
We wish to ubtain a finite version of CTM which we call testing ti‘c:r(TT). To do
56, we must first define a manner in which to label the CTM derived from the
FDT’s considered in Section 3. We then use these labels to derive TT. Section 4.4.1
explains why labels are necessarry for deriving TT. Section 4.4.2 defines Inbellings
for the various FDT’s. Secction 4.4.3 gives a simple algorithm to derive TT from o

labelled CTM. - ., (\

4.4.1 Need for Labelling CTM

CTM is composed of event sequences and choice of cvent sequences. Dm ing mapping

system behavior expressed in FDT’s to event bcunHCCb in CTM, no consideration

was given to recognition of a previously encountered event sequence. Although S
' is{' il general, able to specify infinite behavior, it is syntactically finite. Repetition
of sequences of events in CTM should be recognized in order to derive the corre-

sponding TT. In order to facilitate the recognition of repetitive sequences, we need
to label CTM. -

4.4.2 Labelling of CTM i

We now define methods through which we label the CTM representing a FSM,
ESTELLE, -LOTOS or CCS based specification such that these labels can be used

by the algorithm of Section 4. 4.3 to produce a testing tree. In defining the labels,” \

we note that the labels for FSM's and ESTELLE are very similar, as are the labels
for LOTOS and CCS. This is not surprising since these pairs of FDT"s arc based on
common models (i.e., state based[Rev 83] and event based[Miln80], respectively).

" Labelling of CTM For FSM

Since a FSM has a finite number of states, the only way in which we can specify

infinite behavior is through a loop(i.e., a closed path). Thus, the key to labelling
CTM in mapping from FSM’s is to ensure that any information which enables us
to detect a loop in-the FSM is also 'mapped {via these labels) to CTM.

A loop in a FSM consists of a lincar. sequence of transitions ty,...,{,_1 between
a pair of states 5 and S, such that S; = S,.. It is clear that we detect a loop in the
FSM upon encountering a previously visited state (i.e., S;). Thus, the information
nceded to detect a loop is previously encountered state identifiers. In order to

o
i,
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map this nccessary information to CTM, we label vertices in CTM with the state
identifiers of the FSM whose transition definitions are mapped to events of CTM
as explained in Section 3.1.1. These labels can then 'be used by the {zi.lgorithm of

Section 4.4.3 to obtain a testing tree. -
‘We employ She following labelling while performing the mappingfrom FSM's to
CTM defined in Section 3.1.1: -

1. The initial statg of the FSM mapped to CTM labels the root vertex of CTM.

2. Any other state in the FSM with choice of next transition corresponds to a
C-vertex in CTM whose label is the state identifier that it stands for.

Labelling of CTM For ESTELLE ' ‘
As with FSM’s, since a NFS has a finite number of states, the only way in which

we can specify inﬁﬁltg behavior is through a loop (i.e., closed path). In mapping
from a NFS to CTM as explained in Section 3.2.3, an identical labelling procedure
is used as for the mapping from FSM's to CTM.

Labelling of CTM for LOTOS _ S
Since a LOTOS specification is syntactically finite [ISO9), it can only specify infi-

nite behavior through instantiation (a call) of an existing protess (i.e., a recursive
call). ' Thus, it is necessary in CTM to convey information to recognize a recursive
instantiation of a given process. A LOTOS specification does not contain explicit
state names, it is composed of behavior gubexpressions. It is apparent, though, that

in order to produce TT from CTM, recognition of previously encountered behévior

" .subexpressions in performing a mapping from LOTOS to CTM is necessary but not

n

J

sufficient. Consider the following Basic LOTOS behavior expression B:

B:=
a;P1

|
b;a;Pl;c_ N
o X
where P1 denotes any LOTOS behavior \subexpression. Now, when B has been
mapped to CTM, the first occurrence of P1 might be considered as re—occuring when
the second occurrence of P1 is encountered in CTM (assuﬁu'ng CTM is traversed

post-order). However, subsequent behavior to the second occurrence of P1 (i.e., 'c)‘
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differs from subsequent behavior to the first occurrence of P1 (i.e., no subsequent
beflavior). The key issuc is recognition of re-occuring behavior subexpressions which
synta.ctic:ﬂly terminate in the LOTOS specification, For the example above, the first -
occurrence of the behavior expression containing P1 syntactically terminates with
P1. However, the second occurrence of the behavior subexpression containing P1

does not terminate with I’1. Hence, these two behavior subexpressions containing
N 1 g

P1 (or a;P1) are not identical. | N

In order to recognize previously encountered behavior subexpressions, we:

1. augment the LOTOS specification with identifiers, and

"2. define the current LOTOS behavior subexpression being mapped in terms of

these identifiers.

In order to augment a LOTOS specification with identifiers, we first define what

a unique occurrence of a LOTOS behavior subexpression is at a certain point while

.

the LOTOS specification is mapped into a CTM.

A LOTOS behavior subexpression is unique if either:

1.

I\
'There is no point previous in the LOTOS speciﬁ.cation at which -
this behavior ubexpression occurs. For example, let B=a;P1;c he

a LOTQOS Sehavior subexpression. If the only pftwiou'sxt;chavior

ior subexpression occurs but subsequent behavior to the LO-
TOS behavior subexpression in question is specified. For example,
let: .

B'=a;P1 ||

be a LOTOS behavior subexpression previous to that specified by
B as defined above. Since B has subsequent behavior which differs
from B’ (i.e., ¢), B'is unique. '

3
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The pro};lém of rccogﬁizing an identical previous behavior subéxpression is a prob-
lem concerned with parsir;g of the LOTOS specification. Also, note that we do not
check equivalence of LOTOS behavior subexpressions 1. -

Now, only the first occurrence of a unique LOT_OS behavior subexpression is
 augented with a unique set of identiflers (i.e., the process invocation and
LOTOS operator identifiers in this behavior). All subsequent occurrcnées_of this
behavior subexpression are augmented with the same set of identifiers given to the
first occurrence. | : o,

The LOTOS specification is 'a'mgmented with identifiers by the following aug-

imnentation rules:

< number of

1. After each choice operator, insert an identifier {Ci}, 1 L1

choice operators in the LOTOS speciﬁcaﬁm.
]

., After each action preflx operator which is immediately followed by an
action or EXIT or STOP, insert an identifier {A:}, 1 €7 < number of such

action prefix opetators in the LOTOS specification. .
.

L]

3. After each parallel composition operator or disable operator, insert an
identifier {P;}, 1 € i £ (number of parallel operators + number of disable
operators) in the LOTOS specification.

4. After each process invocation insert an identifier {L;}, 1 < 7 < number of

process invocations in the LOTOS specification.

We note that there is no need to insert identifiers after the sequential composition
operator 3. This i due to the fact that the arguments of this in—fix operator are
process identifiers and these process identifiers are themselves given identifiers ().
Deflnition: An id_set is a subset of the identifiers vused to augment a LOTOS
specification. . ‘ '
The vertices of CTM are labelled with the members of an id_se}‘. which is ini-
tially empty. As the LOTOS specification is mapped to CTM, the current id_set
becdmes the label of the current CTM vertex being mapped. The current id_set

is maintained as follows:

10This js a topic for future research and may eventually be incorporated into the University of
Ottawa's LOTOS interpreter.
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L

Each identifier has a corresponding index whose initial value is zero. Let

index{id) denote the current index value of identifier id. An identifier's index is

incremented each time its corresponding behavior or operator bécomes active

and is decrementéd each time its corresponding behavior or operntor becomes
inactive. A given behavior or operator becomes inactive when it no longer

meets the criteria for being active as given in the following points 2, 3, 4, and

5.

A choice operator is active if we reach a point in the LOTOS specification

at which the choice operator is present but we have not yet taken one of the

- choices offcred. For example, let

a[{Ca}b

denote the current behavior subexpression in the LOTOS specification which
is being mapped to CTM. Then, the choice is active and index({Cy}) =
index({C3}) + 1. If alternative a or b is chosen, then index({Ca}) = index{({C3})
- 1. . N

r

-

. An action prefix operator is active if the action immediately preceding the

corresponding action prefix operator has just been performed. For example,
let ‘

a?{An}bi{Am};C ,

denote the current behavior subexpression in a LOTOS specification at which
action a has just been performed. Then, the first action prefix operator is
active and index({4;;}) = index({A12}) + 1. If behavior b is performed,
then index({Ai2}) = index({A4,2}) - 1, index({A3}) = index({Aa}) + 1.

A parallel operator is active if behavior specified by the parallel operator has
begun its functioning and neither of its component processes specified to be
running in parallel has terminated its functioning through reaching cither a
STOP or an EXIT operator. For example, let '

P1{Ie}||l{ Ps}P4{I7}
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denote the current behavior subexpressibn in a LOTOS specification in which
behavior P1 and P4 are running in parallel. Consider only identifier {Ps}. '
Index({Ps}) = Index({Fs}) + 1 when the parallel operator is reached. If
“process Pl or process P2 reaches an EXIT or STOP, then index({FPs}) =
index({Fs)}) - 1~ ‘

A process invocation behavior is active if we have reached a behavior subex-

[uh4 ]

pression-in the LOTOS specification at which this process has been offered

but has not. yet begun its functioning. For example, let
a;b;P1{L;}

denote a behavior subexpres;ioﬁ in a LOTOS specification at which process
P1 has just bech offered. Then, index({I7}) = index({f7}) + 1. If P1 begins
its functioning, then index({l7}) = index({I7}) - 1.

6. An identifier is a member of the current id.set if its corresponding index is
non-zero. For example, if index({l7}) = 1, index({P1}) = 2, and all other

identifier indices are zero, then id.set = {Ir, P}.

By labelling CTM in such a2 manner, we implicitly associate states and state
transitions with the LOTOS specification: the current id_set is the state, the pos-
sible next events are the transitions, and subsequent id_sets are the possible next
states. We can thus identify in CTM ou; current state and, by applying the algo-
rithm of Section 4.4.3, obtain TT from CTM.

Example LOTQOS Labelling

In order to exemplify labelling of CTM during its derivation, we give a step-
‘wise derivation of a CTM for the Basic LOTOS specification given in Figure 4.3.
This Basic LOTOS specification has been augmented with identifiers. We note in

particular that the second occurrence of the behavior
P1||P2;stop (i.e., in line 8)

-
is given the same identifiers ({I4},{P1},{fs}) as its first occurrence (i.e., in line 6).
This is in accordance with the augmentation rules given previously. As well, the

second occtirrence of P1 (i.e., in line 6) is given a different identifier ({I3}) than the
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Process Bla,b,c;e]:=
(a;P1{L}i{A1} stop
0{C1} -
bi{dz}c;{As} ;6(P2{L};{4:} stop
{C:}
aPL{EY>PULHI{P P2 {4))
RN (oS |
P1{L} [{P} P2{Is} ;{A:)} stop)
where
process P1[b,e]
(e . N
[{Cs} :
b); P2{/e}
endproc
process P2[a)
a;{ A4} exit
endproc .
endproc

Figure 4.3: Example Augmented LOTOS Specification
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Figure 4.5: Alternative a is Chosen

first occurrence ({L_'}) of P1 (i.e., in line 2) since subsequent behaviors of these two
occurrences differ (i.e., ;stop versus P1 ||P2 ;stop ). o

When process B is invoked, choice is offered between events a, b, and ¢. The
active choice operators are identified {C1} and {Cs}. Figure 4.4 illustrates CTM to
this point. 7

Now, if alternative a is chosen, {C,} and {C3} become inactive. The process
" invocation identifier {I;} becomes active, as does the first choice offered in process
P1, {C,}. Figure 4.5 illustrates CTM to this point.

If either alternative e or alternative b from the vertex labelled Cjy, I; is chosen,
behavior specified by P2 with identifier {Ig} becomes active. This behavior reaches
an exit through a linear sequence (e'=e;a, b'=b;a) which, in turn, reaches a stop
after returning from the original call to P1. Hence, terminal vertices are reached.
Figure 4.6 illustrates CTM to this point. . _

Returning now to the original choice specified at the root vertex of CTM, if
alternative b is chosen, {C’1} and {C’a} become inactive. A linear sequence of events
becomes active along with. the process invocation identifier for process P2, {I,}.
Figure 4.7 illustrates CTM to this point.

Note that there is a nondeterministic choice offered at ({C2}, {Ig}) If we take
the first of these (which is an invocation of P2{I;}), a linear sequence (of the
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Figure 4.6: Alternative ¢ or b is Chosen

Figure 4.7: Alternative b is Chosen
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/ - Figure 4.9: Second Alternative a is Chosen

single event a) brings us to a stop action and hence, a terminal vertex. Figure 4.8
illustrates CTM to this point. ‘ :

If the second alternative offered at {C,}, {f2} is taken (which is also an event
a), then an invocation to P1{f3} with its choice {C,} is performed. Figure 4.9
illustrates CTM to this point. .

If either alternative offered at the vertex now labelled Cy, I3 is taken, this brings

- us thl@ugh a linear sequencé (¢' = e;a, b’ = b;a) to a point where parallel behaviors

P1 and P2 are offered with their corresponding identifiers {I;}, {P}, and {Is}
becoming active. The choice offered in P1 also has its identifier {C,} become active.
Figure 4.10 illustrates CTM to this point.

Now, if behavior P1 is invoked from either vertex labelled {L}, {P}, {5}, {C.;b
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/™ Figure 4.10: Alternative ¢ or b is Chosen

-

by taking either alternative e or b, this brings us to a second invocation ofgprocess
P2{Is} which is running in parallel with the first invocation of process P2{I;}. The
parallel operator ({P;}) is still active since process P1 did not reach a stop or an
exit. {I4} and {C,} become inactive since process P1 had begun its functioning.
1'15} becomes active due to the call -of process P2 from prbccss Pl. {L} is still
active since the original invocation of process P2 has not yet begun its fun(.tlornng
Figure 4.11 illustrates CTM to this point.

The alternatives now specified for vertices labelled Pl,I;,‘, I specify chotce be-
tween identical event a for the two invocations of process P2 now running in parallel
' (i-e., {Is} and {Ig}). If either alternative is taken, then the parallel operator ({I})
becomes inactive (since one of the processes running in parallel reaches an exip) and
the only remaining event is an a in the remaining process. When this cw..nt’ is per-
formed, subsequent functioning to the original call of paralicl processes Pl‘{-I-;} and
P2{I;} is enabled, which is a stop{A,}. The linear scquence of events is abstracted
as a =a;a. Figure 4.12 illustrates CTM to this point.

Returning to the vertices labelled Iy, Py, I5, Cy, if alternative a is chosen, process

P2 begins its functioning and {I5} becomes inactive. Since procesy P2 reaches an
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Figure 4.11: Invoke Process P1
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Figure 4.12: Linear Sequence of Event a is Performed
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Figure 4.13: Remaining Behavior in Parallel Processes is Performed

exit, the parallel operator { P, } also becomes inactive. The only behavior.remaining
is specified by process P1{I;} with its active choice, {C4}. If either behavior e or
b is chosen in process P1, a lincar sequence of events through a call to procesg P2
brings us toa stop (i.e., € =e;a, b =b;a). Figure 4.13 illustrates CTM to this po:nt

Returning now to the root of CTM, if alternative c is chosen, parallel behavior
between PT and P2 is lnvoked with its corresponding xdentlﬁers Iy, Py, Is, Cy becom-
ing active. The same sequence of events from this vertex labelled I, P, Is,Cy are
possible as for the previous vertices with this same label. Figure 4.14 illustrates the
resulting CTM. )

~ ~Tabelling of CTM for CCS

As w1tl\t~he/mappmg from LOTOS, it is necessary to label the derived CTM such

»
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Figure 4.14: The Labelled CTM
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that'it is possible to recognize previously encountered behavior subexpressions in

performing a mapping'from a CCS specification. To do so, we:
1. augment the CCS specification with identifiers, and’

2. define the current CCS behavior subexpression being mapped in terms of these

identifiers.

The CCS specification is augmented with identifiers as follows:

-

1. After each summation operator or "If”” of a cqndi'tional construct, insert
an identifier {S;}, 1 £ 7 £ (number of summation operators 4 conditional
constructs) in the CCS specification. For example, let B +{5;} B’ denote the |
current point in the CCS specification which is being mapped to CTM. Then,
the summation is active and index({S;}) = index({S,}) + 1. If behavior B
or B’ is chosen, then index({S,}) = index({S,}) - 1.

[Sv]

. After ecach action construct, which is immediately followed by an action, insert
an identifier {4;}, 1 £ ¢ £ number of such action constructs in the CCS

specification. For example, let

Q&zTy, .., In{d4}Py1, /, Yn

T

denote a point in a CCS specification at which a&tibn ary,...,T, has just
been performed. Then, the action is active and index({A4}) = index({(44})
+ 1. If action By1,...,¥n is performed, then index({A4}) = index({A4}) - 1.

a

3. After each compostion operator, insert an identifier {F;}, 1 £ ¢ < number of
composition operators in the CCS specification. For example, let B| {R} B
denote a point in 2 CCS specification at which behavior B and B’ are running
in parallel. Then, index({P,}) = index({P,}) + 1. I behavior B or B’ reaches
a NIL action, then index({P,}) = index({P,}) ©1.

4. After each identifier construct, insert.: an identifier {L;}, 1 € { < number of
identifier constructs in the CCS specification. For example, let b(Ey, ..., E.){Is}
denote a point in a CCS specification at which behavior b has just been in-
voked. Then, mdex({Is]) = index({lg}) + 1 If b begins.its functzomng, then
mdex({fg}) 1ndex({I6}) - 1.
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In performing the mapping from CCS to CTM, an id.set is maintained exacty
as for the mapping from LOTOS to CTM:

1. A CCS summation or conditional construct.is treated like o LOTOS choice

construct is treated.

A CCS action construct is treated like a LOTOS action prefix construct is

treated. - ¢ : ?

Q]

‘

-

\ 3. A CCY<
is tregted with the exception that a CCS behavior terminates when it reaches
a NIL action !

position operator is treated like a LOTOS composition operator

4. A CCS ide

treated.

ifier constrﬁct ‘is treated like a LOTOS process invocation is

Again, as in labelling CTM during mapping LOTOS specifications, ‘we use the
current id_set to label the vertices of CTM.

4.4.3 Algorithm to Obtain TT from CTM

Given a labelled CTM, we perform a pdst-order traversal of the tree and keep track .
of labels which have been encountered. If a label has been previously encountered,
then we use the subsequent prune procedure to prune this subtree from CTM. The.
resultant tree is TT. Note that the following properties of CTM are preserved in
TT: S .

1. Each édge in TT has the same format as an edge in CTM.

2. The type of each vertf;?t in TT is the same as the corresponding vertex in

CTM.

-

Procedure Prune(root);

In \o}l!s&to create a finite CTM, it is necessary :
6 prune the subtrees rooted at vertices with previpusly traversed labels, An outline
{of a recursive procedure to perform this function
18 given by the following. For the vertex that is the root of the
subtree to be pruned:
Traverse each subtree rooted at each child of the vertex in
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post-order, starting from the first child on the left.
Delete the vertex.

VAR
temp:vptr;

Begin
If (root#nil) then
Begin
. prune(root].son);
temp:=root;
root:=rootT.sibling;
rclease(temp);
Repeat
prune(root);
temp:=root;
root:=rootT.sibling;
release(temp); .
Until (root=nil);
End;
End;

4.5 Obtaining T from TT | :

In T'T, only one of the vertices carrying the same label has a subsequent subtree(s).
Each edge in TT stande for a 1inewuence of events, eg,...,€,, where each ¢;,
1 € i € n, is equal to (P,1,0). Each root to terminal vertex path in TT implies
a test sequence. Note in TT that vertex types of CTM are preserved. That is,
we can identify points of dete’r;ninistic, nondeterministic, and grey choice in TT.\
Note also that the information contained in CTM and preserved in TT during the
transformation from CTM to TT should be used during the construction of fest
cases by a test designer. '

~ The test sequences implied by TT test for only valid behavior of a given I; and
do not express actual values for interaction identifier parameters (i.e., z1,...,2, in
ii(z1,...,2,)). We wish to obtain a set of test sequences which’test for both valid

and defensive behavior of any I;, and which are executable (i.e., express values for
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interaction identifier parameters).

We define T to be a forest of adaptive'tcst sequences (i.c., trees) which test for
both valid and defegsive behavior of any I;. T is the union of two scts of adaptive
test sequences T4 and Ig. .

We let T4 be adaptive test sequences which are syntactically valid in TT and
which expréss parameter variations of interaction identifiers of T'T. In pcrfuru.ling
tests for conformance, T4 specifies adaptive test cases for testing only valid bchnviu:
of I;. The set of test sequences specified by T, mecasure the levels of reliability (i.e.,
ability of an implementation to perform a required function under stated conditions
for a stated period of time) and accuracy (i.e., freedom from error) of I;. We Arc,
however, also interested in measuring the robustness of I;: the extent to which [;
can continue to operate despite the introduction of invalid inputs. It is cértain that
I; may be subjected tc; invalid inputs occasionally due to unforeseen circumstances.

" If I; is unable to operate when subjected to these invalid inputs, then its level of
robustness is low and I; may not be considered a usefull piece of software (i.c., has
low quelity). Thus, we wish to augment T4 with tests for invalid behavior, which
we call Tp. Hence, we define T to be a union of T4 and T (T = T4, JTg) which
tests for reactions of each I; €IMP to erronecous as well as valid input.

In general, the test sequences contained in T are organized in a hierarchal fashion
so as to aid in the testing process. An adaptive test sequénce in this hierarchy

consists of the following components:

Preamble Subtree: A tree denoting the set of events necessary to bring the im-
plementation to be tested to a state (i.e., a context of the implementation
defined 'in terms of instantiated free variables) required for the test as given
in the test purpose [Rayn87]. (Note that this is normally simply & lincar

sequence of events.)

Test Body Subtree: A tree denoting the set of events necessary to fulfill the test

I

purpose [Rayn87]. .

?stamble Subtree: A tree denoting the set of events necessary to bring the
implementation to be tested to a state required after execution of the test-se-

quence {Rayn87]. (Note that this also is normally a linear sequence of events.)

In what follows, the sets of adaptive test sequences used to construct T are given

in terms ?yf these three components. Sections 4.5.1 and 4.5.2 clarify the definitions
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of T4 and Tg and discuss how they are obtained. Section 4.5.3 gives a heuristic
to obtain executable T from TT. Section 4.5.4 gives an example of obtaining an
_exccutable T for the OSI protocols[ISO1].

4.5.1 Test Sequences For Testing Valid Behavior (T4)

In each S, a sct of capabilities to be provided by an implementation is given. In
performing tests for conformence of a given I; to 5, these capabilities are mapped
to a set of test purposes such that test sequences fulfilling these test purposes will
exercise each capability claimed to be provided. These test purposes can be thought

of as functions of the capaBilities specified in S. .

Let
o C= {c1y...,cm} be the set of capabilities specified in S ' and  +

o P = {vip,,...,vip,} be the set of test purposes for valid behavior specified in .
S.

Then, define a relation a{c;) to be:
O.'(c") — {Utpla e ,'Utp,-}

. where:
e ¢;,1 <1< m,is the ith capability of C
e vip;, 1 <7 <r,is the jth test purpose € P implied by capability ¢; € C
er<n

-
s Ul afc)) =P

We use P to develop T4 which tests for valid behavior of & given implementation.
For example, let C = (error checking, trace, recovery).
Then,

o oferror checking) — ) /

1. vip, = submit valid input to ensure it is not takqn"a.s;‘being eIToneous.
\.

1'The manner in which these capabilities are explicitly specified in S is an open question which is
under study by 1SO.
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2. vip; = submit invalid input to ensure it is taken as being erroneous.
s a(trace) ~——

1. vips = disable trace and ensure that trace is not performed.

2. vip, = cnable trace and ensure trace is performed corrcctly.

o afrecovery) — vtps = submit invalid input followed by valid input to ensure

recovery is functioning pr@ly.
Now, we make use of both P and TT to construct T4. If our aim is to construct
T from TT as being composed of generic test cases (see Section 4.5.3), then the test
designer may incorporate information contained in TT about the deterministic,
nondeterministic, and grey choices into these test cases. Such information can then
be ysed during: " '

1. The derivation of executable test cases.
2. The selection of a particular subset of T as T} (see Section 4.G).

' Since each vtp;, 1 £ < n, in P is intended to exercise a specific capability (or
part of a specific capability) of I;, this in turn means that a subset of test sequences
specified in TT is used to fulfill a given vip;. This follows immediately from the
fact that TT specifies all possible legal interaction sequences’(in a tree form) of
any I;, and one or more of these interaction sequences (i.e., a subset) fulfills a
given vip;. Hence, each test purpose implies a set of subtrées of TT which will be
arranged in such a manner so as to exercise the corresponding capability or part of
the corresponding capability specified in S. Let: )

e T_root;; denote the root of the jth subtree of TT implied by test purpose vtp;

o (Tleaf;jy, ..., Tleaf;; ) denote the r leaves of the jth subtrec implied by test
purpose vip;.

Then, define a relation T_trees(vt];;) to be:
T-TOOtil: (T-Ieafs'lls s ,T-Iea.fl'lr)

T_trees(vip;) — | : :
T _root;,, (Tleafin,...,T leafi,,)
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T leaf I

T_trees( vtpnz)

Figure 4.15: Illustration of T.trees Relation

where s is the number of subtrees of TT implied by test purpose vip;. Figure 4.15
illustrates the T_trees relation. :

It is the union of all subtrees of TT, which we call Sub_t_set, implied by members
of P through relation T_trees which are used to construct tests for valid behavior
in T (ie., Ty):

Sub_tset = [Ji.; T-trees(vip;)
Sub_t_set has the following two properties:

1. Each element of Sub_t_set is composed of preamble, test body, and postamble

subtrees.

2. Sub_t_set specifies all valid behavior'in TT (i.e., each occurrence of an event

sequence in TT is represented in Sub_t_set).

Each test purpose vip; is used to construct a test case i¢;;, 1 <1 < n, of Ty
which is itself'a tree since we use adaptive testing. The members of T_trees(vtp;)

are attached together in the following manner to create tc;:
Let:
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1. root(tc;) € T.trees(vip;) be the root of the tree defining test case te;, The
root of the test™vase trec is one of the roots of TT implied by test purpose
vtp; and this root is normally a preamble subtree.

2. Append(Tleaf;;,Troot;y,) be a function which attaches to the leaf T lenf;;x
the tree with root T_root,:

e 1iis the index correéponding tovtp;, 1<i<n
!

e j is the jth T.root implied by vip;
o kis the kth leaf of T root;; -

o T.leaf;; is either a C-vertex or terminal N-vertex (i.e., we do not append

subtrees within abstracted linear sequences)'?.

Thus, Append simply attaches to leaves of the test case tree being constructed the
trees of T'T implied by vip;.
To exemplify, consider Figure 4.16. Here, the test case tc; has root T_rooty;.

The Append function is applied three times to complete the test case:

1. Append(T Jeaf,,;,Troot;;) ‘
2. Append(T_lea.fu;,T_root]a)

3. Append(T leaf;;3,Troot4) _

Now, to create a test case, we continuously append to leaves of the tree being
constructed members of T trees(vip;) (i.e., test body and-postamble subtrees) until
te; is completed. The manner in which this is done is a function of the test purpose.
Essentially, subtrees of T'T are orgenized and appended together in such a fashion
so as to specify test cases which fulfill their corresponding test purposes. The set
of trees yielded by producing tc; for each vip;, i=1,..., number of test purposes, is
a forest of adaptive test sequences. We call this forest T's.

For example, let vip, be check the recovery procedure. The set of subtrees of TT

implied by this test purpose is T_trees(vtp,) =

o T _rooty;, (Tleafy;;)

12Generally, a linear sequence of events can be considered as atomic when testing for valid behavior,
’ P

) Lo

%Oﬂ_
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tc;

| T_trees(vtpq) .
__1_"‘_|,—"_'— -

A = Append(T_ieaf I,T_rootlz)

B

Append(T_leaf 5. T_root )

(M

Append(T_leaf (x ,T._root|4)

Figure 4.16: Illustration of Root and Append
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. T_I'OOt]'g, (T.leﬁln, T...lellfug, T_lea.fl;;,)
o T root,3, (Tlcaf)y)

where:

¢ T_root,; = initialize logon

TJdeaf;;; = ready to receive data

T _root;; = receive data

T leaf,,, = erroneous data stream end

T leaf;o; = valid data stream end - :

y
T leaf;qn = errgé:is data stream followed by valid data stream end
e T_root;3 = begin recovery
"o T.rooty3 = ready to receive data

This set of subtrees of T'T implied by vip, is constructed together in such a fashion
so as to fulfill vip; by defining 2 root for tc; and applying the append function
continuously. Thus, the test case t¢; is:

. root(TC)) = T_root.n .
e Appead(Tleaf;;;, T rooty,)
e Append(T.leaf,y;, Troot;3)
o Append(Tleafyz;, T-root;s) |
o Append(T_leaf,3, Trootss)

Figure 4.17 illustrates this example.

Y
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Figure 4.17: Example Test Cade ~

4.5.2 Test Sequences For Testing Defensive Behavior (Ts)

We recall that test sequences in Tg test ‘for defensive behavior in I;. To test for such
defensive behavior (i.e., robustness), we must consider all aspects of each I; which
can be tested. T includes tests for the following:

1. Valid sequences containing some invalid ifteractions ii(z1,...,2Z5). These are
sequences for one invalid value for each parameter field of each input interac-
tion identifier.

o)

2. Invalid sequences of valid or invalid intéractions ii(zy,...,z,). For example,

et

one out of sequence input interaction identifier for all critical interaction se-

quences.
Let:
e C={c1,...,¢m} be as defined previously. ' ¢

2
e D = {dtp,,...,dip,} be the set of test purposes for testing defensive behavior
~of any I; claiming to conform to S. '

Then, define relation f(c;) to be:

ﬁ(cn) — {dtpi, ceey dtpr}

“where:
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o ¢;, 1 <t £mis the ith capability of C.

o dip;,1 <j<r is the jth defensive test purpose € D implied by capability ¢; €
C. o

er<n

o UL, B(ci) =D

We use D to construct Tg which tests for defensive behavior of a given implemen-
tation. .

The exact manner in which D is used to construct Ty differs from the man-*
ner in which P was used to construct T,. On one hand, since Ty specifies tests
for valid sequences of valid interactions with invalid values for parameter fields,
I'p contains sequences which are subtrees of TT (i.e., such sequences are syntacti-
cally valid in S). On the other hand, since Ty specifies tests for invalid sequences
of valid interactions, Tp also contains sequences which are not subtrees of TT
(i.e., such sequences are syntactically invalid in S). Thus, we define the relations
Def_Trees1(dtp;) and Def_Trees2(dtp;) to imply testing trees which test for defen-
sive behavior of an ifnplementa.tion which are subtrees of TT and which are not

subtrees of TT, respectively.
Let:

. D;I‘_root,-_,- denote the jth subtree of TT implied by defensive test purpose dtp;.

¢ DTleafl;j;,... DT leaf;;, denote the r leaves of the jth subtree implied by
defensive test purpose dtp;. '

Then, define relation Def_trees1(dtp;) to be: . (@
DT _rootly, (DTldeaflyy,...,DT leafl;,)
Def_treesl(dip;) — | ¢ : - :
' DT rootl;,, (DT leafin,...,DT leafi,)
where s 1s the number of subtrees of T'T implied by defensive test purpose dtp;. The
mbers of Def_trees] are constructed together in such a fashion so as to create a

/ new test case in the same manner as for members of T_trees. The exact manner in
which this 1s done is a function of the defensive test purpose.

# For example, let dtp, be input an sllegal quality of service parameter value to
ensure it s refused by the implementation. The set of subtrees of TT implied by
this defensive test purpose is Def_treesl(dip,) = -

"\
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} DT.rootl;;, (DT leafly;y) ,

o DT.rooplyy, (DT leaflyy;, DT Jeafl,s)
o DT rootlys, (DTJcafllglj
where: ,
. DT_rootl'uéidle s_l:n%.e
o DT .leafl;;; = negotiate quality of service
¢ DT _rootl;; = receive quality of service parameter
o DT.leafl;s = send quality of service not supported message
/_&. DT_IC&f].]_Q.g = send illegal quality of servicg message
-. DT_.rootllg = send abort

L] DT_Iea.flm = idle state

* This set of subtrees of TT is constructed together in the same fashion as were the
subtrees implied by each vip; in P. Each dip; in D has a corresponding defensive
test case ;.,DTQ" Thus, the defensive test case DTC) 1s:

root(DTC;) = DT rootl; -t

Ap'pend(DT_leafl;u, DT _root1;2) | _ -. ’

" Append(DTleafl,;, DT rootl;3)

Append(DTleafl s, DT rootl;s)

-

Now, define relation Def_trees2(dtp;) to be: »
: . DT_?'oot2,-1, (DT.ICGf?,’u, s ,DT_leafE.-l,.)
Def_trees2(dtp;) — : ‘ '

DT root2;,, (DTleaf2;,1,...,DT leaf2,;,.)
where s is the number of trees necessary to fulfill dtp;. Note that trees necessary to

fulfill & dtp; are not in TT. The manner in which each tree implied by Def_trees2 is
derived is largely a heuristic procedure. A preamble subtree can always be derived

from TT. Then, to each leaf of the preamble subtree, we append a subtree that starts
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with an edge which corresponds to an unspecified input ilxtérnctioxl and continues
with an appropriate expected response that will terfninate the test case., Here, by
an unspecified input interaction we mean a syntactically valid input interaction that
is not specified to be in the choice_set at that vertex (leaf of the preamble subtree) |
by‘S. | )

“ We define Tg to be all trees implied by the Def_treesl and Def_tree? relations:

Tg = Def_treesl(dtp;) UR, Def.trees2(dtp;) '

The set of defensive tests in Tp contribute to the forest T in one of two ways:
1. A testing trce in T can be appended to an existing testing tree in Ty,

2. A testing tree in T can be a stand alone tree in the forest T. . :/f\

-

Again, the manner in which each testing tree of Tp augments T to-form T is &'

function of each specific defensive test purpose. We note that it may be possible

to define a relation between the set of test purposes |J; vtp; and the set of defensive
test purposes U; dip;> Perhaps each capability of S implies some members in"each
o& these sets. This is a subject for further study. Sec{t_l\on 4.5.4Jy'xcé an example
ofi obtaining T4 and Tp to produce T for the specific ‘case of OSI communication

protocols [ISO1]. We now present a heuristic to obtaip T from TT.

4.5.3 A Heuristic to Obtain T from TT

In order to present a heuristic for obtaining T from TT, we clarify what an abstract
versus generic set of test sequences is {as was alluded to in Section 4.3). In gencral,
there is informatiqn needed by a tester beyond the set of test sequences to be
applied in order to ca.r:.;j' out a test for conformance of a given implementation to

its specification. This information includes:

Abstract Test Method: This specifies the points closest to the implementation
at which control and observation that will be exercised during testing are
specified. ‘ ‘

Particulars of the test architecture: These are any information neccessary to

conduct the tests such as tester module, responder module, ctc.
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Implementation Conformance Statement(ICS): This is the set of capabili- .

ties claimed to be supported by a particular implementation.

“The set of test cases specified in T is considered generic if none of the above
information is known. In this case, T is thought of as being applicable to -any
implementation of a given S, in any architecture that will allow the use of control
and observation points nearest to the implementation (i.e., thosd points that are
at the lower and upper layer interface of the IUT). If the abstract test method is
known, then the set of test cases specified in T is considered abstract. Here, T
specifies tests in terms of those interaction sequences that can be controlled and
observed in a given test method where not all information necessary for testing is
known. If the particulars of the test architecture. are known, then the set of tests
specified in T are considered to be executable. This is equivalent to our first solution
strategy outlined in Section 4.3 and will be further discussed in Section 4.8. If all
of the above information is known, then T can be pruned so as to obtain T; which
is the subset of T that is applicable to a particular I;. T} is also an executable set of
tests. This is equivalent to our second solution strategy outlined in Section 4.3 and
will be further discussed in Sections 4.6 and 4.9. A conformance test suite (CTS)
[Rayn87) is either T or T;.

Now, in order to obtain executable T, we must first know the ba.rticula.rs of
the test architecture. Then, knowing this, test sequences of T are obtained by |
employing the following heuristic: S

1. Varying parameters for each value we are interested in to obtain T4. TT is
used as the source for Ty. '
Let:

e C= {c,c2,---,60m} be the set of capabilities s?eciﬁed in S.
¢ P = {vip;,vips,...,vip,} be the set of test purposes for valid behavior
implied by C.
o P, = vip;,...,vip, be the test purposes to test for the capability ¢;.
Then, for each vip; € P, and foreach ¢; € C,1 £ i <m,1 < j <r,Ty
contains a valid behavior test case tc;. Let y(tc;) = {w1;...,Y¥s} be the set of

parameters to be varied in tc;. Then, each tc; € T4 should be replicated as

many times as is necessary to.accomodate parameter variations for 7.
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2. Constructing test sequences for Tg By giving: _ ~ \%:
% (a} Valid sequences containing some invalid interactions ii(x,,...,z,). These
~. are: sequences for one invalid value for each parameter ficld of cach input

interaction identifier in the sequence. Let:
¢ C be as above
o D = {dip,...,dtp,} be the sct of defensive test purposes implied by
A \
c. o ‘

, e D, = Htpl,...,dtpr be the defensive test purposes to test for the
defensive behavior implied by capability Ci.

For each ditp; € D, and for cach ¢; € C,1 €t < m,1 €7 < nTy
contains a defensive behavior test case tc;. If t¢; contains valid sequences
containing some invalid interactions ii(zy,...,,), then tc; should be

replicated as many times as necesaa(y to accomodate:

* i. Invalid values for each parameter z; € z,,...,2, of each input inter-
§
action identifier ii. , ~.

(b) Invalid sequences of valid or invalid interactions ii(z;,..:,z,). These
are sequence containing one out of sequence interaction identifier for all

critical interaction sequences.

Variation of parameter values are of utmost importance when constructing T.

L‘

We note that parameters are of two types:
' .

enumerated : a set of values

¢ all legal PDU parameters -
e possible values of bitwise parameters
e scalar types in Pascal

o sets l

-

continuous : a ra.ngquf values

e integer parameters

e real parameters
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Depending on the type of parameter being considered, various methods can by
applied to obtain a sect of paramctcr'valucs which will establish the highest possible
confidence that I; performs as'specified [SaBo87). These methods include boundary
value analysis, equivalence partitioning [Myer79], etc. Further, the Implementation
Conformance Statement (ICS) can also be used to obtain such a set of parameter
values. Information contained in the ICS is used to establish parameter values
which havc the greatest probab:hty of detectlng errors in I;. Of course, a complete
and informative ICS is necessary to apply such a method and is a topic of current
rescarch [ISO7).

4.5.4 Example of Obtaining T from TT

We obtain a T for alparticular layer N communicatiéns protocol in i:l.le reference
model of OSI[ISO1] as follows:
We must consider all capabilities of the system to be tested. Each of these

capabilities is expressed by S in terms of the following:
1. Support of Service px"imitives(SP’s)[ISOI]. :
2. Support of Protocol data units(PDU’;) ISO1}. ‘
3. Support of Timers:
4. Ability to use the underlying service[ISO1].
We diétinguish two types of tests and-state how they are realized in T:

Type 1: Testing for parameter variations of a given S. Since T4 assigns values
to zi1,...,on of each interaction ii(z,...,Za), we augment T4 with test se-
quences for each actual parameter value we are interested in. This may result
in duplicate test sequences, each containing a different value for certain pa-
rameter fields. Test sequences for this type of test are defined by the T.trees
relation. Since T may specify tests with valid sequences of interactions with
invalid pa}a.meter values, we augment Tp with each invalid parameter value
we are interested in. Test sequences for this type of test are defined by the

Def_treesl relation since these sequences are syntactically valid.
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 Type 2: Testing for exceptional cases in the control flow of & given S (i.e., occur-

rences of SP’s and PDU's). Tp specifies illegal sequences of observable SP’s
and PDU’s. Test sequences for this type of test are defined by the Def tree2

relation since these sequences are syntactically invalid. |

We é.pply the following heuristic to implement type 1 and type2 testing i;l order

to augment T4 and Tg. The relation which will be applied during augmentation of

T4 and Tp (i.e., T.trees, Def treesl, or Def_trees?) is also given in pz'v.rcnthcses. We

augment T4 to include tests for the following:

support of all variations of SP types (T_trccs).‘

default values of parameter fields of each SP (T-trees).

boundary values and one midrange value for integer parameters of SP's (T _trees).
common values in bitwise parameters of SP’s (T_trees).

all critical pairs and one normal value pair of interdependent parameter pairs
of SP’s (T _trees).

support of all variations of PDU types (T-trees).
default values for each PDU parameter (T_trees).

boundary values and one midrange value for integexl parameters of PDU’s
(T_trees).

common values in bitwise parameters of PDU’s (T.trees). P

all critical pairs and one normal value pair of interdependent pa.ra;m/ter pa.irs\\_‘_

of PDU’s (T-trees).

exercising of all defined values of timers for N-entity (T.trces). _-/

We construct Tg to include in T tests for the following: ‘

at least one invalid SP .ty-pe (Def_trees2).
one out of sequence SP for all critical in(eraction aeqﬁenccs (Def.trees2).
one invalid value for each parameter field of each SP (if possible) (Def_treesl).
one out of sequence PDU for all critical interaction sequences(Def trees2).

at least one invalid PDU type (Def.trees2).

3

one invalid value for each parameter field of each PDU (if possible) (Def_treesl}).
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& recovery fromjinvalid indications from (N-1)-service (Def_trees2).
r - .
The resulting T is a testing tree with:

Al
1. nctual input values,
2. expected output values.
't

3. test sequences for reactions. of éach I; €IMP to valid and erroneous input.
We note that the above heuristic can be applied to multi-connection tests by
augmenting T4 and Tp with tests for all possible connection endpoint identifiers
[SaBo87]. Of course, the pragmatics of testing multiple connections can be pro-

hibitive in doing so. Somegcuristics on constructirig test sequences to test defensive

behaviors are given in [SaBo87].

4.6 Obtaining T; from T

We wish to obtain a set of tek sequenées from T which are specific to a given I; €
IMP which we call T;. To do so, we make use of the Inrlxplementation Conformance
Statement(ICS) which is provided by the implementor of each I;. Each ICS describes
the characteristics of J; which are to be tested by describing capabilities and options
supported by I; for which conformance is claimed. Such characteristics can be

classified as providing claims on:
1. Mandatory features a.nd capabilities.
2. Optional features and capabilities.
3. Conditional features and capabilities. |
4. How some instances of nondeterministic choicé are resolved.
5 Ranges of parameter values supported.

These claims provide precise knowledge of how the choices are impﬁ:lented i I;.
. We use such knowledge to both prune various trees of T in order to obtain T}, and
to assign verdicts to test cases of T; (i.e., pass, fail, inconclusive).

Let C' C C be the set of capabilities claimed to be supported in the ICS. Then
UL, ofa) = P and U2, B(c;) = D are the sets of test purposes and defensive test

-
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purposes, respectively, implied by this set of capabilities; m = number of capabilities
claimed to be supported in the ICS. '

We recall that P and D imply sets of trees in T. To cxpress the pruning of T,
let - :

pruneset = |J* T_trees(TP;} - U" T-trecs(TP;)

" be those trees which are 1mphed by S but which are not uuphcd by Si WL rccnll‘
tha.t the function Append(T.leaf T _root) appends to Tleaf a tree rooted at Ttoot.
Now, let Append_set give the sct of trees which were appended together using
func:% Append at a given point in T, If any tree in Appendset € prunecset, then
we remove this tree from T. 'i‘hus, if an alternative expresses behavior which is not
claimed to be supported in the ICS, then this alternative is removed (i.e., pruned)
frox-'r{ T.

We now show how specific claims of the ICS are used to prune T. The information
contained in test cases comprising T on deterministic, nondeterministic, and grey
choices can be used together with the claims in the ICS to obtain T;. Each claim is
classified in terms of the type(s) of claim(s) it provides (1,2,3,4, or 5) as above. For
the following, pruning of an alternative means removing this edge and its subsequent

subtree from T. The ICS makes claims on;:
¥

Supported Functions(1,2,3) If an alternative specifies behavior for a function
that is not supported, then prune the alternative. Any fna.nda.tory feature
which is not claimed to be supported will not be tested. Such omission of a
mandatory feature is called allowed nonconformance[ISO7]. Usually, the
static cqnformance revw(ISO7] will reject the implementation for further
testing if some mandatory capabilities or some capabilities that are required
by supported capabilities are not implemented. For example, let C = {error
checking, trace, recovery) be the set of ca.pabiliticsr specified in S 3. Let C’
= (error checking, recovery) be the set of capabilities supported in I;. Let
Troots € Append.set(Troot;) be an alternative in T such that T_roots =
begin trace. Since T _roots € pruneset, Tj= T - T_roots. We prune all such
a.ltermﬁ.ives which specify behavior for non_supported functions. The result

130f course, any implementation will have many capabilitics. For sake of clarity, we use very
simplified capability seta,
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is Tr. Assuming that I; passes the set of tests now specified in T, there are

three possible scenarios for assigning a verdict of conformance of I; to S:

1. If trace is a mandatory capability, then I; is a non-conforming imple-

mentation of S.

2. If trace is a conditional«capability, then I; is a conforming implementation
of S if the set of conditions for exclusion of trace hold. For example, if
trace can not be present when error checking is present, then I; is a

conforming implementation of S.

3. If trace is an optidnal capability, then [; is a conforming implementation
of 5.

Supported Parameters(1,2,3,5) If an alternative specifies behavior involving a
parameter which is not supported, then prune the alternative. For example,
let C = (support of CRC~16 parameter, support of enquiry priority param-
eter) be the set of capabilities specified in S. Let C' = (support of CRC-16
.parameter) be the set of capabilities stxpported in I;. Let Trootyy € ap-
pend(Troote) be an alternative in T such that Tj,.rootm = check protocol
data unit contents. If choiceset of Troot;o =, {(-,CRC-16,-), (- priority,~)},
then T =.T - (-,priority,~). Hence, an alternative which specifies behavior
for the unsupported parameter is pruned from T along with its subsequent
subtree. Again, there are three possible scenarios for assigning a verdict of

conformance of I; to S:
1. If support of the enquiry priority parameter is mandatory, then I; is a
nonconforming implementation of S.

2. If support of the énquiry priority parameter is a conditional capability
then I; is a conforming implementation of S if, for example, the enquiry
priority parameter can not be included when CRC-16 is enabled.

3. If support of the enquiry priority parameter is optional, then I; is a

conforming implementation of S.

Choices made by implementor for particular procedures(4) Prune the non-

deterministic chojce alternatives not claimed to be supported.
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For example, let C = (support of window 1024, support of window 2048) be
the set of capabilities specified in'S. Let C' = (support of window 10245 be the
set of capabilities supported-in I;. Let T_root; € Append.sct(Trooty) be an
nlternatwe in T such that T_root-; = input to window. If choice_sct of T root,
is {(—,m 1024,-), (- in_2048, =)}, then T = T - (-,in-2048,-). Hence, nn al-
ternative which specifies behavior for £he unsupported procedure is pruned
from T along with its subsequent subtree. Since support of u window is n
mandatory capability, I; is a conforming 1mplemcntuhon of § if it passes tlu.
‘remmmng tests specified in T:.

Section 4.6.1 gives an example of obtaining T} for the specific case of OSI commu-
* nication protocels{ISO1].

We now briefly elaborate on two issues: resolution of nondeterministic choice,
and influence of a particular test architecture and IXIT (Implementation eXtra
Information for Testing) ppon obtaining T;.

As stated previously, each I; can be characterized in terms of its mandatory,
optional, and cond:txonal capabilities. We can categorize the possible types: of non-

determinism of a given S in these capability types as follows: ~

Mandatory Feature Nondeterminism: It is related to a feature which must
be provided by I; and which is implemented as a variant choice construct. In
this case, nondeterminism is a function of the manner in which the feature is

. implemented, not a function of which features are implemented. The number
of choices specified in S is preserved in I;. Consider the simple transport
entity example of Section 2.4.2. We have the possiBilitics of either outputing
from Buf_3 or Buf .5 when both buffers are non-empty. Nondeterminism is
due to the manner in which this outputting from the buffers is implemented.
Normally, the ICS will not provide a claim on how such nondeterministic

choices are resolved.

Optional Feature Nondeterminism: It is related to a feature which can he
provided in I;. In this case, nondeterminism is a function of whether or not
the option is chosen to be implemented. The number of choices specified in
S may or may not be preserved in I;. Consider, for example, a laser printer
which can optionally support French characters. Nondeterminism here is due
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to which options are implemented (i.e., support or not support French charac-
ters). Normally, the ICS provides claims on how such nondeterministic choices
are resolved. We note here that inclusion ofya given option in J; can intro-
duce nondeterminism between the option and existing functions in I;. Such
nondeterminism is resolved as a variant choice construct implementation and,
normally, the ICS does not préﬂde claims on how this nondeterminism is

resolved.

Londitional Feature Nondeterminism: It is related to a feature which must

/ be provided in I; only if the cg;nditions for doing so hold. In this case, non-
- determinism is, once again, a function of whether or not the option is imple-
mented. The number of choices specified in S may or may not be preserved in

I;. Consider a laser printer which supports French characters only if the host

on how such nondeterministic choices are resolyed.

To this point, the set of test cases in T} are 1\l not executable. In orddr to
make them executable, we must establish a ¥ariety of options for testing. These

options are given in terms of the particulars of the test architecture and paramgters

necessary to testing via the IXIT .

Use of an abstract test method does not limit the freedom of the testgr to
implement test cases specified in T} in any way[Rayn87]. It is the particulars pf the
test architecture which resolve these possibilities, When a tester knows the points
of control and observation at which to interface I (ie., addresses and ports}, he
is able to conduct the test assuming knowledge of any other parameters necessary"
for testing is obtained from the IXIT. The IXIT contains such information as is
necessary for the test operator to run the conformance test suite specified in T; and
is reserved for alternatives and matters relevant to the testing environment. This

information can be:

¢ addressing information,
L -

¢ information in the ICS which needs to be precised (eg. timer values),

MUse of the IXIT is also necessary for those sequences specified in T in order for those sequences
specified in T to be executable,
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¢ information to determine which capabilities are testable and untestable. Con-
sider, for example, an implementation of a layer N protocol in the OSI refer-
ence model. Certain features of these protocols nre not currently observable
and, hence, are not testable. Such features can be:

- Pragmatically unobservable: Have a prohibitively high cost associated
-with their testing [Matt86].

Theoretically unobservable: Not directly testable by definition [Mutt86).

Note that an untestable capability will imply a further pruning of T,

» ete.

. We say that the IXIT parameterizes T; such that T; is now n sclected parameterized
executable test suite {ISO11].

4.6.1 Obtaining T; for OSI Communications Protocols

For OS], the Protocol Implementation Conformance Statement(PICS) makes spe-
cific claims for the implementation to be tested. We now show how specific claims
of the PICS are used to prune a T for an OSI implementation to be tested. Again,
each claim is classified in terms of’ the type(s) of claim(s) it provides(1,2,3,4, or 5)
as given in Section 4.6. For the following, pruning of an alternative means removing

this edge and its subsequent subtree from T. The PICS makes claims on:

Supported Functions{1,2,3) If an alternative specifies behavior for a function

that is not supported, then prune the alternative.

Supported PDU’s(1,2,3) Ifan alternative specifies behavior inyolving an unsup-
ported PDU, then prune the alternative. '

Initiator/Responder Capability(1,2,3,4) If an alternative specifies behavior
. for initiator/responder capability when such a capability is not claimed to

be supported, then prune the alternative.

Supported Parameters(1,2,3,4,5) If an alternative specifies behavior involving

a parameter which is not supported, then prune the alternative.

138



‘Negotiation Optioﬁs Implemented(2,3,4) If an alternative specifies behavior

involving a ncgotiation option which is not claimed to be supported, then

prune the alternative.

Timer Values(1,2,3,5) If an alternative specifies behavior involving an unsup-

ported timer value, then prune the alternative.

Choices made by implementor for particular procedures(4) Prune the non-

deterministic choice alternatives not claimed to be supported.

Actual Values of Parameters that are supported(5) This requires adjusting
¢ alternatives to accomodate the values chosen by the particular implementa-

tion. , ' .

When we apply the above set of pruning rules, we obtain T;. We note that
- since T was augmented to test for defensive behavior of any.I; € IMP, we do not
prune any alternatives which specifically test for defensive behavior of I;. Hence,
for example, if T was augmented with a test for an illegal PDU, we do not prune
this alternative when obtaining T; unless that alternative has been claimed not to

be supported.

4.7 Characterization of 'Conforming Implementations

As a summary of the material presented thus far in Sééffap 4, we now characterize

a set of conforming implementations IMP' by a set of tests.
Let: '

ey

¢ ]MP be a set of conforming and nonconforming implementations of S.

¢ IMP' C IMP be a set of conforming implementations of S.

C be the set of capabilities of S.

I; € IMP be an implementation of S. I; claims cohformance to C' € CofS.

P UD, P=vtp,,...,vip,, D = dip,,...,vip,, be the set of test/purposes and
defensive test purposes corresponding to all C; € C. S

. _—/’.
{ter,...,tc,} be the set of test cases fulfilling test purposes specified in P.

[
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e {dici,...,dtc,} be the set of defensive test cases fulfilling defensive test pur-
poses specified in D. ‘?

>

o T = {tcy,...,tcr} U{ch,,...,dtc,}

o T; C T specify tests for C’

- Then, I; € IMP' if: |

e No c:,- € C ~ C' is a mandatory capability, and

e No ¢; € C' violates conditions for inclusion of ¢/ in I;,

and either
e [; passes relevant tests in T,

or

o [I; passes tests in T;. <

-

Thus, any implementation which passes a set of tests which tests for all relevant valid
and defensive behavior of a valid derivation of S is a conforming implementation of
S. We now discuss the online and off line solution strategies to the conformance

testing problem.

LY

4.3. On_Line Selection

In order to investigate the relative merits of the on-line selection gtrategy to the
conformance testing problem, we discuss how online selection relates to several
issues involved in performing conformance testing of a given I; to its S. The intent
here is to give some directior for a subject which is of current theoretical interest ‘
{ISO11].

We recall that the IXIT is used to parameterize an abstract C'TS such that this
CTS becomes executable. It is important to note than when applying cither of the
following on-line selection conformance testing strategies that we will discuss, the
parameter settings given in the IXIT do not change. Although we may sclect
and apply a subset of test sequences given in T via analysis during the test run of
hitherto obtained results, we can not change an IXIT parameter_if,-for example,

we decide that changing this IXIT parameter will reduce the time taken to execute
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the test. Such redefinition of an IXIT parameter can influence assignment of test
verdicts in such a manner that comparability of test resylts is compromised. Con-
sider conducting a conformance test for a multiplexer which_ can handle from 8 to
16 channels. Let an IXIT parameter denot‘ing' the maximum number of supported
channels be set to 16 at the beginning of the test run. If during the test run we
discover that I; seems to support only 8 channels, we may be tempted to reset the
supported channels IXIT parameter to 8 if, for example, this allows the test driver to
gather data from only 8 channels (and hence speed up the test run). In general, this
can x{gt be done because changing of the IXIT parameter can adversely influence
comparability of results already obtained with results yet to be obtained. Hence,
one identified possible shortcoming of the on-line selection stra.teg); is temptation
to change IXIT ﬁnrameters based on results obtained and current context of the
test run. Such a temptation occurs because obtained results are used to dynami-
cally (ix., on_)une) sclect test sequences to apply to I; in the following first strategy,
obtained results may be used to dynamically select test sequences to apply to I; in
the following second strategy, and it may not be immediately apparent why these

obtained results can not also be used to dynamically reset an IXIT parameter.

4.8.1 On_line Strategy 1

The literature [ISO11] defines a capability list to be the list of capabilities of an I;
as determined through execution of capability tests. We do not distinguish each test
case T'C; in CTS in terms of it being a capability test, behavior test, conformance
resolution test, etc.[ISO7). Instead, each test case is intended to test a given C; €
. . '
Let C" C C be the list df capabilities of I; as determined through application
of test cases in CTS. During an on-lipe’ selection CTS run, C” is initialized to
capabilities in S (i.e., C) and is updated as results of the test run are obtained.
If the application of a given T'C; demonstrates that a ¢; € C is not provided. by
I;, then that ¢; is deleted from C”. No other form of updating C" is allowed. It
is the current C” which influences dynamic (i.e., on-line) selection of test cases to
be applied to I;:-only those test cases in T intended to test capabilities in C" are
consequently applied.

. There are several issues which should be addresséd in prospectively using the
above on-line selection strategy:
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. Should the capability list (i.e.,, C") be used instead of the ICS? The above
strategy may yield a capability list which differs from the ICS by being a

list of observed capabilities, rather than claimed capnbil.itics. Basically, the -

problem here fs in assigning a verdict of conformance. 'What should be used
in passing a verdict: ICS or C"? Should ICS be updated to C'?

. If C" and ICS differ, is retesting nccessary if the set of capabilities in C”
conform to S? If functionality expressed in the ICS € C”, then there is no
problem. Otherwise, in general, retesting is necessary if the ICS.is not al-
lowed to be updated by the implementor\to C". The reason for this is clear:
we can not claim a set of capabilities which were tested and found to be ab- .
sent. Retesting is not necessary if the ICS is allowed to be updated by the

implementor to C".

. Does this on-line selection of test cases adversely influence comparability of
results? Consider the following scenario. Assume two testers are given the
same I;. Tester A uses this first on-line test sequence selection strategy (i.c.,
does not use ICS), and tester B uses an off-line test sequence selection (i.e.,
uses ICS). Now, if tester A claims I; is a conforming implementation and
tester B claims the opposite, how can it be determined who is correct? The

problem is that identical test sequences are not applied by testers A and B.

. In different applications of the same CTS on a I;, does this on-line seclection
guarantee a repeatable test? To obtain comf)'arability of results (i.e., the
same conforming/nonconforming verdict)', identical test sequences must be
applied. It is conceivable that such may not be the case when employing this
on-line conformance testing strat;agy, particularly on different architectures

_constructed to provide a chosen abstract test method{ISO7].

. This on-line selection testing strategy will not idcntify non—g{aimcd capabili-
ties at the earliest possible point in testing. Consider, for example, a capability
of S which may at any point in testing express its functionality. Even though
this capability waghot supported in I;, the tester would have to be capable of
responding to it at any point during testing. Such readiness to respond may
be realized in terms of a poll, for example. This polling introduces unneces-

sary overhead in performing the test since the capability was not claimed to
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be present.

6. In employing this online selection testing strategy, it is necessary to keep
track of C”. This is an overhead of employing this method.

7. This on_line selection strategy will identify extra capabilities of I; which may’
be present but which were not to be tested since they were not claimed to be

* supported in the ICS. Not only can this introduce problems in the test report-

ing procedure (i.e., proprietary inforﬁlation), but also, these extra capabilities
were tested and, he;{ie, effort was expended (ang wasted) to do so.

4.8.2 On_line Strategy 2

It is conceivable that the ICS can be used during the execution of a test to select

test sequences to be applied to I; in an on.line manner. To do so, the ICS would

- have to be represented in a form which is processable by a testing tool. This testing

tool would process the ICS along with T to obtain each T'Cj, one at a time, to be
applied to I;. At present there is, in general, no set proforma for an ICS[ISO7)."
Assuming, however, that an ICS proforma becomes available', there are several

issues to address in prospectively using this second on.line selection strategy:

1. If the ICS is'used as an input to an online test sequence selection: tool,
this tool should have some ability to scrutinize the ICS to check for stafic
conformance requirements [ISO7|, inconsistencies, incompleteness, etc. The
ability to automatically scrutinize the ICS is a potentially appealing aspect of
applying this strategy. Not only is the ICS made use of, but also, it is made
use of in an automated fashion. However, the manner in which scrutinization

and representation of the ICS is accomplished is a subject for further research.

o

Conceivably, this online selection strategy enables an automated assignment
of verdicp to test case results. Since the ICS information, which is used in
result analysis, is in a machine processable form, results of a given test case
application can be automatically compared to ICS ipformation and a verdict

assigned. There are two issues to consider here:

- '
15\ reasonable assumption since the ISO project 97.21.23 is ex{pending much effort. in developing
such an ICS proforma specific to OSI.

-
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(a) If behavior exhibited by I; differs from ICS but still conforms to S, is
retesting necessary? Can the ICS be updated to reflect the actual be-
havior of I;? This is a problem similar to the, first on.line selection
strategy in which C" differed from the ICS yet still conformed to S.

(b) If behavior exhibited by I; conforms to ICS but not to S, céh testing
continue? This is a potential problem with this second on.line selection
strategy because such inconsistencies between the ICS and S are normally

determined prior to online testing in a static conformance review [ISOT7).

- Normally, an ICS can not be updated during exccution of a CTS. However,

since the ICS is in a machine processable form, it is i)ossiblq to do so using .

this strategy. There are two quespions here. First, should such updating
of the ICS be allowed? Obviously, ¥n ICS which truly represents expressed
finctionality of I;is desirable. Second, when is updating of the ICS allowed?
If, for example, an optional capability was claimed to be supported but was
not supported, then this type of updating may be allowed. If, though, a
mandatory capability is claimed and not supported, such updating should
not be allowed. Implications for a;ssignment of verdicts of conformance of I;
to S may make such updating of the ICS undesirable.

. It is possible using this selection strategy to automate the.entire static confor-

mance review process. Obviously, a processable ICS may enable development

- of tools for analysis of static conformance requirements. This is a potential

merit of this online selection strategy and is an area of current research.

. A-necessary overhead of this strategy is processability and storage of the ICS.

As well, an immediately apparent problem is representation in a machine
processable form of conditions upon which conditional capabilitics depend.
Such conditions can be virtually anything. If these conditions can not, in
general, be represented in a machine processable form, then the potential
benefit of automated verdict assignment can not, in general, be pcrforr?ed. It
is of course possible that test operator input may be necessary in such cases.

This is also a subject for further research.

. Since this method makes use of the ICS, repeatabilty of tests and compa-

rability” of test results are likely attainable. Of course, updating of the ICS

~
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during test execution can adversely affect comparability and repeatability of
_ test results. With this method, though, since the sct of test sequences to be
applied to J; are not known before test execution, analysis of test results may

be more difficult since there is some question of which test'sequences are to

be applied. These issues are subjects for further research.

7. Unlike the first on_line selection strategy, this strategy will not identify non-
claimed capabilities of ;. This has positive implications for test reporting

procedures.

8. Use of this method may allow application of many test sequences before dis-
covery of an error which could have been caught in a static conformance
review. This potential problem is avoided if the static conformance review
process is automated. At present, though, such automation is not available
and minimiza\ion of test sequences to be applied is not optimal when using
this method.

’ .
Discussion on the above strategies highlights some important considerations in

usingthe on.ine selection strategy. The questionable use of the ICS (i.e., lack of
use of the ICS) in the first strategy leads to some serious questions of applicability
of the method. Potential automation is the greatest possible benefit in the second
on.line selection strategy. The entire concept of dynamic (i.e., on_line selection)
testing is a topic of active research{ISO11]. It is hoped that the points mentioned
above will contribute to this research.

4.9 Off Line Selection

We now investigate the relative merits of the off line selection strategy to the con-
formance testing problem. Current conformance testing brocedures employ off line
selection [ISO11][ISO12]{M=att86]. We will review some of these procedures and
comment on why they are employed.

In [ISO12], two basic requirements are placed on the tester and imp.lementor

before a test for conformance of a given I; can begin:

1. The implementor must supply an ICS prior to applying for a conformance

assessment of I;.
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2. Enough information must be exchanged between the tester and implementor
to guarantee an accurate conformance assessment of I; (i.c.; the IXIT must
be produced).

It is the implementors sole responsibility to submit an ICS which clearly "spcc—
ifies claimed capabilities of J;. The IXIT, though, is the result of, cSllaberation
between the tester and the implementor. This is logical since the implementor is
. requesting testing of an I; with specific capabilities while both the implementor and
tester need to establish particulars to enable testing (i.e., implementation system
characteristics, test architecture characteristics and requirements, ete.).

: It should be clear that an IXIT is always necessary to enable testing, whether an
onJine or off line selection strategy is employed. Unlike the above on_line sclection
strategies, though, the tester will not be tempted to change any IXIT parameters
using the off line strategy. The reason for this is that off line sclection implics a
batch mode of testing: all test sequences to be applied are selected before running
the test and, hence, minimal test opera{or interference is necessary. Of course,
the test operator will normally monitor progress of the test and halt the test, if
necessary.

The ICS is used in off line selection to select test sequences to be applicd to I;.

\

Its functions prior to online testing are to:
1. permit a static conformance review of the implementation.
2. enable selection of test cases from CTS for execution [ISO12].

A static conformance review is a paper analysis [ISO12] of the ICS “which
ensures any static requirements necessary to enable functioning of I; are met. Such
static requirements can be, for example, ranges of values supported for various*
parameters, default settings for various parameters, constants, interdependencies
between ca.pabilitie;;, etc. This use of the ICS is necessary to enable testing and is a
merit of the off line strategy when compared to strategy 1 for on_line selection. !®

The basis of the off line selection strategy is selection of test cases prior to test
execution. The ICS is used to obtain this set of test cases (i.e., T;). As claimed in

Section 4.5, test cases are functions of test purposes which are, in turn, functjons -

1614 is not immediately apparent how the on.line solution strategy 1 employs the ICS for such
reviews.
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of capabilities of I;. The ICS defines a subset of the capabilities of I; (i.e., C') and,

hence, a subset of test cases in CTS. O%e can forsee many benefits to this selection

strategy:

1.

The sct of test sequences to be applied to I; is minimized at the earliést pos-
sible time. Hence, the test driver need not store any superfluous information

intended to help select a subset of test sequences on line.

The information in the ICS is made use of and sq?tinized prior to testing.
This both optimizes the use of information available'and enforces a review of

the ICS to check for inconsistencies, omissions, etc. S

. There is no question prior to testing of which set of test sequences are to

be applied to'I;. This has positive implications for analysis of test results,

repeatability of tests, etc.

The tests can be run with minimum interference from the test operator. Es-

sentially, tests can be conducted in batch mode.

Effects of minimizing test sequences to be applied at the earliest point are

multiplied when retesting becomes necessary.

Only that set of capabilities claimed to be supported will be tested. Thus,
unlike on.line selection, there is no problem with tedt reporting procedures

and there is no urmecessary testing performed.

It should be clear that usé of the ICS prior to test execution is desirable to

achieve an analyzable, repeatable, and minimal test. Practice has shown, however,

that even use of the ICS may not always be sufficient to conduct the test efficiently.

In{Matt86], experiences of operating a real conformance test center show that not

only is static testing (i.e., static conformance reviews and off.line selection) an

. important function of running such a center, but prioritizétion of test cases to

N1 . . . .
achieve the most sxg/r:iﬁcant coverage -is an economic necessity. Hence, even the

subset of test cases implied through use of the ICS often needs to be pruned.

The off line selection stéategy seems to be the current state of the art of confor-

mance testing practice. It is feasible, howgver, to combine ideas from both offline

and on.line solution strategies. Such a hyBrid method may optimize various phases
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of the conformance testing process. This remains to be seen as experience in the
field progresses.

-
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5 CONCLUSIONS AND FUTURE WORK

This thesis has presented a framework in terms of a compressed tree model (CTM)
which serves as a bdsis through which characterization of those issues speciﬁc‘ to
the process of conformance testing is presented. CTM models-the system behavior
expressed i)y a specification S in a compact form and emphas?zes points of by

abstracting linear sequences of events expressed in S in terms of a compressed tree.

Given a specification S using Finite State Machines, ESTELLE, CCS, or LO-

TOS, we define mappings to a corresponding CTM representation. This CTM is
then used in deriving skeletons for test sequences which characterize the set of con-
fdrming implementations of S. Heuristics for augmenting this set of test sequences

are presented to obtain a set of test sequences T. Test sequences in T can be classi-

fied as testing valid (T,) or'defensive (Tg) behavior of an implementation I;. This

characterization of the test sequence derivation process is a contribution towards
the development of the theory of conformance testing.

We define an implementation of & specification I; as the implementors view of
the specification he/she has implemented, 5;. We then characterize the confor-
mance testing problem as showing that either I; is a valid implementation of S or,
alternatively, showing that 5; is a valid derivation of S, assuming I; is a conforming
implementation of S;. We further use the concepts developed both in the mappings
and in the characterization of the conformance testing problem to characterize the
conforming set of implementations of a'given specification. This is the first attempt
at showing such characterizations.

Given our characterization of the conformance testing problem, we then show
that there are two possible approaches to solving the conformance testing problem:

1. We can apply a generic set of test sequences T to I; or, alternatively,

2. we can apply a specific set of test sequences T; derived from T to I;. A
special case of this second alternative is to derive T} from TT and apply T:
to I;. This case, however, does not specify tests for defensive behavior of
I;. This characterization of sgiﬂ:ion strategies to the conformance testing
problem and our discussion of these online and off line solution strategies
are also contributions towards the development of the theory of conformance
testing.
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Throughout the thesis, algorithms and procedures are presented for solving var-
jous problems studied during thesis research. It is hoped that these procedures will
contribute to development of tools for both further research and development of
testing and specification tools.

This thesis has also identified several topics for further research in the general

area of conformance testing. These include:

¢ The development of test sequence derivation tools which employ the mapping
techniques defined in Section 3. These tools would aid in the development of
" conformance test suites for implementations whose specifications are available
in the FSM, ESTELLE, CCS, or LOTOS formalism. Much cffort is being
thrust into advancement of development and use of FDT’s. The University
of Ottawa has taken a.leadership role through devclopment of its LOTOS
interpreter [Obai86). Any work going on in FDT’s is related to the work of
this thesis in that it is hoped that concepts developed for particular FDT's
used in this thesis are applicable not only to these FDT's, but also to other
FDT’s. Test sequence derivation from FDT system speciﬁéations 18 & concern

of this thesis which incorporates the work of FDT spécialistsk

e A solution to the problem of recognizing repetitive behavior subexpressions
il LOTOS specifications would aid in the derivation of test sequences from
LOTOS based specifications. Work on this problem is under way at the
University of Ottawa.

o Algorithms to vary parameter values in T’y and T and to obtain test sequences
for Ty such that coverage is maximized are problems of crucial importance.

Work on the parameter variation problem is widespread and on-going,.

e Algorithms to select test sequences from T specific to a given implementation
are important for pragmatic reasons. Work on this selection problem is also
widespread and on-going.

o A test designer should make use of grey choice points within a specification
such that a test architecture can be constructed which allows for execution
of adaptive test cases. Specifically, information in TT can be made use of in
components of the test system. The exact manner in which such information

can be used is a subject for further research.
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s The exact manner in which capabilities imply subtrees of T transitively through
- test purposes and a formalization of the manner through which these test
trees are attached together to construet test cases are subjects for further

research.

o The recognition of caphbilifies in a specification is vital for obtaining an ade-
quate set of test purposes (and defensive test purposes). Some initial work on
a representation scheme for system specifications such that system capabilities

are easily recognized is ongoing at the University of Ottawa.

e A formal definition of a relation through which a capability can imply both
test purposes and defensive test purposes, and a formal definition of the exact
relation between test purposes and defensive test purposes may aid in the
development of efficient solutions to the test sequence derivation and selection

problems.

¢ Development of a proforma ICS is 2 priority in ISO TC97 SC21 project
97.21.23. Availability of such an ICS has implications for development of
efficient solutions to the test/ sequence selection, result analysis, and static
conformance testing problems. (Semi-) automated solutions to these prob-
lems are feasible if such an ICS proforma becomes available,

¢ Pragmatic considerations in conducting tests involving multiple connections in
a distributed sysﬁam are important to enable efficient testing and are subject

to further study.

-

In our discussion of the on.line versus off line test sequence selection strategies
for the conformance testing problem, topics for future research were also identified.

< These include:

¢ The possible use of a capability list instead of an ICS has both possible ben-
efits and preblems. Specifically, the questxon of how use of a capability list
influences comparability of test results repeatablhty of tests, and* necessity

for re-testing are topics for further research.

¢ Given a machine processable. ICS, automated scrutinization for static con-

formance requirements is a possibility for furthering the art of conformance
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testing. At present, this seems to be a very promising area for further re-
search.

¢ Assuming that a machine processable ICS is available, the question of when
updating of the ICS should be permitted, if at all, is a problem of interest.
If such updating is allowed, & set of rules for doing so_should be formulated.
-As well, a mechanism through which to represent any type of couditional
capability in such an ICS will aid in the sclection, execution, and analysis

Processes.

¢ A method through which to prioritize test cases will undoubtedly increase the
efficiency of testing. This, of coffrse, is a standard testing problem and is a

topic of on-going research. .

" e Itis‘conceivable that a hybrid between the on-line and off-line sclection strate-
gies can be employed. This is a problem of on—going research as experience

in the field progresses. N

The state of the art of conformance testing is rapidly advancing. At present,

a clear framework which formalizes 'those issues specific to conformance testing

" and characterizes conforming implementations is unavailable. It is hoped the tree
model presented in this paper, the subsequent characterization of the conformance
testing problem in terms of this model, and the characterization of a conforming

implementation will provide such a framework.
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