Formal Interpreters for Diagram Notations

LUCIANO BARESI

Politecnico di Milano

and

MAURO PEZZE

Universita degli Studi di Milano Bicocca

The paper proposes an approach for defining extensible and flexible formal interpreters for diagram
notations with significant dynamic semantics. More precisely, it addresses semi-formal diagram
notations that have precisely-defined syntax, but informally-defined (dynamic) semantics. These
notations are often flexible to fit the different needs and expectations of users. Flexibility comes
from the incompleteness or informality of the original definition and results in different interpre-
tations.

The approach defines interpreters by means of a mapping onto a semantic domain. Two sets of
rules define the correspondences between the elements of the diagram notation and those of the
semantic domain, and between events and states of the semantic domain and visual annotations
on the elements of the diagram notation.

Flexibility also leads to notation families, i.e., sets of notations that share core concepts, but
present slightly different interpretations. Existing approaches usually interpret these notations in
isolation; the approach presented in this paper allows the interpretation of a family as a whole.
The feasibility of the approach is demonstrated through a prototype generator that allows users
to implement special-purpose interpreters by defining relatively small sets of rules.

Categories and Subject Descriptors: D.Sbftware Engineering: Requirements/SpecificationsMethodolo-
gies D.2.10 [Software Engineering: Design—Methodologies D.3.1 [Programming Language§: Formal
Definitions and Theory-Semantics

General Terms: Design, Theory, Verification

Additional Key Words and Phrases: Semi-formal notations, Semantics, High-level Petri nets,
Graph transformation

1. INTRODUCTION

Diagram notationgBurnett and Baker 1993] — like UML, Structured Analysis, State-
charts, Petri nets, and SDL — are often used for specification in several different domains
since they allow users to create models as graphs suitably annotated and decorated. These
notations are quite different among them, but can be classified in terms of degree of for-
mality and domain specificity (Figure 1). The first dimension identifieemal notations

whose syntax and semantics are both formally defisechi-formal notationsvhose syn-
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Formal Interpreters for Diagram Notations . 1

tax is formal and semantics leaves room for different interpretationsirdmemal nota-

tions, where both syntax and semantics are stated only informally. The second dimen-
sion identifies:general-purpose notationsvhich are usually employed to specify differ-

ent types of problems, angbecial-purpose notationsised only in particular domains.

For example, Petri nets [Murata 1989] would fit the class of formal and general-purpose
notations, UML [Fowler and Scott 2003] is a semi-formal notation used in several differ-
ent domains, while IEC FBD (Function Block Diagram) [Lewis 1998] is an example of a
domain-specific and semi-formal notation.

domain
specific

UML
Statecharts

Structured

general bubbles ! )
purpose and arrows Analysis Petri nets
informal semi formal formal

UML: OMG Unified Modeling Language, LEMMA: Language for Easy Medical Model Analysis,
FBD: IEC 1131-3 Function Block Diagram, SDL: Specification and Description Language

Fig. 1. Formality vs. domain specificity

In this paper, we concentrate @emi-formalnotations with significant dynamic se-
mantics — hereaftedlynamic diagram notations that have precisely-defined syntax, but
informally-defined dynamic semantics. We do not consider notations that can be animated
rather than executed, like UML use cases.

In many cases, these notations #exibleto fit the different needs and expectations
of users. Flexibility comes from the incompleteness or informality of the original defini-
tion and results in differeninterpretations This is the case, for example, of Structured
Analysis [Baresi and Peez1998], Statecharts [von der Beeck 1994], and UML [Evans
and Kent 1999] that are available in many different dialects and flavors: None of them
comes with formally-defined dynamic semantics. Most of these notations are supported by
powerful tools, for example Rational Rose [IBM 2004] for UML or ISaGRAPH [Arcom
Control Systems 2002] for FBD, that force users to spesyfytactically correctmodels,
but do not offer analysis capabilities to assess the dynamic semantics. The same applies
to automatic generators of graphical editors, for exampkeGEN [Minas and Kith 2000]
and GENGED [Bardohl 2000], that only deal with the syntactical correctness of designed
models, but do not cover dynamic semantics.

Several researchers have attempted to increase analysis capabilities, as to dynamic se-
mantics, by mapping dynamic diagram notations on formal semantic domains. A lot of

L According to the OMG terminology, modelis a user specification andraeta-modebpecifies the abstract
syntax of a language.
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2 . Luciano Baresi and Mauro Pezzée

preliminary work focuses on Structured Analysis [France 1992; Liu et al. 1998; Fencott
et al. 1994], most recent work concentrates on UML [Evans and Kent 1999; Engels et al.
2001; Evans et al. 1998], less attention has been paid to other domain-specific notations
like SDL [Fischer et al. 1995] and IEC 61131-3 [Baresi et al. 2000]. These proposals pro-
vide fixed dynamic semantics to the addressed notations, but fail in addressing extensibility
and flexibility.

The paper proposes an approach for defining extensible and flexible formal interpreters
for diagram notations. The approach adopts a denotational style to define the dynamic se-
mantics by means of a mapping onto a semantic domain. It is based on two sets of rules.
Building rulesdefine the correspondences between the elements of the diagram notation
and those of the semantic domain. In this paper, we use High-Level Timed Petri Nets
(HLTPNs [Ghezzi et al. 1991]) as semantic domain, but the approach would also be ap-
plicable to other formal methods (e.g., Engels et al. [Engels et al. 2001] propose a similar
approach that uses CSP as semantic domaifgualization rulesdefine the correspon-
dences between events and states of the semantic domain and visual annotations on the
elements of the diagram notation. The first set is used to create the semantic representation
of user models, while the second set renders execution and analysis results on the semantic
model in terms of the diagram notation. Users, who are proficient in diagram notations,
do not define new rules (interpretations), but use existing rules for their experiments and
define the requirements for new ones. Experts transform these requirements into consistent
and complete sets of rules. These users must be proficient in HLTPNSs, building rules, and
visualization rules to be able to ascribe meaningful semantics.

The approach is exemplified by drafting the rules to interpret a simple notation for spec-
ifying medical diagnosis processes, called LEMMA (Language for Easy Medical Models
Analysis [Baresi et al. 1997]). It is the result of the requirements elicitation process un-
dertaken with a team of doctors. Its definition evolved through different phases that pro-
gressively highlighted user needs, evaluated alternatives, and refined the notation. The ap-
proach eased the implementation of prototypes to support the elicitation process. LEMMA
comes with fixed syntax, but its dynamic semantics depends on the to-be-performed anal-
yses and accuracy of results.

Flexibility also leads taotation familiesi.e., sets of notations that share core concepts,
but present slightly different interpretations. Existing approaches deal with these notations
in isolation. In contrast, the approach presented in this paper permits that the interpreta-
tion of new family members be obtained by changing some elements of existing ones. It
stresses separation of concerns to better scope the domain of each rule, thus facilitating the
definition of new interpretations and the adaptation of existing ones. The definition of nota-
tion families is exemplified by means Btructured Analysisa well-known representative
of notation families in software engineering.

The feasibility of the approach has been demonstrated through a prototype generator that
allows users to implement special-purpose interpreters through the definition of relatively
small sets of rules. The generator allowed us to apply the approach to both general- and
special-purpose notations.

Specifically, the main contributions of this paper are:

—The definition of an approach for ascribing diagram notations with precise dynamic se-
mantics. The approach considers these notatiofenaifiesof related languages instead
of tackling them in isolation.
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—The proposal of graph grammars as underlying means to specify the chosen behavior.
We have identified two grammars that specify the modifications of the abstract syntax
representation and the corresponding changes of the high level timed Petri net.

—The definition of a framework to constrain the impact of each graph grammar production
and modularize the definition of the dynamic semantics. This helps both reuse elements
and highlight similarities among members of the same family.

—The design and implementation of a prototype toolset to support the approach.

The paper is organized as follows. Section 2 describes the core technology, namely
building and visualization rules. Section 3 discusses notation families and presents the
approach. Section 4 describes the prototype generator used in our experiments, while
Section 5 summarizes the main results gained with the experiments. Section 6 surveys
relevant related work and Section 7 concludes the paper.

2. FORMAL INTERPRETERS

A diagram(matic) languagés a language based mainly on graphical elements. The com-
plete definition of a diagram language [Baresi and Heckel 2002], also ocatiadl for-
malism comprisessyntaxand semantics Syntax specializes inoncrete syntaxwhich
describes the notational symbols of the language adastract syntaxwhich describes the
machine’s internal representation. Semantics defines the meaning of the noséditn:
semanticgleals with the structure of each sentence dynmic semanticgdefines its dy-
namic behavior.

The approach presented in this paper defines the dynamic semantics of a notation by
means of aemantic domaiand amappingfrom the abstract syntax to the semantic do-
main. The mapping is is based on two sets of rules:

—Building rulesmap diagram models onto High-Level Timed Petri Net (HLTPN, see Ap-
pendix A). The semantics can be adapted, modified, and extended by modifying, delet-
ing or adding these rules. The rules are given as pairs of graph grammar productions.

— Visualization rulesnap semantic actions, i.e., HLTPN firings and markings, back to the
diagram model, thus allowing animation and visualization of analysis results.

In this paper, we describe the rules using a simple notation, dali&éMA, developed
to help doctors treat their patients.

2.1 LEMMA

LEMMA is a diagram notation for modeling diagnostic processes. Nodes correspond to
actions done on patients and edges define the precedences among themMA model

defines all relevant diagnostic paths. Processes (models) are designed with the elements of
Figure 2:

—Entry pointsare the starting points in the diagnostic process. A process can have many
entry points. Different patients may enter the process from different entry points accord-
ing to their symptoms.

—~Clinical testsmodel medical investigations. They have either two or three outcomes:
positive(+), negative(- ), and if neededindefined?).
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<name> false
<name> <name> <oredicate> |
. @) . e, e . e predicate
}. ¢ ¢ ¢ ¢ ¢ ¢ ‘true
Clinical Test Set of Clinical Tests Symptoms Selector

(2 or 3 outcomes)

<pame> it1 % <name>

Entry Point Iterator Exit Point

Fig. 2. The lexical elements &EMMA

—Sets of clinical testsnodel the execution of sets of investigations where the actual order
among the tests is not important. The outcone$ &re computed using the results of
the single tests.

—Symptoms selectosse split points to help decide the actual path. The patient is routed
by checking his/her symptoms against itedicate  of the selector.

—lteratorsmake patients repeat enclosed actiotisnes, where is the integer associated
with the iterator.

—EXxit pointsdefine the conditions for exiting the process. This means that either the doctor
is able to formulate a diagnosis or the patient needs further investigations.

Figure 3 presents a simpleEEMMA model that help explain how the approach works.
It detects if a woman is pregnant and assesses the status of the fetus. The patient starts
with a Pregnancy test . If the outcome is negative, the diagnosis is easy; otherwise
the patient is submitted tdmniocentesis  to probe the fetus.

2.2 Building rules

Building rules are pairs of attributed programmable graph grammar producti@étseiG
1983]. TheAbstract Syntax Graph Grammar (ASG@pductions identify the transfor-
mations on abstract syntax models. The corresponfigmgantic Graph Grammar (SGG)
productions define the semantics by suitably transforming the corresponding Petri nets
(HLTPNSs). Special purpose attributes, associated with semantic elements, specify the cor-
respondences between semantic and syntactic elements.

Figure 4 shows theEMMA meta-model. In this paper, we use the temata-modeto
indicate the abstract syntax of a notation, and the talostract syntax modeb refer to
an instance of the meta-model. We also use standard UML class diagrams to draw meta-
models, UML object diagrams to render abstract syntax models, and standard Petri net
symbols, augmented with diamonds for markers, to draw HLTPNSs.

The approach only applies to special-purpose meta-models designed with the goal of
interpreting the notation they describe. For example, B BMMA meta-model embeds
the abstract elements of the notation and their mutual relationshipsEMMA Model
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start

Pregnancy
test

+

H

Amniocentesis
+

no pregnancy

possible problems safe pregnancy

Fig. 3. A simpleLEMMA model (User view)

contains one or moreEMMA Elementswhich in turn can have zero or mohe Ports
andOut Ports Connectorgoin corresponding portd. EMMA Elements an abstract class
(denoted by the italics font) and is specializedSymptom SelectpClinical Test Entry
Point, Exit Point, Iterator, andSet of Clinical Tests

Connector
101

‘ In Port

0.n 1
1 1
LEMMA 1.n LEMMA 0.n

Model 1: Element 1: Out Port

Set of Exit Entry
Clinical Test Point Point
1
Clinical lterator Sympton
2.n Test Selector

Fig. 4. TheLEMMA meta-model

Each element of the meta-model is paired with an equivalent HLTPN that defines the as-
sociated semantics. For example, Figure 5 shows the abstract syntax and semantic models
of a generic EMMA Elemeng with oneln Porti and twoOut Portsol ando2. b-labeled
edges indicate belongrelationship between the ports,(©1, ando2) and the elemerg.

In this case, the abstract element (i.e.,ltkenma Elemeipis not only a means to factorize
common properties, but is rendered with a special-purpose marker. This leads to consid-
ering the inheritance relationship in Figure 4 as an aggregation betvezema Element
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and its sub-classes. This is because we want to transform separately the common part (a
generic element with in and out ports) and its specializations. A different approach could
only translate the specific elements without ascribing semantics to the abstract component.
The corresponding semantic model comprises a node offypee node of typén and
two nodes of typ@®ut, connected to th& node withbelongedges. Nodes of typds and
Outare HLTPN places and modk PortsandOut Ports The node of typ& is a marker
that identifies the considered element (i.e.,tEMIMA Element
After describing models, we need to explain how to create and modify them. A graph
grammar production comprises typed nodes and edges. In this context, nodes correspond
to objects of the classes of the meta-model. Thus, nodes of ASGG productions corre-
spond to the elements that define abstract syntax models, while nodes of SGG productions
correspond to HLTPN places, transitions, arcs, and markers (i.e., placeholders that relate
elements). Edges represent relationships between elements and instantiate the associations
in the meta-model. Edges in ASGG productions correspond to links between notation el-
ements, while edges of SGG productions link arcs with places and transitions. They also
connect HLTPN elements with the markers to which they are related.

o1: Out Port
/ |

izlnPort —» e:LEMMA Ele.

‘& |
02: Out Port

(a) Abstract Syntax Model (b) Semantic Model

In: Input, Out: Output, E: Element, b: belong

Fig.5. ALEMMA Elementvith oneln Port and twoOut Ports

Building rules describe transformations on abstract syntax and semantic models. Fig-
ure 6 shows an example. The two productions are represented as graphs. Each production
is composed of three parts that correspond to the three graphical regions identified by a
Y, as proposed in [Gttler 1992]. The left-hand side graph indicates the sub-graph to be
substituted by applying the production. The right hand-side graph indicates the graph to be
added. The edges between left- and right-hand side graphs, through the top graph, indicate
the connectivity of the added sub-graph with respect to the host graph (i.e., the graph on
which the production is applied). Each node is associated with a unique identifier; nodes
with the same identifier in both the left- and right-hand side of the production are preserved
while applying the production itself.

Figure 6 presents the building rule that specializdEE&MA Elementin a Clinical
Test The ASGG production (Figure 6(a)) applies to a node of tygdMMA Element
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which belongs to the left-hand side graph, and preserves it, since the node with the same
identifier (L) belongs to both the left- and right-hand side graphs. The production adds a
node of typeClinical Testand an edge of typbk to connect the newly added node to the
LEMMA Element The textual annotations of the rule indicate that tlaee of the new
element (nod®) is the same as the name of thEMMA Elementl plus suffixCT and its

type is Clinical Test . The application of the ASGG production to the naxlef

Figure 5(a) is shown in Figure 7(a), where grey elements identify what has been added.

The corresponding SGG production is shown in Figure 6(b). The pair of productions
identifies the changes on the HLTPN that correspond to the modifications on the abstract
syntax model. The actual correspondences between ASGG and SGG elements are es-
tablished by means of the attributadsNode , which is described later. The production,
which is programmed, comprises a main production (the top of Figure 6(b)) and one sub-
production. The production addsGY place to model the status of the clinical test. It
also connects thin place to this place by means ofStart Testtransition and two arcs,
depicted using an arrow in a circle. Notice that HLTPN arcs are modeled as nodes; edges
model the usual input/output relationships between arcs and places/transitions. The top
of the production indicates the embedding, i.e., the context that must be considered when
applying the rule. Thé edge from the to®ut place to elemert selects all th®©utplaces
that belong to th& marker, that is, theEMMA ElementNotice that the number of nodes
identified by the embedding can vary, while the number of nodes selected by the left-hand
side of a production is fixéd The dotted edge that connects at place with theCT
place (node3) indicates a new special-purpose edge of tgpgconnect arg, which is
added between each place of typet selected by the embedding and the réWwplace.

Dotted edges indicatsp-edgeghat trigger sub-productions. A production with sp-
edges is a programmed production, whose application requires that the main production
and all instantiations of the sub-productions be applied. Since sp-edges connect nodes in
the embedding, whose instantiation happens only dynamically, the number of times the
sub-productions must be applied varies consequently. Non-programmed productions can
add only a fixed number of elements, while the use of sub-productions permits the addition
a variable number of elements.

The sub-production shown on the bottom of Figure 6(b) indicates the substitution of a
casp-edge that connects t@3 place to arDut place. The sub-production substitutes the
sp-edge with a transition of tygeesProdnode3)® and two HLTPN arcs (nodesand5).

The resolution of the instances of the sp-edges of Figure 6(b) adds as many transitions and
pairs of arcs as the number ©fit places that belong to tHe marker.

The textual annotations of the main SGG production set the properties of the newly
createdCT place andStart Testransition. We use pairs @to make the textual annotations
of SGG productions refer to the values of the attributes of ASGG elements. The name of
place3 is the same as the name of the ASGG nbgdusP and its type iCT. The name
of transition4 is the same as the name of the ASGG element augmented with $uffix
Its predicate igrue , that is, the transition is enabled as soon as there is at least a token
in each place of its pre-set. The empty action simply moves the token from the place of
the pre-set to that of the post-set. The enabling intervéMis = enab andtMax =

2Since a clinical test has exactly one input, but two or three outputs, we can use the left-hand side graph to reason
about thdn place, but we need the embedding to deal @kt places.
3Transitions are typed to indicate the class of modeled events. In thiReafodneansResult Production
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LEMMA Ele. : LEMMA Ele.
1

: Clinical Test

2.name = l.name + "CT" 3.name = @l.name@ + "P";
2.type = "Clinical Test"; 3.type = "CT";
3.absNode = @2.name@;
4.name = @l.name@ + "T"
4.type = "StartTest",;
4.predicate = "TRUE";
4.action = ;
4.tMin = "enab"; 4.tMax = "enab";
4.absNode = @2.name@;

a

1@ 40

vt

@ o[ResProd]

3.name = 2.name + "T"

3.type = "ResProd";

3.predicate = "compare(1l.value,
2.absNode.value)";

3.action = ;

3.tMin = "enab"; 3.tMax = "enab";

3.absNode = @2.name@;

(a) ASGG production (b) SGG production

In: Input, Out: Output, E: Element, CT: Clinical Test, ResProd : Result Production
/7 PN arc, b: belong, a: arc, t: transition, p: place, ca: connect arc

Fig. 6. The building ruléAdd Clinical Test
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enab to indicate that the transition must fire as soon as enabled. The textual annotations of
the sub-production define the attributes of the added transition(s)ndine is the name

of the output port (i.e., th®ut place) augmented with suffik. Thetype is ResProd ,
thepredicate  calls the external functiooompare that enables/disables the transition

by comparing the token in place (1.value ) and the value associated with the output
port, that is, thevalue associated with thabsNode of node2. The enabling interval
indicates that the transition must fire as soon as enabled.

For all these SGG elements, attribalesnode indicates the abstract syntax element
that corresponds to the semantic node. This information is mainly used by visualization
rules — illustrated in the next section — to map back execution and analysis results, but can
also be useful to compute the values of other textual attributes.

The application of the SGG production to tRenode of Figure 5(b) is shown in Fig-
ure 7(b). In this case, the production identifies @t places thabelongto theE marker,
and thus adds two transitions and the corresponding arcs.

ol: Out Port
/ ‘

iZln Port | e: LEMMA Ele.

b :
] \ |
02: Out Port

(a) Abstract representation (b) Semantic representation
In: Input, Out: Output, E: Element, b: belong,
StartTest : Start Test, ResProd : Result Production, /: PN arc

Fig. 7. The result of applying productigkdd Clinical Test to the models of Figure 5

The simple model of Figure 7(b) is just one possible semantics for a clinical test. As
soon as the test is enabled, it executes and produces one output. If the user decided to
detail the semantics of clinical tests, e.g., by further modeling the start and end of the test
and its duration, the model could be easily adapted by modifying the rule of Figure 6 to
add a different HLTPN. The ease of changes depends on their scopes. In this example, the
change only involves the internals of the HLTPN associated witlirdcal Test Changes
that affect the interfaces of the sub-net, e.g., the request for modeling the interaction with an
analysis laboratory, may affect other rules. The problem of identifying the scope of changes
and thus the number of affected rules is discussed in Section 3. The complete semantics
of LEMMA was given with eleven rules, which were changed several times to meet the
changing requirements from the medical team. A different meta-model would impact the
rules defined so far: The trade-off is between separation of concerns and number of rules.
The example of Figure 4 privileges the first aspect to better exemplify the approach, but in
many cases also the number of rules becomes an issue.
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10 . Luciano Baresi and Mauro Pezze

After presenting the approach, we describe the step-by-step constructiorL&NidA
model used as example (cf. Figure 3). It uses seven (out of eleven) rules to crézaéryhe
Pointstart and theClinical TestpregnancyTest , to which we only add thén Port.
For each step, we present the changes on the abstract syntax model, those on the semantic
model, and the textual attributes of newly created elements. The first steps are:

(1) RuleaddModel(1, "example") creates the new model whetéds the identifier
of the newLEMMA Modelandexample is its name. The transformation of the ab-

stract syntax model is:
e

l.name = "example"; 1.type ="LEMMAModel";

The transformation of the HLTPN is:

=

l.name = "exampleMM"; l.type = "M% 1.absNode = "example";

(2) RuleaddElement(1, 2, "start") adds a new.EMMA Elementlts parame-
ters are the identifier of the model to which the element is to be added (1), the identifier
of the new element (2), and its name. The transformation of the abstract syntax model
is:

1: LEMMA Model =

2.name = "start"; 2.type = "LEMMAElement";

2:LEMMA Ele

The transformation of the HLTPN is:

© = s

2.name = "startEM";  2.type = "E";  2.absNode = "start";

(3) RuleaddOutPort(2, 3, "outl", "any") adds a new out por8j to the el-
ement2. Besides the nameytl ), we pass a stringafly, in this case) to let the
port filter incoming data. In this case, the port accepts any data, but if the element had
more out ports, these strings would help decide the port that must be enabled. The
transformation of the abstract syntax model is:

1: LEMMA Model

1: LEMMA Model
2: LEMMA Ele

2:LEMMA Ele

b

3.name = "outl"; 3.type = "OutPort"; 3.value = "any";

ACM Transactions on Software Engineering and Methodology, Vol. X, No. X, XX 20XX.
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The transformation of the HLTPN is:

N
i
N

(ow)3
1 1
3.name = "outlOP"; 3.type = "Out"; 3.absNode = "outl";

(4) RuleaddEntryPoint(2, 4) specializes elemert by adding theEntry Point4.
The two parameters are the identifiers for the generic element and the new one. The
SGG of this rule decides the actual semantics of the component and adds the needed
HLTPN elements. The transformation of the abstract syntax model is:

4: Entry Point

1: LEMMA Model 1: LEMMA Model

b |b

2:LEMMA Ele

b

3: Out Port

4.name = "startEP";  4.type = "Entry Point";

The transformation of the HLTPN is:

4.name = "startP"; 4.type = "EnP"; 4.absNode = "startEP";
5.name = "startT"; 5.type = "Enter"; 5.absNode = "startEP";
5.predicate = true; 5.action = ; 5.tMin = enab; 5.tMax = enab;
(5) RuleaddElement(1, 5, "pregnancyTest") adds anothdtEMMA Element

The transformation of the abstract syntax model is:

4: Entry Point 4: Entry Point
b b b/v 1: LEMMA Model b b

5: LEMMA Ele.

1: LEMMA Model

2: LEMMA Ele

2: LEMMA Ele

3: Out Port

3: Out Port

5.name = "pregnancyTest'; type = "LEMMAElement";

The transformation of the HLTPN is:

ACM Transactions on Software Engineering and Methodology, Vol. X, No. X, XX 20XX.
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6.name = "pregnancyTestEM";  6.type = "E";  6.absNode = "pregnancyTest";

(6) RuleaddInPort(5, 6, "inl", "any") attaches an in port to the element

created by the previous rule, that is, ndsle Again, parameters are the identifier

of the element to which the port is added, the identifier for the port, its name, and the
filter. The transformation of the abstract syntax model is:

4: Entry Point 4: Entry Point
b b |p b |p

1: LEMMA Model
6.name = "inl"; type = "In Port" value = "any";

1: LEMMA Model

2:LEMMA Ele

The transformation of the HLTPN is:

4 a t 5
(P2 Ener |
}y b va

9,

7.name = "inlIP";  7.type = "In";  7.absNode = "inl";

(7) RuleaddClinicalTest(5, 7) specializes elemert into a Clinical Test(7).
The transformation of the abstract syntax model is:

4: Entry Point 7: Clinical Test 4: Entry Point
b b b b| b
3 2: LEMMA Ele
b b b
3: Out Port 3: Out Port

7.name = "pregnancyTestCT"; type = "Clinical Test";

1: LEMMA Model 1: LEMMA Model

b |b

2: LEMMA Ele = 5: LEMMA Ele.

The transformation of the HLTPN4s

4Notice that the rule of Figure 6(b) adds ResProdtransitions since theEMMA Elementhas noOut Ports
Needless to say, this is because we only present a fragment of the building process.
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8.name = "pregnancyTestP"; 8.type = "CT"; 8.absNode = "pregnancyTestCT";
9.name = "pregnancyTestT"; 9.type = "StartTest"; 9.absNode = "pregnancyTestCT";
9.predicate = true; 9.action = ; 9.tMin = enab;

9.tMax = enab;

(8) RuleaddConnector(8, 3, 6) sets a connectoB{ between the out por8j and
the in port 6). Notice that the connector does not belong to any element and thus the
invocation does not comprise the identifier for it. The transformation of the abstract
syntax model is:

7: Clinical Test 4: Entry Point 7: Clinical Test 4: Entry Point
° b/' b Ib

i

1: LEMMA Model b 1: LEMMA Model b b

)i

5: LEMMA Ele. 2:LEMMA Ele

b

= 5: LEMMA Ele. 2:LEMMA Ele

b b

C C
6: In Port 8: Connector 3: Out Port

6: In Port

8.name = "outlinl";  8.type = "Connector";

The transformation of the HLTPN is:

10.name = "outlinlP"; 10.type = "C" 10.absNode = "outlinl";

The complete sequence produces the models of Figure 8. The first model higlights the
connections between elements thropgintsandconnectors The HLTPN, presented here
without markers for the sake of simplicity, uses dashed boxes to show the sub-nets that
correspond to the different elements. Notice that the connectors of the abstract syntax
model become shared places in the Petri net. and are created by gluing the two places that
correspond to the interested ports.
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<—¢b 18: Entry Point

2: LEMMA Ele.

b

c

24: Connector

[

b

3: LEMMA Ele.

4—‘b 19: Clinical Test

‘ 11: Out Port

‘ 10: Out Port

Ie Ie

26: Connector

25: Connector

Io Io

‘ 12: In Port

‘ 13: In Port

fb !

5: LEMMA Ele.

21: Clinical Test b 4: LEMMA Ele. 1: LEMMA Model

b b

<—¢b 20: Exit Port

b

‘ 14: Out Port

fe fe

27: Connector ‘ ‘ 28: Connector

fe je

‘ 17: In Port
ib

b

7: LEMMA Ele. 23: Exit Port

15: Out Port
0 pregnancy;

‘ 16: In Port
ib
b
22: Exit Port 6: LEMMA Ele.

possible : ;
problems j i safe pregnancy

(a) Abstract Syntax Model (b) Semantic Model

Fig. 8. The models of theEMMA process of Figure 3 (Internal views)

2.3 Visualization rules

HLTPNs allow diagram models to be formally validated through execution, reachability
analysis and model checkingvisualization rulestranslate obtained results in terms of
suitable visualizations on the abstract syntax elements. The rules define the “observer”
policy ((Gamma et al. 1995]) that we want to use to propagate the events generated by
analysis and simulation back to the abstract level. HLTPN events are firings of transitions
and markings of places; once translated, they becalseract animationsThe mapping

from abstract to concrete is straightforward and deals with substituting an abstract anima-
tion with a concrete action, which depends on the used CASE tool.

Since propagation of events depends on both the diagram notation and user needs, vi-
sualization rules are externally provided in the form of C-like code and are interpreted
to produce abstract animations. Each rule produceisalization that usually
comprises somanimations , that is, the visualization actions associated with the el-
ements of the abstract syntax model. The triggering event is the firing of a transition;
thevisualization defines how to animate the element associated with the transition
itself and those related to the places of its pre- and post-s&tse predefined function
getAbsld()  returns the abstract component associated with the Petri net element.

5Notice that the same rules can be used to render the results produced by external analysis tools, like counter
examples generated by model checkers, in terms of the diagram notation.
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The complete animation of the example model of Figure 3 can be obtained with four vi-
sualization rulesenter Processto move the patient in the processart Clinical Testand
complete Clinical Testto make the patient start and complete a test,laade Process
to move the patient on an exit point. Among these, Figure 9 presentsamiplete clini-

/I v is the visualization
Visualization v = new Visualization();

/I tr: the fired transition

/I pl: a place in its postset

/I an: an animation

/I getAbsld: returns the id of the abstract element
1 associated with the PN element

if (trtype() == "ResProd") {
/I we create an animation for each abstract element associated

/I with the place (pl) in the postset of the transition (tr)
/I and add it to the visualization

=

foreach pl in tr.postSet() {
Animation an = new Animation();
an.setEntityld(pl.getAbsld());
an.setAnimType("prodOutput");
v.addAnimation(an);

}

/
/

=

we create an animation for the abstract element associated
with the transition itself and add it to v

=

Animation an = new Animation();
an.setEntityld(tr.getAbsld());
an.setAnimType("completeTest");
v.addAnimation(an);

Fig. 9. The visualization ruleomplete clinical test

cal test It describes how the firing of transitions of typesProd is visualized in terms

of LEMMA elements. Since these transitions identify the completion of clinical tests, the
places in their post-sets correspond to the flows that leavE€lihial Test The rule as-
sociates animatioprodOutput  to all selectedConnector(in this case, we always select
one place and thus one connector) and animat@mpleteTest  to theClinical test

This behavior is exemplified in Figure 10 that visualizes the completion of the pregnancy
test of Figure 3. If we suppose that the token in@ieplace allows the right transition to

fire, this transition becomes in the rule. The place in whictr produces a token be-
comespl , i.e., the post-set df . The animation associated withh identifies element 26

in the abstract syntax model and sets its animation tygeddOutput . The animation
related totr concerns element 19 and is of typempleteTest . The two animations,
which can be seen as a single visual transaction, define the actual visualization, that is,
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Fig. 10. How visualization rules work

the specific instantiation of the rule of Figure 9. The animations on the concrete model
are specified in the translation from abstract to concrete visualizations. In the example of
Figure 10, the first animation moves the patient on the outgoing flow, while the second
animation changes the color of t#inical Testelement and thus the global effect is the
one shown in bottom part of the figure.

2.4 Consistency, completeness, and correctness

A set of rules formalizes an informal interpretation of a given notation, thusdatrect-
nessof the set can only be defined with respect to the informal interpretation and can only
be verified informally by inspecting obtained behaviors on well-known benchmarks. In
contrast, we can define — and thus verify — toenpletenesandconsistencyf the formal
interpretation (i.e., of the set of rules). Tools like AGG (Attributed Graph Grammars [Er-
mel et al. 1999]) help in many practical cases.

Completeness can be verified by proving that the mapping onto the semantic domain
covers all the elements. This can be easily proved by checking the existence of at least a
rule for each element of the meta-model. Notice that incomplete sets of rules may reflect
incomplete informal interpretations. The possibility of proving the completeness of the
formalization also allows us to identify lacks in the informal interpretations. Some par-
tiality can be by-passed by providing default transformations to complement the original
specification.

Consistency can be verified by checking the functional behavior (termination and conflu-
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ence) of the selected graph transformation system ([Heckel et al. 2002]). The termination
and confluence of the system prevent ambiguities in the mapping process.

3. ADAPTABILITY

Diagram notations may change to adapt to the changing context in which they are used.
Experimental notations, likeEMMA, require continuous maintenance to meet the chang-
ing requests from users. They usually modify their expectations as soon as they increase
their familiarity with the notation. Widely used diagram notations, like UML, Structured
Analysis, or FBD, present similar changing requirements. The same notation is employed
by different users with different meanings: Some symbols are different, some modeling
elements are added or removed, and the behavior associated with these elements varies
according to the particular domain, user experience, and specific problem.

These considerations lead to the definition of diagram notatiomo&dion families
that is, sets of highly related languages that share the core definitions, but allow for dif-
ferent extensions and interpretations [Scholz and Petersohn 1997]. Besides the concept of
notation family the paper present®nsistency frameworkss a means to formalize these
families. The framework identifies coherent subsets of rules that can be suitably substi-
tuted and modified to capture existing and new interpretations of a diagram notation. It
also identifies the set of rules that may be affected when we modify a rule. Thus, it ad-
dresses the problem of interpreting notation families and not just single notations. The
presented framework is exemplified on Structured Analysis, one of the most complex no-
tation families used in software engineering.

3.1 Notation families

Our definition ofnotation familyuses the meta-modeling framework proposed by the Ob-
ject Management Group (OMG). THigur layer meta-data architectuf®bject Manage-

ment Group 2002] accommodates tlaa (instances or objects) that we want to describe,
themodelsused to describe (instantiate or specify) our datapmb&a-models.e., the lan-
guages used to create models, amaedia-meta modethat is, the notation used to describe
meta-models. In this framework, notations are specified by means of a pnepemodel
Oftentimes, we use UML class diagrams to identify the elements of the abstract syntax of
the notation.

Borrowing these definitions, we definenatation familyas a set of notations that share
the same meta-model, but that ascribe different (dynamic) semantics to its elements. A first
example of notation family is Structured Analysis. If we considered only a single variant,
say the one proposed by Hatley and Pirbhai ([Hatley and Pirbhai 1987]), we could reason
on its many plausible interpretations ([Baresi and [Bel298]). Differences would mainly
deal with the way input, output, and unused values are treated.

Statecharts is another example of a domain-specific notation that can be interpreted as
family. Nowadays, we tend to use Statecharts ([Harel 1987]) as if it were a formal nota-
tion by borrowing its formal semantics from STATEMATE ([Harel et al. 1990]), but more
thoroughly Statecharts can be interpreted in several different ways ([von der Beeck 1994]).
They all use the same graphical symbols, but differ for key aspects. For example, some
Statecharts dialects consider an implicit priority mechanism along the hierarc®yR of
states: UML associates higher priorities to inner transitions dRrstate, while STATE-
MATE does not (it does the other way around). In STATEMATE, events generated in one
step cannot be used before the next step; other interpretations restrict the set of acceptable
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events, or do not consider inter-level transitions and even history states.

The former definition of notation family can be relaxed by requiring that the notations
belonging to a family share only the core concepts of the meta-model, while a few ele-
ments can be specific to a particular dialect. Again, this is the case of Structured Analysis:
All proposed alternatives originate from the first proposal by De Marco ([De Marco 1978])),
but each “dialect” reinterprets the notation by slightly changing the concrete syntax, adding
new special purpose notation elements, and interpreting the loose concepts in some pecu-
liar ways.

Another notable example is Function Block Diagram (FBD), one of the graphical no-
tations proposed by the IEC standard 61131-3 ([Lewis 1998]) to design programmable
logic controllers. The core set of elements is fixed, but designers are free to add as many
modeling concepts as they want through ad-hoc libraries. The standard codes only basic
elements; designers can extend the notation and add new blocks to model particular control
problems.

Similarly, we can relax the definition of notation family to allow designers to extend
the concepts they model without affecting the meta-model itself. This is the case of UML
where designers can extend the notation with special-purpose mechanisms, like stereotypes
and tagged values, to ascribe particular semantics to their modeled elements and thus add
new subjects to the UML family.

These cases motivate the interpretation of diagram notations as families and demand
for a structured approach for defining their (dynamic) semantics to supply consistent and
coherent definitions, clearly identify the scope of each component, and be able to define
new interpretations by assembling already available components.

3.2 Consistency framework

The members of a notation family share the same meta-model, that is, the same syntactic
elements and their relationships, but interpret them in different ways. Given the meta-
model, the dynamic semantics of a family member is defined by specifying a building rule
for each element of the meta-model. We formalize the whole family when we associate
each element with a set of rules to cover all its alternative behaviors. For example, differ-
ent interpretations dfEMMA, which constitute a small notation family, associate different
rules with each element of the meta-model of Figure 4. This also means that we exploit
the meta-model to identify a suitable granularity with which we specify rules. The rela-
tionships between the elements in the meta-model suggest how changes in a rule could
propagate through the set of rules:

—If changes do not affect the interfaces, and only modify the “internals”, theloaad
and do not propagate to any other rule.

—If changes modify the interfaces, i.e., those HLTPN elements used to interconnect the
sub-nets, they propagate transitively to the elements that share the modified interfaces
and maybe to those related to them.

For example, if we substituted the internals of the building rule for addiGdjracal
Test changes would be local only. But if we change its interfaces, this would also impact
the rules to addn andOut PortssinceClinical Testis a sub-class ofEMMA Element
which has associations with both Port andOut Port On the other hand, changing the
rule for addingn/Out Portsmay affect other rules, since several elements depend on them.
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In general, changes on the interfaces of key elements require that several other rules be
changed consequently.

Although useful, meta-models can be fairly complex and contain more information than
needed for managing and constraining changes among building rules. A neater organiza-
tion among rules can be obtained if we order elements of the meta-model according to a
partial order and distinguish between supplied and used interfaces. The partial order must
satisfy the following constraints:

(1) Itincludes all classes in the meta-model. We do not need to add abstract classes if they
only factorize common properties, but do not own proper semantics.

(2) Itincludes all aggregations in the meta-model; i.e., if ndde part of nodeB in the
meta-model, thenl follows B;

(3) ltincludes a sub-set of the associations in the meta-model, i.e., ifidoléows node
B, then there is an association between nddind nodeB in the meta-model.

We refer to such a partial order asnsistency frameworHn a nutshell, a consistency
framework can be obtained from a meta-model by considering all classes in the meta-
model, suppressing abstract classes if needed, and ignoring some associations to break
cycles. Notice that complex meta-models embody several consistency frameworks; the
choice of the consistency framework is left up to the user. We have no general rules for
breaking cycles, but a simple effective heuristic that follows from the previous observa-
tions about the impact of semantic changes on rules. We sort notation elements according
to the stability of their semantics within the considered family, i.e., according to the like-
liness that elements can change semantics in different interpretations. Sound consistency
frameworks place elements with higher stability in higher positions of the hierarchy. Leaf
elements are those that change in the different interpretations. This way obtained consis-
tency frameworks reduce the need for changes to support new interpretations.

The consistency framework also imposes a dependency among shared interfaces. The
rule that is higher in the hierarchy is in charge of defining (supplying) the interface, while
the lower-level rule can only use it. This way, we clearly constrain the changes in building
rules: Arule can only change the interfaces it supplies, but cannot modify those that it uses.
If used interfaces must be modified, we should move up in the hierarchy, modify the rule
that supplies the interface, and then modify the rule that wants to use it. We constrain and
limit changes, but we obtain an efficient way to trace changes among the set of rules. The
more complex the set becomes, the more useful the framework is. In fact, the usefulness
of the consistency framework becomes clear when we think of complex notations with
several elements in the meta-model and some rules for each element. In these cases, the
framework helps specify rules with a homogeneous granularity. If we use a few rules,
the granularity has almost no impact, but when the number becomes higher, too-big rules
would lead to specifying rules for all particular cases. A finer granularity — constrained by
the meta-model — allows particular cases to be tackled by composing rules. The framework,
along with the meta-model, also fosters modularity and re-use. In both cases, the explicit
definition of the framework in which rules work, gives a precise identification of how rules
interact and cooperate. It clearly specifies the constraints to model new rules, but it could
also help identify new family members by combining one rule for each element.

Figure 11 shows a consistency frameworklif&MMA. It contains all classes:l EEMMA
Elementhas a proper semantics since it supplies a container for its sub-classes (elements),
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LEMMA
Model

LEMMA
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‘ In Port ‘ ‘ Out Port ‘
Set of Sympton lterator Exit Entry Connector
Clinical Test Selector Point Point

Clinical
Test
Fig. 11. A consistency framework flEMMA

thus it is part of the consistency framework. The chosen organization forces all notation
elements to use the interfaces suppliedilyand Out Port This means that all changes

in Symptom Selectpfor example, can only be local, while changed BMMA Element
could impact bothn Port andOut Portand all other notation elements.

3.3 Structured Analysis

The variety of interpretations within a notation family grows with its popularity and the
informality of its definition. The popularity of Structured Analysis over the last decades
and the flexibility of the informal definitions of the many variants in its plain (SA) and
real-time (SA-RT) versions make Structured Analysis probably the most variegate notation
family used so far in software engineering.

In this section, we present only the key concepts; [Baresi andeP21] provides a
detailed description of how to ascribe formal semantics to SA with the approach described
in this paper. In particular, we present a consistency framework for SA and we discuss
two of the most interesting elements of the notatilmput Consumptiorand Hierarchy.

The consistency framework shows the difficulties of capturing a complex notation family.
Input Consumptiomiescribes the way data on the input flows are consumdeidigesses

and is one of the SA elements with the largest number of interpretations (see [Baresi and
Pez2 1998] for a detailed discussion of the many interpretations of SA and the input
consumption mechanism, in particular). The set of ruledrfput Consumptiomnd their
simple substitutability illustrate the power of the approach in terms of modeling a highly
populated familyHierarchyis one of the farthest element of SA with respect to the chosen
semantic domain. In fact, SA models can be decomposed in a hierarchy of diagrams,
which can be controlled bgontrol Transformationg SA-RT, but HLTPNs do not provide
features for modeling hierarchy. The building rules for rendering the hierarchy illustrates
the capability of the approach to deal with this type of problems.

For example, Figure 12 presents an excerpt of an SA model for a vending machine
for hot drinks. It can sell coffee, milk, or capuccino. The diagram uses dashed circles
to summarize the hierarchical organization of the model. Proc&&ses drinks and
Validate money group lower level processes and data stores. The flattened model re-
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selection

Fig. 12. A simple vending machine for hot drinks

quires that théJser entercoins . ProcesAccept coins validates them and stores
them inMoney. Procesheck amount controls that inserted coins are enough to buy
the selected drinksglection ) and “enables” proced3ispense drinks . This pro-
cess useMilk andCoffee to provide users with their drinks.

If we concentrate on the first problem, procBsspense drinks  helps reason about
different dynamic semantics for SA processes. The obvious intuition here is that the pro-
cess is enabled when there is a datum on #wknowledge and can use the two data
stores Milk andCoffee ) freely. This means that SA processes can use: (1) all their
inputs, (2) exactly one input, (3) any particular subset of inputs. All these options are
meaningful, but affect the actual drinks supplied by the dispenser. For example, if process
Dispense drinks only used the second option, it could not dispense capuccino.

The hierarchical organization, i.e., the second problem, does not affect the behavior of
the modéi, but we need to mimic it to suitably render execution and analysis results.

Both aspects, which are discussed here as significant samples of the problems related
to formalizing SA, must be suitably rendered in terms of HLTPNs with enough freedom
to let users select the interpretations they prefer. This is why we need the consistency
framework.

Consistency Framework

Figure 13 presents a subset of a meta-model for Structured Analysis: It includes the main
elements of SA, but omits the details foontrol Transformationghat characterize SA-RT.

An SA Modekontains one or mor@iagrams according to the chosen hierarchical orga-
nization. ADiagramcontains one or morActive Data Elemerand zero or mor®iagram
Control. A Diagram Controlcan control many differeriDiagramsand vice versa, since
a Diagram Controlimpacts both théiagram it belongs to and its heir diagrams. The
relationship betweeliagram Controland Process Executiomdicates that &iagram
Control can control the execution of many processes and that the execution of a process

61t would impact the propagation of hierarchical control in SA-RT models, but this aspect is not addressed in this
paper. Interested readers can refer to [Baresi andeP2(1] for a complete discussion of possible alternatives.
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Fig. 13. A meta-model for Structured Analysis

can depend on maniagram Controls Additional control aspects of SA models, i.e.,
the automata that specify the control, are not captured in the subset of the SA meta-model
shown in Figure 13. ArActive Data Elementan haveln and Out ports connected by
Flows, and can contaitinput Consumptionsind Output Productiondgo model the con-
sumption and production of data. A&ctive Data Elementwhich in this case is only a
place holder for a neater model, can be specializedratessor Terminator A Termi-
nator contains aRepositorywhich can contain zero or moialues A Processcontains
a Process Executioand may contain #rocess Controto model the way the process is
executed and controlled, respectively.

Figure 14 shows a possible consistency framework for the meta-model of Figure 13. The
nodes of the consistency framework correspond to the classes of the meta-Awitle (
Data Elementis not part of the framework since it is only a placeholder). The aggrega-
tions in the meta-model correspond to direct or indirect precedence relationships in the
consistency framework and all precedences in the consistency framework correspond to
relationships in the meta-model.

Building Rules

After defining the consistency framework for constraining the relationships among building
rules, we explain how to solve the problems described so far: input consumption and
hierarchy.

Input ConsumptionProcesses can be given several interpretations that differ in the
number of consumed inputs, number of produced outputs, and duration of execution ([Baresi
and Peze 1998]). If we limit our attention to how processes consume inputs, Figure 15
shows the abstract syntax and the semantic models of four possible interpretations for con-
suming the input values of a process with two input and one output ports. The abstract
syntax models differ for the number of nodes of typput Consumptiorand their con-
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Fig. 14. A consistency framework for Structured Analysis

nections to the two nodes of type Port. The semantic models differ for the number of
transitions and arcs connected to the input places. The different interpretations can be mod-
eled with different rules, but it is important to notice that the four nets of Figure 15 show
the same interfaces. Figures 16 and 17 show the rules for cases (a), always consume from
all inputs, and (c), consume from any subset of inputs. The rules for cases (b), consume
from exactly one input, and (d), consume from user-defined subsets, are similar to those
illustrated in this section.

The ASGG production of Figure 16 adds laput Consumptiomode and connects it to
all In Portswith ¢ (connects) edges. Thein the textual annotation refers to a value that
is supplied when invoking the rule. The SGG production ad8saat (process) transition
and connects it to alh places through suitable arcs. The sub-production is needed because
we do not statically know the number of input ports of a process and thus we need to add
a variable number of arcs. The main production addsmdadd arc) sp-edge for each
In place. Theaa sp-edge invokes the sub-production that substitutes aaelkge with a
HLTPN arc. Textual attributes set all properties of 8tarttransition. The single transition
connected to all input places fires only when all input places are marked and consumes all
input values. It thus models the “consume all inputs” semantics. The firing interval does
not constrain the firing since the transition is enabled from tmab (see Appendix A
for further details) to infinity énab + o0).

The rule of Figure 17 is one of the most complex rules for giving semantics to SA
elements. The ASGG production first adds an sp-edge ofdy/fal inputs) between the
Procesanarker and all it$n Ports The first sub-production substitutesailsp-edges with
an Input Consumptiomode and adds an sp-edge of tygie (other input consumption)
between the considerdd Port and all the othetnput Consumptiomodes that belong
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(d) From one of user-defined subsets

b: belong, c: connect, In: Input, Out: Output
P: Process, Start: Start Process, a: arc, t: transition, p: place

Fig. 15. Four interpretations of input consumption exemplified on a process with two inputs and one output (To
keep diagrams simple, objects are identified with their names énigentifiesin Ports o identifiesOut Ports
ic identifieslnput Consumptionsandp identifiesProcesses
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2.name = l.name + "IC"; 2.name = @2.name@ + "T"
2.type = "Input Consumption”; 2.type = "Start";
2.action = ?; 2.predicate = "TRUE";
2.action = @2.action@;
2.tMin = "enab"; 2.tMax = "enab + oo

2.absNode = @2.name@;

(a) ASGG production (b) SGG production

Input Cons. : Input Consuption, P: Process, In: Input, Start: Start Process
/PN arc, b: belong, aa: add arc, t: transition, a: arc

Fig. 16. RuleAdd Input Consumption: The process consumes values from all input flows

to the Process The last sub-production substitutes thie sp-edges with a newnput
Consumptiomode connected to the selectiedport. The combination of the two sub-
productions adds a number bfput Consumptiomodes equal to the powerset of the
Ports as illustrated in Figure 18, which demonstrates how to apply the rule of Figure 17.
Similarly to the ASGG production, the SGG production of Figure 17 uses sub-produc-
tions to add a number of transitions equal to the powerset of the input places. It first adds
an sp-edge of typai (all inputs) between thBrocessmarker and all itdn places. Then,
it substitutes eachi sp-edge with a transitio8tart an arc between the new transition and
the selectedh place, and an sp-edge of typst(other start transition). The application of
the main rule and the first sub-production adds one transition forlegahce and onesp
edge between each transition and each input place. The second sub-production substitutes
the ost sp-edge with yet another transition, an arc, arshéadd arc) sp-edge that is then
substituted with an arc by a simple sub-production not shown in the figure.
The consistency framework of Figure 14 indicates thatit Consumptionnly precedes
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: Process Process

Input Cons. ,

oic *,
b !

[ ]

2
fai $C

Y :Process

[ ]

 Input Cons.

b
v

1

3.name = l.name + 2.name + l.cnt;
3.type = "Input Consumption”;
3.action = ?;

l.cnt += 1;

‘ In Port

P T

[ ]

: Process

1

4.name = l.name + 2.name + l.cnt;
4.type = "Input Consumption”;
4.action = ?;

l.ent += 1;

(a) ASGG production

[ Start_}s-

v

3.name = @3.name@ + "T";
3.type = "Start";

3.predicate = "TRUE";
3.action = @3.action@;

3.tMin = "enab"; 3.tMax = "enab +
3.absNode = @3.name@;

oo,

4.name = @4.name@ + "T";
4.type = "Start";

4.predicate = "TRUE";

4.action = @4.action@;

4.tMin = "enab"; 4.tMax = "enab +
4.absNode = @4.name@;

(b) SGG production

Input Cons. : Input Consumption, b: belong, c: connect, ai: all inputs,
oic: other input consumption, P: Process, In: Input, Start: Start Process,
ost: other start transition, a: arc, t: transition, aa: add arc, /: PN arc

Fig. 17. RuleAdd Input Consumption: The process can consume values from any non-empty subset of input

flows
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a' icl p
S b

Step 3 Step 4

b: belong, c: connect, ai: Input, ai: all inputs, oic: other input consuption

Fig. 18. Sample application of rukdd Input Consumption of Figure 17 to a process with two inputs (To keep
diagrams simple, objects are identified with their names onlidentifiesIn Ports o identifiesOut Ports ic
identifieslnput Consumptionsandp identifiesProcesses

Process ExecutiofRepositoryand Value concernTerminatorsand notProcesses Thus
substituting one rule with another to give a different interpretation impact at most the rule
that describe®rocess Executigrwhile all other rules are not affected. This means, for
example, that we can produce several rules for giving different interpretaticdDatfut
Productionand combine them freely with any of the rules given above.

Hierarchy. SA models are usually decomposed in sets of hierarchically organized dia-
grams. The root is theontext diagranthat identifies the whole system and its interfaces;
leaf diagrams model primitive functional transformations. The hierarchical organization
helps users decompose the model and define the scope of designed components. Besides
this, SA-RT extensions use hierarchy to properly propagate control flows. Each diagram
can both have a local controller, that isDagram Controlthat selectively regulates pro-
cess activation, and be fully controlled by parent diagrams.

Hierarchical control is one of the most problematic aspects to be modeled with HLTPNs,
along with the “powerset” interpretation of input consumption illustrated above. In both
cases, the informal semantics of the diagram language (SA-RT) does not find correspond-
ing constructs in the semantic domain (HLTPNs). We have illustrated above how it is
possible to design building rules for the “powerset” interpretation taking advantage of the
power of programmable graph grammars. The modeling of hierarchical control presents
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additional challenges: Non-local elements that affect a set of elements whose number de-
pends on the depth of the decomposition hierarchy and thus is not bound a-priori.

We solve the problem by representing hierarchy with a set of nodes ofCtiggram
EachDiagramnode is connected throughbaedge to theDiagramnode it belongs to and
through ad (descendant) edge to all diagrams it is a descendanDiaigram nodes are
given semantics using markers of typdarker that mirror the abstract syntax model.

The marker that corresponds to the context diagram is introduced Byibmrule, which
is invocated to create an empty model. Markers that correspond to other diagrams are
introduced by ruleddd Diagram of Figure 19.

Diagram |

Ao |
d
d
Diagram

2.name = ?; 2.name = @2.name@ + "D";
2.type = "Diagram"; 2.type = "DMarker";
2.absNode = @2.name@;

(a) ASGG production (b) SGG production
D: DMarker, d: descendant, b: belong

Fig. 19. RuleAdd Diagram

The two productions add a neliagram marker (node?) as descendant of an already
existing marker (nod&). The newly added element belondsgdge) to the old one, and
is registered as descendatiedge) of allDiagrammarkers of which nod& was already a
descendant. Edges of tydeare not strictly necessary: All descendants of a marker could
be identified by following the hierarchy defined bedges, but the direct knowledge of the
descendants simplifies the rules to hierarchically propagate the control. The rules that give
semantics taControl Transformationgonnect a transition representing a control action
to the Process Executiosubnet of the current process, as well as of all the descendant
processes indirectly affected by the control. This simple trick allows us to easily model
the hierarchical propagation of control. This is an example of the power of the proposed
technique that can bridge significant gaps between the diagram notation and the formal
model: a hierarchical construct is rendered onto a flat model.

4. INTERPRETER GENERATOR

The approach proposed in this paper is the basis BfAENV, our prototype interpreter
generator. Similar to generators for lexical and syntactical analyzerd, dike Bison ,
andJavaCC, METAENV is a tool for deriving formal interpreters for different diagram no-
tations. Building and visualization rules, introduced in Section 2, are the basis for tailoring
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METAENYV for a particular diagram notation and a given interpretation. ddnesistency

framework defined in Section 3, is the basis for efficiently managing complex notation
families.

concrete

execution/debugging
parameter
user concrete
model visualization
SEMANTIC INTERPRETER v |
GENIRATOIR ( concrete/abstract interface )
T x ‘ Y ‘
building abstract abstract o4t abstract
i execution it debuggin
sequence anlm‘atlon A anlm‘atlon parar%%tegr
| building builder animator debugger

rule (GG intepreter)

rule
editor
<

buildi?_g/ nlogation
animation ibrary 3 4 4
rules (sets of visualization
formalization rule
rules)

visualization A A
rule

semantic model abstract
(HLTPN) model —

code generator S —

C abstract/semantic interface )

v !

C code

=== |

HLTPN
engine
(executor
analyzer)

Fig. 20. Architecture of MTAENV

METAENV is built around the architecture illustrated in Figure 20. Tbecrete/abstract
interfaceplugs METAENYV in an externaCASE tool The interface defines a two-way com-
munication channel: It transforms user models into suitable sequences of building rules and
abstract animations into concrete visualizations for the employed CASE toolICABE
Tool must be a service-based graphical editor [Reiss 1990], i.e., it must supply an API that
can be used to properly store, retrieve, and animate models.

The experiments described in Section 5 required extremely different efforts to deploy
and integrate MTAENV. For example, the integration with StP costed a lot of effort
for two main reasons: The notation, SA-RT, is complex and imposes that several details
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be taken into account. In addition, the proprietary language supplied to program the in-
teraction with the tool was complex and not user-friendly. Things become easier if we
only consider the identification of the right sequence of building rules and the creation
of HLTPNs. Most of the complexity relayed in the transformation of visualizations into
concrete animations. In contrast, this task was quite simple in all the cases where we de-
veloped the editor and thus we paid attention to the problem during the implementation of
the front-end. Besides the intrinsic complexity, the effort for transforming visualizations
into concrete animations also depends on the “observer” policy adopted. Needless to say,
the higher the number of rules is, the more complex the task becomes.

The concrete/abstract interfacean use different policies to transform models in se-
guences of invocations of building rules. The simplest solution is an on-line translation
that maps user actions into invocations of rules. Alternatively, the interface can adopt an
off-line approach that reads complete models and defines the sequence according to the
predefined partial order among building rules identified by the consistency framework. A
detailed analysis of the two approaches can be found in [Baresi 1997]. Roughly, in the first
case, we should define a rule for each user action supported by the tool. This also means
that we should have rules to delete elements since we can make mistakes or change our
mind. In contrast, if we adopt an off-line approach, the number of rules would be less than
in the previous case. We could decide how to scan the representation of diagrams supplied
by the tool and thus the rules that we need. Rules that delete elements are necessary only to
allow for incremental transformations, while would be useless if we think that we always
scan models from scratch.

The data flow in the opposite direction transforms abstract animations produced by an-
imation rules into concrete visualizations. Abstract animations describe visualizations of
notation elements in a tool-independent way. The interface adds all details that depend
on the particular tool. Differently from all the other components cfENV, the con-
crete/abstract interfacearies according to the employed CASE tool.

Thebuilder is a graph grammar interpreter that applies building rules, according to the
sequence supplied by the concrete interface, and builds both the abstract syntax model
and the semantic model, i.e., the HLTPN. Tdr@matoranddebuggerapply visualization
rules to firings and markings produced by the HLTPN engine. For examplanth®ator
transforms the execution of the HLTPN, that is, a sequence of firings, into a sequence of
abstract animations. Thiebuggerallows users to control the execution of their models
by setting break-points and watch-points, choosing step-by-step execution, and tracing the
simulation. Thadebuggetransforms debugging parameters in terms of constraints on the
sequence of abstract animations. A step-by-step execution is an execution that stops after
each abstract animation; a break point on a particular element of the model suspends the
execution at the first abstract animation that involves the selected element.

Thebuilder, animator, anddebuggeread their rules from theotation librarythat stores
all rules. Therule editor lets users define new rules through a graphical editor and pro-
cesses them to move from the graphical representation to the required textual format.

The code generatoautomatically produces ANSI C code from diagram models, using
both the semantic and abstract models. The semantic model provides the details to gen-
erate the C code; the abstract model provides the structure to split the code in meaningful
modules. The automatic derivation is based on special-purpose hard-coded rules that parse
the HLTPN to find particular patterns that are associated with the main constructs of the C
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language. Differently from other proposals (for example, [Arcom Control Systems 2002]),
which supply the code along with the abstract machine to execute it, our code generator
produces raw code to be compiled and linked using standard C compilers.

The abstract/semantic interfacglugs in aHLTPN enginethat executes and analyzes
the HLTPNSs obtained through the builder. Thlestract/semantic interfacadapts the in-
terface of METAENV to the chosen HLTPN engine. All experiments conducted so far used
CabernefPezz and Silva 1994] as HLTPN engine, but other engines could be plugged as
well.

METAENV requires two different classes of users. Domain experts are proficient in
the diagram notation and interact with the tool-set throughQASE toolto design their
models. They do not define new rules (interpretations), but do their experiments with
existing sets or define the requirements for new onesTAENV experts transform these
requirements into consistent and complete sets of rules. These users interact with the
tool-set through theule editor and must be proficient in HLTPNSs, building rules, and
visualization rules to be able to ascribe meaningful semantics.

The attempt to make the two classes of users become closer would require a simplified
way to specify rules. We have no general purpose approach so far, but we conducted some
experiments on particular notations. For example, the peculiarities of FBD allowed us to
supply users with a simplified HLTPN interface to let them define how blocks transform
inputs into outputs. In this case [Baresi et al. 2000], rules can be created by adding au-
tomatically the infrastructure that completes the HLTPN and makes it become a building
rule. This was possible because of the specialties of the notation, but in general we believe
that domain experts need some knowledge of the internals to fully exploit the approach.

5. EXPERIMENTAL VALIDATION

The approach has been validated by pluggingTWENV in different commercial and
special-purpose CASE tools for experimenting with various diagram notations. All con-
sidered CASE tools provide a service-based graphical editor pluggable taBiv.

The flexibility of the approach has been validated by experimenting with diagram lan-
guages with different characteristics. The prototype allowed for both adapting the interpre-
tation to changes of the considered notations and experimenting the rules by formalizing
and analyzing selected case studies. The cost of generating an interpreter for a given no-
tation using METAENV is measured with the number of rules required to formalize the
notation. The design of rules depends on both the difficulty of understanding the to-be-
formalized notation, along with the desired interpretation, and the familiarity with the ap-
proach. All considered notations include some difficult and several straightforward rules.
The formalization of notations speeded up while acquiring experience with the approach.

The main experiments conducted to validate the approach are summarized in Table 1,
which lists both notations and used CASE tools. More specifically, we experimented with:

Structured AnalysisStructured Analysis ([De Marco 1978]) has been chosen as one of
the richest notation families. The formalization of Structured Analysis comprises about
50 sets of rules Each set of rules comprises from one to five rules that provide different
interpretations of the same construct. A specific interpretation can be obtained by selecting

“The consistency framework of Figure 14 is only an excerpt of the complete framework that comprises some 50
elements.
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Table I. Summary of our experiments
Notation CASE tool Rules
Structured Analysis [De Marco 1978] StP [Interactive Development 50
Environments 1994]

FBD [Lewis 1998] MATLAB (*) [The Math- 40
Works Inc. 2000]

UML [Fowler and Scott 2003] Rose [IBM 2004] 20

Control Nets [Caloini et al. 1998] tel-tk (*) [Ousterhout 1993] 30

LEMMA [Baresi et al. 1997] tel-tk (*), Java (*) 11

(*) indicates special-purpose CASE tools implemented with the technology in-
dicated in the cell. ColumRulesindicates the approximate number of building
rules required for formalizing the diagram notation.

one rule from each of the 50 sets. Some interpretations do not require a rule from each set.
For example, about one third of the rules concerns the control model, which belongs to
the real-time extensions of Structured Analysis (SA-RT), thus such rules are not used for
formalizing “classical” Structured Analysis dialects. The consistency framework indicates
coherent subsets of rules. For example, all rules that deal with control aspects are rooted
in a single sub-hierarchy and can thus be ignored without affecting the other rules.

An interpretation of the SA-RT dialect proposed by Hatley and Pirbhai [Baresi 1997]
was used for modeling and analyzing the hard real-time component of a radar control
system by Alenia (The experiment was conducted within the ESPRIT IDERS Project —
EP8593). Details on the formalization of the SA family can be found in [Bove et al. 1996].

Control Nets. Control Nets have been defined for designing embedded control systems.
Control Nets enrich Petri nets with graphical elements that identify subnets to be reused in
further developments. The notation is open, i.e., new elements can be added to the set of
reusable components by defining their syntax, their external ports and the corresponding
HLTPNSs. The core elements of Control Nets were formalized with 30 rules. The CASE
tool obtained by integrating KITAENV with a special-purpose interface implemented in
TCL-TK was successfully used to model and analyze the control of a robot arm developed
by Comau. Details can be found in [Orso 1997].

Function Block Diagram.I[EC Function Block Diagram (FBD) is one of the graph-
ical languages proposed by the IEC standard 61131-3 [Lewis 1998] for designing pro-
grammable controllers. FBD was chosen because it presents new challenges. In particular
FBD is used at a lower abstraction level than Structured Analysis, and the IEC standard is
mostly limited to the syntax, while the semantics of components is highly programmable
to adapt the notation to different platforms and applications. Another interesting option of
FBD is the possibility of extending the notation by adding new elements (blocks).

We formalized the core FBD notation and the main libraries with about 40 rules. We
used a customized version of thdle editor for adding new libraries and modifying ex-
isting ones. The customized version of thie editorallows users to define new building
rules by simply indicating the interfaces of the new block and giving a HLTPN that models
the semantics. This way, new blocks can be added by users who are not familiar with graph
grammars and this facilitated the construction of libraries.

METAENV was interfaced with a special-purpose editor, PIDCIOR, developed within
MATLAB/SIMULINK. PLCE DITOR and METAENV are integrated through CORBA.
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Formally interpreted FBD was used to model and analyze controls of electrical motors
developed by Ansaldo (The experiment was conducted within the ESPRIT INFORMA
project — EP23163). Details on the formalization of FBD and the customidededitor

can be found in [Carmeli et al. 2000].

LEMMA. LEMMA, a Language for Easy Medical Model Analyses, was developed joint-
ly with the 4th Institute of General Surgery in Rome (Italy). Diagnosis processes are usu-
ally described informally, thus they are often misinterpreted and cannot be fruitfully ana-
lyzed. Formal notations represent a barrier for doctors who are not able to take advantage
from formal analysis.LEMMA conjugates the high expressiveness of diagram notations
with the rigor of formal methods necessary to simulate and analyze defined models.

We implemented two versions of th& MMA toolbox by plugging McTAENV in graph-
ical interfaces generated witftL-TK and Java. The toolbox was used at the 4th Institute
of General Surgery in Rome to model and analyze the diagnosis process of colon-rectal
cancer ([Baresi et al. 1997]).

UML. We also applied the approach to the Unified Modeling Language (UML) [Baresi
and Pez& 2001]. UML was chosen because the semantics, derived from the object-
oriented nature of the notation, includes aspects that radically differ from the hierarchical
approach of both SA and FBD. Moreover, the different diagram notations provided within
UML allow alternative descriptions of the same elements, thus raising consistency and
completeness issues. This led us to consider the UML meta-model as integration means,
choice that significantly impacted the representation of abstract syntax models.

The work aimed at analyzing mainly the dynamic behavior of UML models. HLTPNs
were used to animate and validate the dynamics of object interactions (mainly class, in-
teraction, and Statecharts diagrams). Static aspects (e.g., the consistency among classes)
were not covered by these experiments.

In this case, MTAENV was plugged in Rational Rose. The 20 rules we defined refer
to class, state and interaction diagrams only, and represent a subset of all rules needed
to formalize UML. They have been defined to empirically study both the applicability of
our approach to the elements that characterize object-oriented notations, and the suitability
of the approach to deal with multiple languages that define different aspects of the same
system. Details about the results can be found in [Baresi anceR&#HA ].

6. RELATED WORK

The problem of “interpreting” diagram notations through formal methods has been stud-
ied by several researchers who proposed different approaches for integrating formal and
informal notations [Broy et al. 1998].

As already pointed out, most of the preliminary work was on Structured Analysis. For
example, Semmens and Allen [Semmens and Allen 1990] complement De Marco-like
SA with Z, while Wing and Zaremski [Wing and Zaremski 1991] use Larch. De Marco-
like SA is supplemented also with object-oriented methodologies and VDM by Liu et al.
in [Liu et al. 1998]. Several interpretations are proposed also for SA-RT. For example,
the extension by Ward-Mellor (SA-WM) is formalized by France [France 1992], Fencott
et al. [Fencott et al. 1994], and Petersohn et al. [Petersohn et al. 1994]; the extension by
Hatley-Pirbhai (SA-HP) is studied by France and Wu [France and Wu 1995]; ESML is
analyzed by Shi and Nixon [Shi and Nixon 1996] and Richter and Maffeo [Richter and
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Maffeo 1993].

A wider approach is presented by Paige [Paige 1997a; 1997b], where several diagram
notations are addressed, . The proposed approach, caesdmethogdintegrates spec-
ification notations by using aeterogeneous basisvhich contains a set of formal and
informal notations along with all relationships among them. The meta-model is given by
defining fixed correspondences among formal models and by providing particular interpre-
tations of informal notations.

All these proposals exploit the formal model as a means to supply a single fixed formal
semantics to the considered diagram notation. None of them addresses the problem of the
backward mapping of analysis and simulation results.

More recently, some proposals concentrated on SDL [Fischer et al. 1995; Sherratt 2003)]
and many on UML. In some cases, like the pUML approach ([Evans and Kent 1999]) for
example, the goal is the static semantics of UML and dynamic aspects are often neglected.
Other approaches, in contrast, concentrate on the dynamic semantics, but they all address
only Statecharts diagrams and not the whole language. For example, Engels et al. [Engels
et al. 2001] use CSP (Communicating Sequential Processes [Hoare 1978]) to formally de-
fine the dynamic semantics, Kuske [Kuske 2001] uses graph transformation as a means to
define ad-hoc interpreters, TradiTrao€ 2000] exploits PVS, and Paltor and Lilius [Lilius
and Paltor 1999] utilize state term graphs. Only the last proposal describes a round-trip ap-
proach where the results of model checking are rendered visually on UML models. Quite
different is the proposal by Engels et al. [Engels et al. 1999] where UML interaction dia-
grams are transformed directly into Java code: The formalization remains implicit, but is
mandatory to define automatic translation mechanisms.

A notation-independent approach is supplied byNGED [Bardohl 2000], where a
diagram notation can be specified through three different graph grammarssyiita
grammardefines the actual syntax of the language, enough to implement a syntax-directed
editor. For free-hand editing, ENGED also requires parse grammarbut if users want
to simulate their models, they must provideienulation grammato specify how their
models behave when fed correctly.

Other proposals (for example, UPGRADEden et al. 2002], M GEN [Minas and
Koth 2000], and @ME [Honeywell 2000]) are mainly meta-CASE tools, which only sup-
port the capabilities of defining diagram languages, but do not support dynamic semantics
and thus related analysis capabilities.

A number of researchers propose parametric semantic models as means to customize
the dynamic semantics of diagram models. For example, Day and Joice use higher-order
logic [Day and Joyce 1999], Pezand Young propose hypergraph rules [Read Young
1997], Dillon and Stirewalt combine process algebras and temporal logic [Dillon and Stire-
walt 2003], Niu et al. introduce hierarchical state-transition machines [Niu et al. 2003].
These approaches focus directly on the formal model and make it become parametric; our
approach moves a step beyond and supplies rules to create the formal models. We do not
limit the choices on the formal model to some parameters, but we offer a more flexible
solution to address a wider set of solutions.

7. CONCLUSIONS

This paper proposes an approach and a supporting toolset for defining formal interpreters
for diagram notations. The approach is basedoitding rulesto create HLTPNs that
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are equivalent to diagram models, andualization ruleso map analysis and simulation
results from HLTPNs to proper visualizations of elements in diagram models.

The paper also extends the approach to interpret diagram notatioraa®n fami-
lies and supplies the concept obnsistency frameworto help ascribe formal dynamic
semantics to notation families and better scope changes in proposed interpretations.

The approach was validated througlreWAENV that supplies a general-purpose inter-
preter that can be tailored to a particular notation with two proper sets of rulesaliyv
was properly customized for special-purpose and well-known notations and produced in-
terpreters were employed to design several example models, from simple exercises to mod-
els of real industrial applications.
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A. HIGH-LEVEL TIMED PETRI NETS

Petri nets have been augmented with data and time in several ways. In our work we
used High-Level Timed Petri Nets (HLTPNSs), which were introduced by Ghezzi et al.
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in [Ghezzi et al. 1991].

HLTPNs are Petri nets, i.e., bipartite graphs, augmented with data and time. Tokens
are associated with both data values and timestamps. Values allow to model additional
characteristics of the application domain; the timestamp records the time of the token,
which is defined as the firing time of the transition that creates the token. Transitions are
associated with a predicate, an action, and a time-function. The predicate is evaluated on
both the values and timestamps of the input tokens, and indicates the condition that must
be verified to enable the transition. The action defines the values associated with the tokens
produced by the firings as a function of the values and timestamps of the tokens removed by
the firing. The time-function indicates the firing interval of the transition, i.e., its minimum
and maximum firing times expressed as functions over the values and timestamps of the
tokens removed by the firing.

METAENV associates a type with places and transitions to allow for statically analyzing
the compatibility of predicates, actions, and time-functions with the pre- and post-sets of
transitions, and thus avoiding annoying run-time problems. The type of places indicates the
type of the tokens that can mark the place. The type of transitions indicates the signature of
the associated predicates, actions, and time-functionsTAENV also sub-classes types
associated with places and transitions to better characterize them and ease the definition of
suitable visualization rules.

Figure 21 presents a simple HLTPN excerpted from the HLTPN of Figure 8(b). This net
describes the semantics of the first steps of the example clinical process: A patient with
symptoms that suggest pregnancy enters the process and undergoes a pregnancy test.

predicate::
acceptance.getSymptoms().pregnancy()

action:: ;

tMin:: enab + tMinEnterPreg

tMax:: enab + tMaxEnterPreg

class Patient({
private
Value value;
TimeInt timeStamp;
public enterPregnancy
Symptoms getSymptoms ()
boolean compare (testResult res)
void update (testResult res)

acceptance

predicate:: TRUE

action:: ;

tMin:: enab + tMinPregancyTest
tMax:: enab + tMaxPregancyTest

accepted

pregnacyTest

predicate:: testinProgress.compare(positive)
action:: pregnant = testinProgress.update(positive)
tMin:: enab

tMax:: enab

testinProgress

testPositive testNegatiye

pregnant notPregnant

predicate:: testinProgress.compare(negative)
action:: notPregnant = testinProgress.update(negative)
tMin:: enab
tMax:: enab

Fig. 21. A simple HLTPN

All five places havePatient  as super-type that contains the data to identify patients.
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Type Patient is partially given in the bottom part of Figure 21. The inscriptions in
places and transitions indicate the actual sub-type used by visualization rules. Transitions
are labelled for easy referencing. Arcs have weight 1, thus transitions can access at most
one token per place at a time. Consequently, predicates, actions and time-functions can
use the name of the place to refer to the token in that place. For example, the predicate
of transitionenterPregnancy  refers to methodjetSympthoms on the token in the

input place with namacceptance

The predicate of transitions is a boolean predicate. The special V&UHEdenotes
the constant predicate that does not restrict the set of enabling tokens. The predicate of
transitionenterPregnancy  selects the patient with pregnancy symptorascéep-
tance.getSymptoms().pregnancy()) 8. The predicates of transitiotsstPos-
itive  andtestNegative enable the transitions ffregnancyTest  produces posi-
tive or negative results, respectively.

Actions describe the modifications caused by the firing of transitions on input tokens.
The full specifications of produced tokens are only needed when transitions remove or
produce tokens with different types. The empty predicatendicates that the values
associated with created tokens are not modified by the firing, except for the timestamp. The
actions of transitiontestPositive andtestNegative modify fieldpregnant of
the created token with valysositive  or negative , respectively.

Time functions are given as pairs of functiotd/in, tMax) that compute the min-
imum and maximum firing times of the transitions. The special valngb indicates
the enabling time, i.e., the maximum among the times associated with the tokens con-
sidered for firing the transition. ConstantkdinEnterPreg , tMinPregnancyTest
tMaxEnterPreg , andtMaxPregnancyTest indicate the timings of the different ac-
tivities.

According to the strong time semantics used in this paper, a transition is enabled if it is
functionally enabled, i.e., the associated predicate evaluatesgcand if the firing time
interval is non empty:

(1) The minimum firing time is given by the maximum betweenttien associated with
the transition and the time of the last firing (this is to ensure monotonicity of time);

(2) The maximum firing time is given by the minimum of ttddax of all transitions that
are functionally enabled in the current marking (this is to ensure strong time semantics,
i.e., enabled transitions cannot be disabled by the firing of unrelated transitions).

For example, let us assume that after the last firing at time 2, we have three functionally
enabled transitions[1, T2, andT3, with the followingtMin andtMax: (1, 6), (3,4), and
(5, 8). TransitionT1is enabled betweehand4, in fact it cannot fire before the last firing
time (2), otherwise time would regress, and later than the maximum firing timeZét),
otherwise it would disable transitiof2 advancing time beyond the maximum firing time
for T2. This would contradict strong time semantics that forces transitions to fire within
their firing time interval. Transitiod2 is enabled betwee and4. TransitionT3is not
enabled in the current marking, since it cannot fire before fimtus its firing would
violate the strong time semantics by disabling transifi@(and possibly also transition
T1, as side effect of its firing).

8MethodsgetSymptoms andpregnancy are not explicitly given in the figure.

ACM Transactions on Software Engineering and Methodology, Vol. X, No. X, XX 20XX.



40 . Luciano Baresi and Mauro Pezze

The firing of a transition removes selected tokens from the pre-set and adds a token to
each place of the post-set with the values specified by the action and a timestamp chosen
among the possible firing times. In the examgMinEnterPreg  andtMinPreg-
nancyTest indicate the minimum and maximum times for accepting the patient, while
tMaxEnterPreg  andtMaxPregnancyTest indicate the minimum and maximum
times needed for a pregnancy test. TransitimsPositive andtestNegative
fire immediately, i.e., they present choices and not the termination of activities with a non-
null execution time.
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