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Overview

1.1 INTRODUCTION

This document contains a response to the Object Management Group’s UML 2.0 OCL RFP (document reference
ad/2000-09-03) for an updated specification of the Object Constraint Language, version 2.0. Thisversion is based
on the OCL definition as described in the UML 1.4 specification.

1.2 GOALS OF THE SUBMISSION

Obviously, the major goal's of this submission are to meet the regquirements outlined in the RFP mentioned above.
However no such undertaking is done without some additional goals in the area of improvement either in func-
tiondlity, clarity of definition or ease of use. This section then attempts to capture all of these goals as the team
itself defined them.

1.2.1 OCL 2.0 Metamodel

Today, OCL (up to, and including UML 1.4) has no metamodel, which makes it difficult to formally define the
integration with the UML metamodel. As a response to a direct RFP requirement the OCL 2.0 submission will
focus on the following.

= Define a MOF-compliant metamodel for OCL. This metamodel should define the concepts and semantics of
OCL and act as an abstract syntax for the language.

= (Re)define the OCL 1.4 syntactical definition, that is done by means of a grammar, as a concrete syntax
expressing the abstract syntax defined above.

= The separation between the metamode and the concrete syntax alows for aternative concrete syntaxes (e.g.
visual constraint diagrams).

1.2.2 OCL Expressibility and Usability

OCL lacks expressibility in severa areas. In the issues list of the UML 1.4 RTF a number of these issues have
been delayed until UML 2.0. The OCL 2.0 submission will review these issues and define a solution when appro-
priate.

e OCL iscurrently defined as alanguage for describing constraints. OCL 2.0 will specify the Object Constraint
Languages as a general object query language that can be used wherever expressions over UML models are
required.

OCL 2.0 INITIAL SUBMISSION VERSION 1.0 ,AuGusT 20,2001 1-1



OVERVIEW

< Additional conceptswill be added to OCL to allow for a more complete specification of components.

= Additional conceptswill be added to OCL to allow the specification of behavioral constraints. Thiswill allow,
e.g. to specify stimulus response rules.

= All concepts defined in OCL, whether they are already in UML 1.4 or newly added to OCL 2.0 will be con-
sistent with the concepts defined in the other two UML 2.0 submissions. This ensures that the three parts of
UML 2.0 will seamlessly fit together.

= Thesimplicity and usability requirements that the OCL 1.4 definition is built upon are the major guideline for
the OCL 2.0.

1.2.3 OCL Semantics
Precise semantics of OCL should be defined as much as feasible.

e The submission includes a normative mathematical based semantics for the abstract syntax. In the appendix a
non-normative description of this semantics is expressed, using UML itself.

The semantics of OCL not only defines semantics for boolean expressions, as required for using OCL as con-
straint language. It also defines semantics for the use of OCL as a general UML expression and query language.

1.3 DESIGN RATIONALE

This section describes design decisions that have been made during the development of the OCL 2.0 specification
according to the goals outlined above. These decisions usually reflect a change or major clarification with respect
to OCL 1.4. Therefore they are given here to guide the OCL user through the major differences between OCL 1.4
and 2.0.

1.3.1 Abstract syntax

1. Collections can be nested. Thisis different from OCL 1.4 where collections were always implicitly flattened.
Flattening was only applied to the collect and iterate operations in OCL. For the collect we now distinguish
two different operations:

= collectNested() which isidentical to the OCL 1.4 collect without flattening applied.
= flatten(), which flattens a nested collection.
= collect(), which isidentical to collectNested()->flatten()

The current syntax should retain the meaning of automatic flattening, because most OCL is currently written
in paper form only and this needs to be backward compatible.

2. Thetype OclExpression isremoved. Thisis not areal type and doesn’t fit well in the type system.

3. OclType (OclMetaType in the abstract syntax) isremoved. If the UML 2.0 Infrastructure will include areflec-
tion mechanism, OCL 2.0 will borrow the same mechanism to get access to the metalevel.

4. Although proposed, function types are not added to OCL. It will make the language more general, but thisis
(at least) one bridge too far for OCL 2.0.

5. The OCL type model follows the UML kernel type model as close as possible. Therefore the base type for
OCL has become Classifier from the UML kernel.

6. OCL should be extendible. We plan to (re)use any extension mechanism as described in the UML infrastruc-
ture submission.

7. We want to enable full use of OCL as a query language. Therefore the concept of Tupleis added to OCL.

OCL 2.0 INITIAL SUBMISSION VERSION 1.0 ,AuGusT 20,2001 1-2



OVERVIEW

1.3.2 Concrete syntax

1. Theconcrete syntax of OCL 2.0 is backwards compatible with OCL 1.4. This means at |east that any OCL 1.4
expression that is also valid in OCL 2.0 will have the same meaning.

2. The Abstract Syntax does not depend on Concrete Syntax.

3. The OCL 2.0 grammar looks very different from the OCL grammar in UML 1.4, but describes the same con-
crete syntax. The grammar has been derived directly from the abstract syntax. To understand how this gram-
mar was developed this section describes the rules that have been used. The reason for this approach is that we
wanted a concrete syntax that was easily mappable to the abstract syntax.

= Each metaclass becomes a non-terminal in the grammar. Every other grammar rule/symbol must be reach-
able from these.

= A superclass becomes a choice rule with all of its subclasses as a choice.
= For any leaf classtherules 2 - 5 apply

= |If asuperclass can have instances itself, a special "concrete”" Superclass non-terminal is added to the choice
as described at 1.

= Each type of each attribute becomes a token/symbol in the grammar.
= Each attribute becomes a non-terminal in the grammar with the type of the attribute as the production.
= Each association in the abstract syntax metamodel will get a specified direction.

= Each association-end at the target side of the association as specified by the direction becomes a non-termi-
nal in the grammar

< |f an associated classis’just areference’, but not being defined in the grammar, some other symbolic non-
terminal will be used. This rule is when the associated metaclass is not defined at the specified location in
the grammar, but only referenced. E.g. the association from VariableEpr to VariableDeclaration and the
associations from the different Model PropertyCallExp to their referredFeatures. In these cases a special
"lookup’ function needs to find the instance of the referred metaclass.

= Multiplicity in the abstract syntax metamodel are reflected directly in the grammar

1.3.3 Semantics

1. The semantic description is based on aformal mathematical model.
2. A description of the semanticsin UML is be used to clarify the mathematical semantics for readers familiar
with UML, but not with the mathematical formalism. It is placed in an appendix.

Thne equivalance of the two semantic descriptions has not been formally established. Wherever they are conflict-
ing, the description in section 5 (“ Semantics’) is normative.

1.3.4 OCL Standard Library

The so-called predefined types and operations in UML 1.4 are now defined as the OCL Standard Library. This
also includes al the standard instances of the metaclass IteratorExp. Note that the iterator operations are not nor-
mal operations in the abstract syntax, but a specialized construct.

1.4 COMPLIANCE TO THE RFP REQUIREMENTS

This section outlines the itemsin the RFP to be addressed and should act as a guide to the reader in understanding
how this submission meets the requirements of the RFP.

OCL 2.0 INITIAL SUBMISSION VERSION 1.0 ,AuGusT 20,2001 1-3



OVERVIEW

1.4.1 General Requirements

5.1.2; This specification of OCL includes detailed semantics and a normative formalism defining it's operational
behavior, sequencing and side-effects.

5.1.3; The inclusion of a normative formalism and the separation of abstract from concrete syntax does provide
both a complete and precise specification.

5.1.4; Although this specification does not provide any interfaces it does expect that the implementation of the
abstract syntax is mandatory and that the support for the canonical concrete syntax is mandatory in the absence of
any alternative substitutable implementation.

5.1.6; no known changesto any existing OMG specification.

5.1.10, 5.1.11; the separation of abstract and concrete syntax allows the flexibility for independent implementa-
tions of the concrete syntax to be substitutabl e for the canonical concrete syntax defined herein.

The following requirements are deemed irrelevant to the activity of defining the UML 2.0 OCL; 5.1.1, 5.1.5,
5.1.7,5.1.8,5.1.9,5.1.12, 5.1.13, 5.1.14.

The considerations outlined in section 5.2 (excepting 5.2.5) where not expressly accounted for in the devel op-
ment of this specification.

1.4.2 Specific Requirements - Mandatory

6.5.1; This submission clearly separates the abstract from concrete syntax and defines a metamodel and formal-
ism for the abstract syntax. This specification also provides a bi-directional mapping from the abstract syntax to
the defined canonical concrete syntax.

This submission attempts to provide backwards compatibility to the OCL defined in the UML 1.x family; how-
ever as there was no metamodel for OCL defined in those specifications this is only accomplished at the concrete
syntax level.

This submission does retire a minor language feature from the UML 1.x OCL specifications.

= Thetype OclType and the type ExpressionType have been removed. The operations that use the OclType are
till available to the OCL user, but mapped to a specia construct inb the abstract syntax. Therefore the OCL
user will not notice this change.

An XMI DTD for the OCL metamodel is provided as a normative appendix.

6.5.2; This submission, at it's very heart, provides a complete and formal metamodel (the abstract syntax) for the
OCL language.

1.4.3 Specific Requirements - Optional
6.6.2; This submission does provide a mathematically based, formalism for the abstract syntax.

This submission does provide certain additional features to the OCL language to improve it's expressive power,
these are clearly defined in the body of the document.
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1.4.4 Issues to be Discussed

6.7; The exchange of existing, and future, models that are annotated with constraints represented as stringsis not
affected by this specification.

In the area of compliance, thisinitial submission does not cover the requirements for, or the approach to compli-
ance testing of OCL implementations.

1.5 STRUCTURE OF THIS SUBMISSION

The document is divided into several sections.

Section 2 (“OCL Language Description”) gives an informal description of OCL in the style that has been used in
the UML 1.1 through 1.4. This section is not normative, but meant to be explanatory.

Section 3 (“Abstract Syntax”) describes the abstract syntax of OCL using a MOF compliant metamodel. Thisis
the same approach as used in the UML 1.4 and other UML 2.0 submissions. The metamodel is MOF compliant in
the sense that it only uses constructs that are defined in the MOF.

Section 4 (“Concrete Syntax”) describes the canonical concrete syntax using an attributed EBNF grammar. This
syntax is mapped onto the abstract syntax, achieving a compl ete separation between concrete and abstract syntax.

Section 5 (“Semantics’) describes the underlying semantics of OCL. This is done using a mathematical formal-
ism.
In section 6 (“The OCL Standard Library”) the OCL Standard Library is described. This definestype like Integer,

Boolean, etc. and all the collection types. OCL is not a stand-alone language, but an integral part of the UML. An
OCL expression needs to be placed within the context of aUML model.

Section 7 (“* The Use of Ocl Expressionsin the UML") describes a number of places within the UML where OCL
expressions can be used. Appendix B (“Interchange Format”) is currently a place holder for an interchange for-
mat, which can be defined along the same lines as XMI. Appendix A (“Semantics Described using UML")
describes an informal semantics for OCL. This appendix, however is not normative, but given to the readers who
need a non-mathematics description for the semantics of OCL.

1.6 EXPECTED CHANGES FOR THE FINAL SUBMISSION

Due to different reasons the specification of OCL, as described in this document, is not fully complete yet. This
section describes the major changes that we expect to make before the final submission. Apart from these, we
also expect to make minor changes to enhance the consistency and correctness of the specification.

We also expect to get feedback from the OMG Analysis and Design task force (ADTF) which will be taken
into account. Furthermore we are open to additional features, when we have the opportunity to add them properly.

Alignment with UML 2.0 Infrastructure

The specification in this document is fully based on the UML 1.4 definition. As such, this specification could
replace the OCL definition in UML 1.4. The integration with the UML metamodel takes place through a set of
metaclasses from the UML 1.4 that are referenced in the OCL abstract syntax metamodel.

In the final submission the references to UML 1.4 metaclasses should all be changed into references to UML
2.0 metacl asses.
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Pairs of Pre and Postconditions

Presently, the proposed use of OCL in UML considers pre- and post-conditions separately, while the OCL seman-
tics definition uses operation specifications (i.e., *pairs* of pre- and post-conditions). This needs to be unified,
including a clarification of how multiple pre- and/or post-conditions are merged into one operation specification.

References to Pre-values in Postconditions

Free mixing of referencesto pre and post state in post-condition navigation expressions may be difficult to imple-
ment for tool builders. A warning for tool builders shall be included.

Frame Conditions

A syntax and/or semantics might be defined to alow users of OCL to specify what is sometimes called "expres-
sion closure" or "frame condition". This means that it should be possible to state that a specification of an opera-
tion is complete and everything which is not explicitly mentioned by the postconditions has to stay unchanged.
Without such a mechanism, it is difficult to exclude that unexpected side effects of operations. As thisis not a
property of an OCL expression, but of the context where it is being used, this should be part of the (postcondi-
tion) context in section 7 (“The Use of Ocl Expressionsin the UML").

Concrete Syntax for Tuples
There is no concrete syntax yet for dealing with tuples. This needs to be added.

Flattening of Collections

The automatic flattening of collections in UML 1.4 is a deep flatten. We need to check whether the new "flat-
ten()" operation should be a shallow (which it currently is) or a deep flatten, or whether we need both.

Undefined

The undefined value should be handled properly. In the UML 1.4 OCL specification thisis too shallow. A literal
"Undefined" and/or an operation "isUndefined()" will probably be needed.

Collection Constructors
Collection congtructors are not handles in the abstract and the concrete syntax. This needs to be added.

Collection Operations

The collection operations in the standard library need to be checked for completeness. Additional operations
might be added.

Concrete Syntax for Context Declarations

The concrete syntax for context declarations from UML 1.4 OCL are not defined in thisinitial submission. This
concrete syntax needs to be added. It is expected to look identical to that of the UML 1.4 OCL specification.

OCL Language Description

Section 2 (“OCL Language Description”) is not complete with respect to newly added features as e.g. the action
clause, non-flattened collections, and tuples. This section needs to be updated to describe all OCL features.

Classifier Scoped Operations/Attributes

Features with Classifier scope are currently not supported in the abstract syntax. Theirsource isnot an expression,
but a Classifier. They need to be added to the abstract syntax.
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Formal Semantics of Action Expression

Theformal semantics of the Action expression is not covered yet. In the UML description of the semanticsin sec-
tion A.3.4 (“Action Expression Evaluations’) a definition can be found.

Formal Semantics of Qualified Associations
The semantics of qualified association sis not defined yet. This needs to be done.

Overlap in Chapters 5 (“Semantics”) and 6 (“The OCL Standard Library”)

Several of the operations defined in the OCL Standard Library are also defined in the semantics chapter. This
overlap will be resolved by removing these operations from the semantics section.

Index
Theindex isincomplete.
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OCL Language Description

This chapter introduces the Object Constraint Language (OCL), a formal language used to express constraints.
These typically specify invariant conditions that must hold for the system being modeled. Note that when the
OCL expressions are evaluated, they do not have side effects; i.e., their evaluation cannot alter the state of the cor-
responding executing system. UML modelers can use OCL to specify application-specific constraints in their
models.

2.1 WHy OCL?

A UML diagram, such as a class diagram, is typically not refined enough to provide all the relevant aspects of a
specification. There is, among other things, a need to describe additional constraints about the objects in the
model. Such constraints are often described in natural language. Practice has shown that thiswill always result in
ambiguities. In order to write unambiguous constraints, so-called formal languages have been developed. The
disadvantage of traditional formal languages is that they are usable to persons with a string mathematical back-
ground, but difficult for the average business or system modeler to use.

OCL has been developed to fill this gap. It isaformal language that remains easy to read and write. It has been
developed as a business modeling language within the IBM Insurance division, and has its roots in the Syntropy
method.

OCL is a pure expression language; therefore, an OCL expression is guaranteed to be without side effect.
When an OCL expression is evaluated, it simply returns a value. It cannot change anything in the model. This
means that the state of the system will never change because of the evaluation of an OCL expression, even though
an OCL expression can be used to specify a state change (e.g., in a post-condition).

OCL is not a programming language; therefore, it is not possible to write program logic or flow control in
OCL. You cannot invoke processes or activate non-query operations within OCL. Because OCL is a modeling
language in the first place, not everything in it is promised to be directly executable.

OCL isatyped language, so that each OCL expression has atype. To be well formed, an OCL expression must
conform to the type conformance rules of the language. For example, you cannot compare an Integer with a
String. Each Classifier defined within aUML model represents adistinct OCL type. In addition, OCL includes a
set of supplementary predefined types (these are described in section “The OCL Standard Library” on page 1).

As a specification language, all implementation issues are out of scope and cannot be expressed in OCL.

The evaluation of an OCL expression is instantaneous. This means that the states of objectsin a model cannot
change during evaluation.

2.1.1 Where to Use OCL

OCL can be used for anumber of different purposes:
= Asaquery language
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= To specify invariants on classes and typesin the class model

= To specify typeinvariant for Stereotypes

= To describe pre- and post conditions on Operations and Methods
= To describe Guards

= To specify constraints on operations

= for any expression over aUML model

2.2 INTRODUCTION

2.2.1 Legend
Text written in the courier typeface as shown below isan OCL expression.
'This is an 0OCL expression'

The context keyword introduces the context for the expression. The keyword inv, pre and post denote the stereo-
types, respectively «invariant», «precondition», and «postcondition», of the constraint. The actual OCL expres-
sion comes after the colon.

context TypeName inv:

"this is an OCL expression with stereotype <<invariant>> in the
context of TypeName' = 'another string'

In the examples. the keywords of OCL are written in boldface in this document. The boldface has no formal
meaning, but is used to make the expressions more readable in this document. OCL expressions are written using
ASCII characters only.

Wordsin Italics within the main text of the paragraphs refer to parts of OCL expressions.

2.2.2 Example Class Diagram
The diagram below is used in the examplesin this chapter.
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Bank «enumeration»
Sex
male
accountNumber:Integer female
0.1
customer
manager 0.*
Person - Company
- - managedCompanies
isMarried : Boolean name : String
isUnemployed : Boolean numberOfEmployees : Integer
b|rthpate . Date emp'oyee employer
age : Integer - —.*| stockPrice(): Real
firstName : String 0.. | -
lastName : String |
sex : Sex |
i (Date) : Int wife '
income(Date) : Integer
9 0.1 Job
husband | 0..1 title : String

startDate : Date
salary : Integer

|
Marriage

place : String
date : Date

Figure2-1 Class Diagram Example

2.3 RELATION TO THE UML METAMODEL

2.3.1 Self

Each OCL expression is written in the context of an instance of a specific type. In an OCL expression, the
reserved word sdlf is used to refer to the contextual instance. For instance, if the context is Company, then self
refersto an instance of Company.

2.3.2 Specifying the UML context

The context of an OCL expression within a UML model can be specified through a so-called context declaration
at the beginning of an OCL expression. The context declaration of the congtraints in the following sections is
shown.
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If the constraint is shown in a diagram, with the proper stereotype and the dashed lines to connect it to its con-
textual element, thereis no need for an explicit context declaration in the test of the constraint. The context decla-
ration is optional.

2.3.3 Invariants

The OCL expression can be part of an Invariant which is a Constraint stereotyped as an «invariant». When the
invariant is associated with a Classifier, the latter is referred to as a “type” in this chapter. An OCL expression is
an invariant of the type and must be true for al instances of that type at any time. (Note that all OCL expressions
that express invariants are of the type Boolean.)

For example, if in the context of the Company type in Figure 2-1 , the following expression would specify an
invariant that the number of employees must always exceed 50:

self.numberOfEmployees > 50

where self is an instance of type Company. (We can view self as the object from where we start the expression.)
This invariant holds for every instance of the Company type.

The type of the contextual instance of an OCL expression, which is part of an invariant, iswritten with the con-
text keyword, followed by the name of the type as follows. The label inv: declares the constraint to be an «invari-
ant» constraint.

context Company inv:
self.numberOfEmployees > 50

In most cases, the keyword self can be dropped because the context is clear, asin the above examples. As an alter-
native for self, adifferent name can be defined playing the part of self:

context ¢ : Company inv:
c.numberOfEmployees > 50

Thisinvariant is equivalent to the previous one.

Optionally, the name of the constraint may be written after the inv keyword, allowing the constraint to be refer-
enced by name. In the following example the name of the constraint is enoughEmployees. In the UML meta-
model, this name s an attribute of the metaclass Constraint that is inherited from Model Element.

context ¢ : Company inv enoughEmployees:
c.numberOfEmployees > 50

2.3.4 Pre- and Postconditions

The OCL expression can be part of a Precondition or Postcondition, corresponding to «precondition» and «post-
condition» stereotypes of Constraint associated with an Operation or Method. The contextual instance self thenis
an instance of the type which owns the operation or method as a feature. The context declaration in OCL usesthe
context keyword, followed by the type and operation declaration. The stereotype of constraint is shown by putting
the labels ‘pre:’ and ‘post:’ before the actual Preconditions and Postconditions

context Typename::operationName(paraml : Typel, ... ): ReturnType

pre : paraml > ...
post: result = ...

The name self can be used in the expression referring to the object on which the operation was called. The reser-
ved word result denotes the result of the operation, if there is one. The names of the parameters (paraml) can also
be used in the OCL expression. In the example diagram, we can write:

context Person::income(d : Date) : Integer
post: result = 5000

Optionally, the name of the precondiation or postcondition may be written after the pre or post keyword, allowing
the constraint to be referenced by name. In the following example the name of the precondition is parameter Ok
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and the name of the postcondition is resultOk. In the UML metamodel, these names are attributes of the meta-
class Congtraint that is inherited from Model Element.
context Typename::operationName(paraml : Typel, ... ): ReturnType

pre parameterOk: paraml > ...
post resultOk: result = ...

2.3.5 Package context

The above context declaration is precise enough when the package in which the Classifier belongsis clear from
the environment. To specify explicitly in which package invariant, pre or postcondition Constraints belong, these
constraints can be enclosed between 'package’ and 'endpackage’ statements. The package statements have the syn-
tax:

package Package::SubPackage

context X inv:

. some invariant ...
context X::operationName(..)
pre: ... some precondition ...

endpackage

An OCL file (or stream) may conatin any number package statements, thus allowing all invariant, preconitions
and postconditions to be written down and stored in onefile. Thisfile may co-exist with aUML model as a sepa-
rate entity.

2.3.6 General Expressions

Any OCL expression can be used as the value for an attribute of the UML metaclass Expression or one of its sub-
types. In that case, the semantics section describes the meaning of the expression.

2.4 BASIC VALUES AND TYPES

In OCL, a number of basic types are predefined and available to the modeler at all time. These predefined value
types are independent of any object modd and part of the definition of OCL.

The most basic valuein OCL is avalue of one of the basic types. Some basic types used in the examplesin this
document, with corresponding examples of their values, are shown in Table 1.

type values

Bool ea true, false
n

I nt ege 1, -5, 2, 34, 26524,
r

Real 1.5, 3.14,
String "To be or not to be...’'

Table 1. Basic Types

OCL defines a number of operations on the predefined types. Table 2. gives some examples of the operations on
the predefined types. See 6.3 (“Primitive Types’) for acomplete list of all operations.

The completelist of operations provided for each type is described at the end of this chapter. Collection, Set, Bag
and Sequence are basic types as well. Their specifics will be described in the upcoming sections.
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type operations

I nt eger * 4+, -, [, abs()

Real * o+, -, [, floor()

Bool ean and, or, xor, not, inplies, if-then-else
String t oUpper (), concat ()

Table 2. Operations on predefined types

2.4.1 Types from the UML Model

Each OCL expression is written in the context of a UML model, a number of classifiers (types/classes, ...), their
features and associations, and their generalizations. All classifiers from the UML model are types in the OCL
expressions that are attached to the model.

2.4.2 Enumeration Types

Enumerations are Datatypes in UML and have a name, just like any other Classifier. An enumeration defines a
number of enumeration literals, that are the possible values of the enumeration. Within OCL one can refer to the
value of an enumeration. When we have Datatype named Sex with values ‘femal€' or 'male’ they can be used as
follows:

context Person inv: sex = Sex::male

2.4.3 Let Expressions and «definition» Constraints

Sometimes a sub-expression is used more than once in a constraint. The let expression alows one to define an
attribute or operation which can be used in the constraint.

context Person inv:

let income : Integer = self.job.salary->sum()

let hasTitle(t : String) : Boolean =
self.job->exists(title = t) 1in
if isUnemployed then
self.income < 100
else
self.income >= 100 and self.hasTitle( ‘manager’)
endif

A let expression may be included in an invariant or pre- or postcondition. It isthen only known within this speci-
fic constraint. To enable reuse of let variables/operations one can use a Constraint with the stereotype «defini-
tion», in which let variables/operations are defined. This «definition» Constraint must be attached to a Classifier
and may only contain let definitions. All variables and operations defined in the «definition» constraint are
known in the same context as where any property of the Classifier can be used. In essence, such variables and
operations are psuedo-attributes and psuedo-operations of the classifier. They are used in an OCL expression in
exactly the same way as attributes or operations are used. The textual notation for a «definition» Constraint uses
the keyword ‘def’ as shown below:

context Person def:

let income : Integer = self.job.salary->sum()

let hasTitle(t : String) : Boolean =
self.job->exists(title

t)

The names of the attributes / operationsin alet expression may not conflict with the names of respective attribu-
tes/associationEnds and operations of the Classifier. Also, the names of all let variables and operations connected
with a Classifier must be unique.
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2.4.4 Type Conformance

OCL is atyped language and the basic value types are organized in a type hierarchy. This hierarchy determines
conformance of the different types to each other. You cannat, for example, compare an Integer with a Boolean or
a String.

An OCL expression in which all the types conform is a valid expression. An OCL expression in which the
types don’t conform is an invalid expression. It contains a type conformance error. A type typel conformsto a
type type2 when an instance of typel can be substituted at each place where an instance of type? is expected. The
type conformance rules for types in the class diagrams are simple.

= Each type conformsto each of its supertypes.
= Type conformanceis transitive: if typel conformsto type2, and type2 conforms to type3, then typel conforms
to type3.

The effect of thisis that a type conforms to its supertype, and all the supertypes above. The type conformance
rulesfor the value types are listed in table 3.

Type Conforms to/Is a subtype of
Set (T) Col I ection(T)

Sequence(T) Col I ection(T)

Bag(T) Col I ection(T)

I nt eger Real

Table 3. Type conformance rules

The conformance relation between the collection types only holds if they are collections of element types that
conform to each other. See “Collection Type Hierarchy and Type Conformance Rules’ on page -16 for the com-
plete conformance rules for collections.

Table 0-1 provides examples of valid and invalid expressions.

OCL expression valid explanation

1+ 2 * 34 yes

1 + '"notorcycle' no type String does not conform to type Integer
23 * false no type Boolean does not conform to Integer
12 + 13.5 yes

Table 0-1 Valid expressions

2.4.5 Re-typing or Casting

In some circumstances, it is desirable to use a property of an object that is defined on a subtype of the current
known type of the object. Because the property is not defined on the current known type, this results in a type
conformance error.

When it is certain that the actual type of the object is the subtype, the abject can be re-typed using the opera-
tion ocl AsType(Ocl Type). This operation results in the same object, but the known type is the argument Ocl Type.
When there is an object abject of type Typel and Type2 is another type, it is allowed to write:

object.oclAsType(Type2) --- evaluates to object with type Type?

An object can only be re-typed to one of its subtypes; therefore, in the example, Type2 must be a subtype of
Typel.

If the actual type of the object is not a subtype of the type to which it is re-typed, the expression is undefined
(see “Undefined Values’ on page -9).
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2.4.6 Precedence Rules

The precedence order for the operations, starting with highest precedence, in OCL is:
e @pre

= dot and arrow operations: ‘. and ‘->’
= unary ‘not’ and unary minus ‘-’

e “* and'/

= '+ andbinary ‘-’

= ‘if-then-else-endif’

e > g >

e = I

e ‘and’, ‘or’ and ‘xor’

* ‘implies

Parentheses ‘(" and ‘)’ can be used to change precedence.

2.4.7 Use of Infix Operators

The use of infix operatorsis allowed in OCL. The operators ‘+’, ‘=", “*’. ‘[, ‘<", '>' <>’ '<=" '>=" gre used as
infix operators. If atype defines one of those operators with the correct signature, they will be used asinfix oper-
ators. The expression:

atb
is conceptually equal to the expression:
a.+(b)

that is, invoking the ‘+' operation on a with b as the parameter to the operation.
The infix operators defined for a type must have exactly one parameter. For the infix operators ‘<', ‘>, ‘<=,
‘>=' ‘<>’ fand’, for’, and ‘xor’ the return type must be Boolean.

2.4.8 Keywords

Keywordsin OCL are reserved words. That means that the keywords cannot occur anywhere in an OCL exopres-

sion as the name of a package, atype or a property. Thelist of keywords is shown below:
if
then
else
endif
not
let
or
and
xor
implies
endpackage
package
context
def
inv
pre
post
in
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2.4.9 Comment

Commentsin OCL are written following two successive dashes (minus signs). Everything immediately following
the two dashes up to and including the end of line is part of the comment. For example:

- this is a comment

2.4.10 Undefined Values

Comment — Needsto be changed to OCL 2.0

Whenever an OCL expression is being evaluated, there is a possibility that one or more of the queries in the
expression are undefined. If thisisthe case, then the complete expression will be undefined.
There are two exceptions to this for the Boolean operators:

e True OR-ed with anything is True
e False AND-ed with anything is False

The above two rules are valid irrespective of the order of the arguments and the above rules are valid whether or
not the value of the other sub-expression is known.

2.5 OBJECTS AND PROPERTIES

OCL expressions can refer to Classifiers, e.g. types, classes, interfaces, associations (acting as types) and
datatypes. Also all attributes, association-ends, methods, and operations without side-effects that are defined on
these types, etc. can be used. In a class model, an operation or method is defined to be side-effect-free if the
isQuery attribute of the operations is true. For the purpose of this document, we will refer to attributes, associa-
tion-ends, and side-effect-free methods and operations as being properties. A property is one of:

= an Attribute

= an AssociationEnd

= an Operation with isQuery being true

= aMethod with isQuery being true

2.5.1 Properties

The value of a property on an object that is defined in a class diagram is specified by a dot followed by the name
of the property.

context AType inv:
self.property

If self isareference to an object, then self.property is the value of the property property on self.

2.5.2 Properties: Attributes
For example, the age of a Person iswritten as self.age:

context Person inv:
self.age > 0

The value of the subexpression self.age is the value of the age attribute on the particular instance of Person iden-
tified by self. The type of this subexpression is the type of the attribute age, which is the basic type Integer.
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Using attributes, and operations defined on the basic value types, we can express calculations etc. over the
class model. For example, a business rule might be “the age of a Person is always greater than zero.” This can be
stated as shown in the invariant above.

2.5.3 Properties: Operations

Operations may have parameters. For example, as shown earlier, a Person object has an income expressed as a
function of the date. This operation would be accessed as follows, for a Person aPerson and a date aDate:

aPerson.income(aDate)

The operation itself could be defined by a postcondition constraint. This is a constraint that is stereotyped as
«postcondition». The object that is returned by the operation can be referred to by result. It takes the following
form:

context Person::income (d: Date) : Integer
post: result = age * 1000

The right-hand-side of this definition may refer to the operation being defined (i.e., the definition may be recur-
sive) aslong asthe recursion is not infinite. The type of result is the return type of the operation, which is Integer
in the above example.

To refer to an operation or amethod that doesn’t take a parameter, parentheses with an empty argument list are
mandatory:

context Company inv:
self.stockPrice() > 0

2.5.4 Properties: Association Ends and Navigation

Starting from a specific object, we can navigate an association on the class diagram to refer to other objects and
their properties. To do so, we navigate the association by using the opposite association-end:

object.rolename

The value of this expression is the set of objects on the other side of the rolename association. If the multiplicity
of the association-end has a maximum of one (“0..1" or “1"), then the value of this expression isan object. In the
example class diagram, when we start in the context of a Company (i.e., self is an instance of Company), we can
write:

context Company
inv: self.manager.isUnemployed = false
inv: self.employee->notEmpty()

In the first invariant self.manager is a Person, because the multiplicity of the association is one. In the second
invariant self.employee will evaluate in a Set of Persons. By default, navigation will result in a Set. When the
association on the Class Diagram is adorned with { ordered}, the navigation results in a Sequence.

Collections, like Sets, Bags, and Sequences are predefined types in OCL. They have alarge number of prede-
fined operations on them. A property of the collection itself is accessed by using an arrow ‘->’ followed by the
name of the property. The following example is in the context of a person:

context Person inv:
self.employer->size() < 3

This applies the size property on the Set self.employer, which results in the number of employers of the Person
self.

context Person inv:
self.employer->iskmpty()

This applies the isEmpty property on the Set self.employer. This evaluates to true if the set of employersis empty
and false otherwise.
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Missing Rolenames

When arolenameis missing at one of the ends of an association, the name of the type at the association end, start-
ing with alowercase character, is used as the rolename. If this results in an ambiguity, the rolename is mandatory.
This is the case with unnamed rolenames in reflexive associations. If the rolename is ambiguous, then it cannot
be used in OCL.

Navigation over Associations with Multiplicity Zero or One

Because the multiplicity of the role manager is one, self. manager is an object of type Person. Such a single object
can be used as a Set aswell. It then behaves asif it isa Set containing the single object. The usage asaset is done
through the arrow followed by a property of Set. Thisis shown in the following example:

context Company inv:
self.manager->size() =1

The sub-expression self.manager is used as a Set, because the arrow is used to access the size property on Set.
This expression eva uates to true.
The following example shows how a property of a collection can be used.

context Company inv:
self.manager->foo

The sub-expression self.manager is used as Set, because the arrow is used to access the foo property on the Set.
This expression isincorrect, because foo is not a defined property of Set.

context Company inv:
self.manager.age> 40

The sub-expression self.manager is used as a Person, because the dot is used to access the age property of Person.
In the case of an optional (0..1 multiplicity) association, this is especially useful to check whether there is an
object or not when navigating the association. In the example we can write:

context Person inv:
self.wife->notEmpty() implies self.wife.sex = Sex::female

Combining Properties

Properties can be combined to make more complicated expressions. An important ruleisthat an OCL expression
always evaluates to a specific object of a specific type. After obtaining a result, one can always apply another
property to the result to get a new result value. Therefore, each OCL expression can be read and evaluated left-to-
right.

Following are some invariants that use combined properties on the example class diagram:

[1] Married people are of age >= 18

context Person inv:
self.wife->notkmpty() implies self.wife.age >= 18 and
self.husband->notEmpty() implies self.husband.age >= 18

[2] acompany has at most 50 employees

context Company inv:
self.employee->size() <= 50

2.5.5 Navigation to Association Classes

To specify navigation to association classes (Job and Marriage in the example), OCL uses a dot and the name of
the association class starting with alowercase character:

context Person inv:
self.job
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The sub-expression self.job evaluates to a Set of all the jobs a person has with the companies that are his/her
employer. In the case of an association class, there is no explicit rolename in the class diagram. The name job
used in this navigation is the name of the association class starting with a lowercase character, similar to the way
described in the section “Missing Rolenames’ above.

In case of arecursive association, that is an association of a class with itself, the name of the association class
aloneis not enough. We need to distinguish the direction in which the association is havigated as well as the name
of the association class. Take the following model as an example.

Person bosses
age -
EmployeeRanking
employees* - — — — ~ score

Figure2-2 Navigating recursive association classes

When navigating to an association class such as employeeRanking there are two possibilities depending on the
direction. For instance, in the above example, we may navigate towards the employees end, or the bosses end. By
using the name of the association class alone, these two options cannot be distinguished. To make the distinction,
the rolename of the direction in which we want to navigate is added to the association class name, enclosed in
square brackets. In the expression

context Person inv:
self.employeeRanking[bosses]->sum() > 0

the self.employeeRanking[ bosses] evaluates to the set of EmployeeRankings belonging to the collection of bos-
ses. And in the expression

context Person inv:
self.employeeRankinglemployees]->sum() > 0

the self.employeeRanking[ employees] evaluates to the set of EmployeeRankings belonging to the collection of
employees. The unqualified use of the association class name is not allowed in such arecursive situation. Thus,
the following exampleisinvalid:

context Person inv:
self.employeeRanking->sum() > 0 -- INVALID!

In anon-recursive situation, the association class hame alone is enough, although the qualified version is allowed
aswell. Therefore, the examples at the start of this section could aso be written as:

context Person inv:
self.joblemployer]

2.5.6 Navigation from Association Classes

We can navigate from the association class itself to the objects that participate in the association. This is done
using the dot-notation and the role-names at the association-ends.
context Job

inv: self.employer.numberOfEmployees >= 1
inv: self.employee.age > 21

Navigation from an association class to one of the objects on the association will always deliver exactly one
object. Thisisaresult of the definition of AssociationClass. Therefore, the result of this navigation is exactly one
object, although it can be used as a Set using the arrow (->).
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2.5.7 Navigation through Qualified Associations

Qualified associations use one or more qualifier attributes to select the objects at the other end of the association.
To navigate them, we can add the values for the qualifiers to the navigation. This is done using sgquare brackets,
following the role-name. It is permissible to leave out the qualifier values, in which case the result will be all
objects at the other end of the association.

context Bank inv:
self.customer

This results in a Set(Person) containing all customers of the Bank.

context Bank inv:
self.customer[8764423]

This results in one Person, having accountnumber 8764423.
If thereis more than one qualifier attribute, the values are separated by commas, in the order which is specified
inthe UML classmodel. It is not permissible to partially specify the qudifier attribute values.

2.5.8 Using Pathnames for Packages

Within UML, different types are organized in packages. OCL provides a way of explicitly referring to typesin
other packages by using a package-pathname prefix. The syntax is a package name, followed by a double colon:

Packagename::Typename
This usage of pathnames is transitive and can also be used for packages within packages:

Packagenamel::Packagename?2::Typename

2.5.9 Accessing overridden properties of supertypes

Whenever properties are redefined within a type, the property of the supertypes can be accessed using the
oclAsType() operation. Whenever we have a class B as a subtype of class A, and a property pl of both A and B,
we can write:

context B inv:
self.oclAsType(A).pl -- accesses the pl property defined in A
self.pl -- accesses the pl property defined in B

Figure 0-1 shows an example where such a construct is needed.

source |
*

ModelElement | tage

*

JAN

Note Dependency

vaue: Uninterpreted

Figure 0-1 Accessing Overridden Properties Example
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In this model fragment there is an ambiguity with the OCL expression on Dependency:

context Dependency inv:
self.source <> self

This can either mean normal association navigation, which is inherited from ModelElement, or it might aso
mean navigation through the dotted line as an association class. Both possible navigations use the same role-
name, so thisis always ambiguous. Using ocl AsType() we can distinguish between them with:

context Dependency

inv: self.oclAsType(Dependency).source
inv: self.oclAsType(ModelElement).source

2.5.10 Predefined properties on All Objects

There are several properties that apply to all objects, and are predefined in OCL. These are:

oclIsTypeOf(t : 0clType) : Boolean
oclIsKindOf(t : 0clType) : Boolean
oclInState(s : OclState) : Boolean
oclIsNew() : Boolean

oclAsType(t : 0OclType) : instance of OclType

The operation is ocl TypeOf resultsin true if the type of self and t are the same. For example:

context Person
inv: self.oclIsTypeOf( Person ) -- s true
inv: self.oclIsTypeOf( Company) -- s false

The above property deals with the direct type of an object. The ocllsKindOf property determines whether t is
either the direct type or one of the supertypes of an object.

The operation oclInState(s) results in true if the object isin the state s. Values for s are the names of the states
in the statemachine(s) attached to the Classifier of object. For nested states the statenames can be combined using
the double colon ‘::’ .

In the example statemachine above, values for s can be On, Off, Off:: Standby, Off::NoPower. If the classifier of
object has the above associated statemachine valid OCL expressions are:

On)

0ff)
0ff::Standby)
Off:NoPower)

object.oclInState
object.oclInState
object.oclInstate
object.oclInState

—~ o~ o~ —~

If there are multiple statemachines attached to the object’s classifier, then the statename can be prefixed with the
name of the statemachine containing the state and the double semicolon ::, as with nested states.

The operation oclIsNew evaluates to true if, used in a postcondition, the object is created during performing the
operation. i.e., it didn’t exist at precondition time.
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2.5.11 Features on Classes Themselves

All properties discussed until now in OCL are properties on instances of classes. The types are either predefined
in OCL or defined in the class model. In OCL, it is also possible to use features defined on the types/classes
themselves. These are, for example, the class-scoped features defined in the class model. Furthermore, several
features are predefined on each type.

A predefined feature on each type is alllnstances, which results in the Set of all instances of the type in exist-
ence at the specific time when the expression is evaluated. If we want to make sure that all instances of Person
have unigue names, we can write:

context Person inv:

Person.allInstances()->forAl1(pl, p2 |
pl <> p2 implies pl.name <> p2.name)

The Person.alllnstances() is the set of all personsand is of type Set(Person). It isthe set of all personsthat exist at
the snapshot in time that the expression is evaluated.

NB: The use of allInstances has some problems and its use is discouraged in most cases. The first problem is
best explained by looking at the types like Integer, Real and String. For these types the meaning of alllnstancesis
undefined. What does it mean for an Integer to exist? The evaluation of the expression Integer.alllnstances()
resultsin an infinite set and is therefore undefined within OCL. The second problem with allInstances is that the
existence of objects must be considered within some overall context, like a system or amodel. This overall con-
text must be defined, which is not done within OCL. A recommended styleisto model the overall contextual sys-
tem explicitly as an abject within the system and navigate from that object to its containing instances without
using alllnstances.

2.5.12 Collections

Single navigation results in a Set, combined navigations in a Bag, and navigation over associations adorned with
{ordered} resultsin a Sequence. Therefore, the collection types play an important role in OCL expressions.

Thetype Collection is predefined in OCL. The Collection type defines alarge number of predefined operations
to enable the OCL expression author (the modeler) to manipulate collections. Consistent with the definition of
OCL as an expression language, collection operations never change collections; isQuery is aways true. They
may result in a collection, but rather than changing the origina collection they project the result into anew one.

Collection is an abstract type, with the concrete collection types as its subtypes. OCL distinguishes three dif-
ferent collection types: Set, Sequence, and Bag. A Set is the mathematical set. It does not contain duplicate ele-
ments. A Bag is like a set, which may contain duplicates (i.e., the same element may be in a bag twice or more).
A Sequenceis like a Bag in which the elements are ordered. Both Bags and Sets have no order defined on them.
Sets, Sequences, and Bags can be specified by aliteral in OCL. Curly brackets surround the elements of the col-
lection, elements in the collection are written within, separated by commas. The type of the collection is written
before the curly brackets:

Set {1, 2,5, 88}

Set { 'apple' , 'orange', 'strawberry' }
A Sequence:

Sequence { 1, 3, 45, 2, 3}

Sequence { 'ape', 'nut' }
A bag:

Bag {1 , 3 , 4, 3, 5}

Because of the usefulness of a Sequence of consecutive Integers, there is a separate literal to create them. The ele-
ments inside the curly brackets can be replaced by an interval specification, which consists of two expressions of
type Integer, Int-exprl and Int-expr2, separated by ‘..". This denotes all the Integers between the values of Int-
exprl and Int-expr2, including the values of Int-expr1 and Int-expr2 themselves:
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Sequence{ 1..(6 + 4) }

Sequence{ 1..10 }

- are both identical to

Sequence{ 1, 2, 3, 4, 5, 6, 7, 8, 9, 10 }

The complete list of Collection operationsis described at the end of this chapter.
Collections can be specified by aliteral, as described above. The only other way to get a collection is by navi-
gation. To be more precise, the only way to get a Set, Sequence, or Bagis:

1. aliteral, thiswill result in a Set, Sequence, or Bag:

Set {r,2,3,5,7,11, 13, 17 }
Sequence (1 , 2, 3,5, 7,11, 13, 17 }
Bag {1, 2, 3, 2, 1}

2. anavigation starting from a single object can result in a collection:

context Company inv:
self.employee

3. operations on collections may result in new collections:

collectionl->union(collection?)

2.5.13 Collections of Collections

Comment — Needsto be changed to OCL 2.0

Within OCL, all Callections of Collections are flattened automatically; therefore, the following two expressions
have the same value:

Set{ Set{l, 2}, Set{3, 4}, Set{5, 6} |
Set{ 1, 2, 3, 4, 5, 6 }

J

2.5.14 Collection Type Hierarchy and Type Conformance Rules

In addition to the type conformance rules in “ Type Conformance” on page -7, the following rules hold for al
types, including the collection types:

= Thetypes Set (X), Bag (X) and Sequence (X) are all subtypes of Collection (X).

Type conformance rules are as follows for the collection types:

= Typel conforms to Type2 when they are identical (standard rule for all types).

= Typel conforms to Type2 when it is a subtype of Type2 (standard rule for al types).

= Caollection(Typel) conformsto Collection(Type2), when Typel conforms to Type2.

= Type conformance is transitive: if Typel conforms to Type2, and Type2 conforms to Type3, then Typel con-
forms to Type3 (standard rule for all types).

For example, if Bicycle and Car are two separate subtypes of Transport:

Set(Bicycle) conformsto Set(Transport)
Set(Bicycle) conformsto Collection(Bicycle)
Set(Bicycle) conformsto Collection(Transport)

Note that Set(Bicycle) does not conform to Bag(Bicycle), nor the other way around. They are both subtypes of
Collection(Bicycle) at the same level in the hierarchy.
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2.5.15 Previous Values in Postconditions

As stated in “Pre- and Postconditions’ on page -4, OCL can be used to specify pre- and post-conditions on oper-
ations and methodsin UML. In apostcondition, the expression can refer to two sets of values for each property of
an object:

= thevaue of aproperty at the start of the operation or method
= thevaue of a property upon completion of the operation or method

The value of aproperty in a postcondition is the value upon completion of the operation. To refer to the value of a
property at the start of the operation, one has to postfix the property name with the keyword ‘ @pre':

context Person::birthdayHappens()
post: age = age@pre + 1

The property age refers to the property of the instance of Person on which executes the operation. The property
age@pre refersto the value of the property age of the Person that executes the operation, at the start of the opera-
tion.

If the property has parameters, the * @pre' is postfixed to the propertyname, before the parameters.

context Company::hirekmployee(p : Person)
post: employees = employees@pre->including(p) and
stockprice() = stockprice@pre() + 10

The above operation can also be specified by a postcondition and a precondition together:

context Company::hireEmployee(p : Person)
pre : not employee->includes(p)
post: employees->includes(p) and

stockprice() = stockprice@pre() + 10

When the pre-value of a property evaluates to an object, all further properties that are accessed of this object are
the new values (upon completion of the operation) of this abject. So:

a.b@pre.c -- takes the old value of property b of a, say x
- and then the new value of c of x.
a.b@pre.c@re-- takes the old value of property b of a, say x
- and then the old value of c of x.

The* @pre’ postfix is alowed only in OCL expressions that are part of a Postcondition. Asking for a current pro-
perty of an object that has been destroyed during execution of the operation results in Undefined. Also, referring
to the previous value of an object that has been created during execution of the operation results in Undefined.

2.6 COLLECTION OPERATIONS

OCL defines many operations on the collection types. These operations are specifically meant to enable aflexible
and powerful way of projecting new collections from existing ones. The different constructs are described in the
following sections.

2.6.1 Select and Reject Operations

Sometimes an expression using operations and navigations delivers a collection, while we are interested only in a
special subset of the collection. OCL has special constructs to specify a selection from a specific collection.
These are the select and reject operations. The select specifies a subset of a collection. A select is an operation on
acollection and is specified using the arrow-syntax:
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collection->select( ... )

The parameter of select has a special syntax that enables one to specify which elements of the collection we want
to select. There are three different forms, of which the simplest oneis:

collection->select( boolean-expression )

This results in a collection that contains all the elements from collection for which the boolean-expression eva-
luates to true. To find the result of this expression, for each element in collection the expression boolean-expres-
sion is evaluated. If this evaluates to true, the e ement is included in the result collection, otherwise not. As an
example, the following OCL expression specifies that the collection of al the employees older than 50 yearsis
not empty:

context Company inv:
self.employee->select(age > 50)->notEmpty()

The self.employee s of type Set(Person). The select takes each person from self.employee and evaluates age > 50
for this person. If this resultsin true, then the person isin the result Set.

As shown in the previous example, the context for the expression in the select argument is the element of the
collection on which the select isinvoked. Thus the age property is taken in the context of a person.

In the above example, it isimpossible to refer explicitly to the persons themselves; you can only refer to prop-
erties of them. To enable to refer to the persons themselves, there is a more general syntax for the select expres-
sion:

collection->select( v | boolean-expression-with-v )

The variable v is called the iterator. When the select is evaluated, v iterates over the collection and the boolean-
expression-with-v is evaluated for each v. The v is areference to the object from the collection and can be used to
refer to the objects themselves from the collection. The two examples below are identical:

context Company inv:
self.employee->select(age > 50)->notEmpty()

context Company inv:
self.employee->select(p | p.age > 50)->notEmpty()

The result of the complete select is the collection of persons p for which the p.age > 50 evaluates to True. This
amounts to a subset of self.employee.

As afina extension to the select syntax, the expected type of the variable v can be given. The select now is
written as:

collection->select( v : Type | boolean-expression-with-v )

The meaning of thisisthat the objectsin collection must be of type Type. The next example isidentical to the pre-
vious examples:

context Company inv:
self.employee.select(p : Person | p.age > 50)->notEmpty()

The compete select syntax now looks like one of:

collection->select( v : Type | boolean-expression-with-v )
collection->select( v | boolean-expression-with-v )
collection->select( boolean-expression )

Thereject operation isidentical to the select operation, but with reject we get the subset of al the elements of the
collection for which the expression evaluates to False. The reject syntax isidentical to the select syntax:

collection->reject( v : Type | boolean-expression-with-v )
collection->reject( v | boolean-expression-with-v )
collection->reject( boolean-expression )

As an example, specify that the collection of all the employees who are not married is empty:

context Company inv:
self.employee->reject( isMarried )->isEmpty()
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The reject operation is available in OCL for convenience, because each reject can be restated as a select with the
negated expression. Therefore, the following two expressions are identical:

collection->reject( v : Type | boolean-expression-with-v )
collection->select( v : Type | not (boolean-expression-with-v) )

2.6.2 Collect Operation

As shown in the previous section, the select and reject operations always result in a sub-collection of the original
collection. When we want to specify a collection which is derived from some other collection, but which contains
different objects from the original collection (i.e., it is not a sub-collection), we can use a collect operation. The
collect operation uses the same syntax as the select and reject and is written as one of:

collection->collect( v : Type | expression-with-v )

collection->collect( v | expression-with-v )
collection->collect( expression )

The value of the reject operation is the collection of the results of all the evaluations of expression-with-v.
An example: specify the collection of birthDates for all employees in the context of a company. This can be
written in the context of a Company object as one of:
self.employee->collect( birthDate )

self.employee->collect( person | person.birthDate )
self.employee->collect( person : Person | person.birthDate )

An important issue here is that the resulting collection is not a Set, but a Bag. When more than one employee has
the same value for birthDate, this value will be an element of the resulting Bag more than once. The Bag resul-
ting from the collect operation always has the same size as the original collection.

It is possible to make a Set from the Bag, by using the asSet property on the Bag. The following expression
resultsin the Set of different birthDates from all employees of a Company:

self.employee->collect( birthDate )->asSet()

Shorthand for Collect

Because navigation through many objects is very common, there is a shorthand notation for the collect that makes
the OCL expressions more readable. Instead of

self.employee->collect(birthdate)
we can also write:
self.employee.birthdate

In general, when we apply a property to a collection of Objects, then it will automatically be interpreted as a col-
lect over the members of the collection with the specified property.

For any propertyname that is defined as a property on the objectsin a collection, the following two expressions
areidentical:

collection.propertyname
collection->collect(propertyname)

and so are these if the property is parameterized:

collection.propertyname(parl, par2, ...)
collection->collect(propertyname(parl, par2, ...)

2.6.3 ForAll Operation

Many times a constraint is needed on all elements of a collection. The forAll operation in OCL allows specifying
a Boolean expression, which must hold for all objectsin a collection:

OCL 2.0 INITIAL SUBMISSION VERSION 1.0 ,AuGusT 20,2001 2-19



OCL LANGUAGE DESCRIPTION

collection->forA11( v : Type | boolean-expression-with-v )
collection->forAl1( v | boolean-expression-with-v )
collection->forAl1( boolean-expression )

This forAll expression resultsin a Boolean. The result istrue if the boolean-expression-with-v is true for all ele-
ments of collection. If the boolean-expression-with-v is false for one or more v in collection, then the complete
expression evaluatesto false. For example, in the context of acompany:

context Company

inv: self.employee->forAl1( forename = "Jack"' )
inv: self.employee->forAl1( p | p.forename = 'Jack' )
inv: self.employee->forAl1( p : Person | p.forename = 'Jack' )

These invariants evaluate to true if the forename feature of each employeeisequal to ‘ Jack.
The forAll operation has an extended variant in which more then one iterator is used. Both iterators will iterate
over the complete collection. Effectively thisisaforAll on the Cartesian product of the collection with itself.

context Company inv:
self.employee->forAl1( el, e2 |
el <> e?2 implies el.forename <> e2.forename)

context Company inv:
self.employee->forAl1( el, e2 : Person |
el <> e?2 implies el.forename <> e2.forename)

This expression evaluates to true if the forenames of all employees are different. It is semantically equivalent to:

context Company inv:
self.employee->forAll(el | self.employee->forAll (e2 |
el <> e2 implies el.forename <> e2.forename)))

2.6.4 Exists Operation

Many times one needs to know whether there is at least one element in a collection for which a constraint holds.
The exists operation in OCL allows you to specify a Boolean expression which must hold for at least one object
in acollection:

collection->exists( v : Type | boolean-expression-with-v )
collection->exists( v | boolean-expression-with-v )
collection->exists( boolean-expression )

This exists operation results in a Boolean. The result is true if the boolean-expression-with-v is true for at least
one element of collection. If the boolean-expression-with-v is false for al v in collection, then the complete
expression evaluatesto false. For example, in the context of acompany:

context Company inv:
self.employee->exists( forename = 'Jdack' )

context Company inv:
self.employee->exists( p | p.forename = 'Jack' )

context Company inv:
self.employee->exists( p : Person | p.forename = 'Jack' )

These expressions evaluate to true if the forename feature of at least one employeeis equal to ‘ Jack.

2.6.5 Iterate Operation

Theiterate operation is slightly more complicated, but is very generic. The operations reject, select, forAll, exists,
collect, can all be described in terms of iterate.
An accumulation builds one value by iterating over a collection.
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collection->iterate( elem : Type; acc : Type = <expression> |
expression-with-elem-and-acc )

Thevariable elemistheiterator, asin the definition of select, forAll, etc. The variable acc is the accumulator. The
accumulator gets an initial value <expression>.

When the iterate is evaluated, elem iterates over the collection and the expression-with-elem-and-acc is evalu-
ated for each elem. After each evaluation of expression-with-elem-and-acc, its value is assigned to acc. In this
way, the value of acc is built up during the iteration of the collection. The collect operation described in terms of
iterate will look like:

collection->collect(x : T | x.property)
- is identical to:
collection->iterate(x : T; acc : T2 = Bag{} |
acc->including(x.property))

Or written in Javarlike pseudocode the result of the iterate can be calculated as:

iterate(elem : T; acc : T2 = value)
{
acc = value;
for(Enumeration e = collection.elements() ; e.hasMoreElements(); ){
elem = e.nextElement();
acc = <expression-with-elem-and-acc>

}

Although the Java pseudo code uses a ‘ next element’, the iterate operation is defined for each collection type and
the order of the iteration through the elements in the collection is not defined for Set and Bag. For a Sequence the
order isthe order of the elements in the sequence.

2.6.6 lterators in Collection Operations

The collection operations that take an OclExpression as parameter may all have an optional iterator declaration.
For any operation name op, the syntax options are:
collection->op( iter : Type | OclExpression )

collection->op( iter | OclExpression )
collection->op( OclExpression )

2.6.7 Resolving Properties

For any property (attribute, operation, or navigation), the full notation includes the object of which the property is
taken. Asseenin Section 2.3.3, self can be left implicit, and so can the iterator variables in collection operations.
At any place in an expression, when an iterator is left out, an implicit iterator-variable is introduced. For example
in:

context Person inv:

employer->forAl11( employee->exists( lastName = name) )

three implicit variables are introduced. The first is self, which is always the instance from which the constraint
starts. Secondly an implicit iterator is introduced by the for All and third by the exists. The implicit iterator varia-
bles are unnamed. The properties employer, employee, lastName and name all have the object on which they are
applied left out. resolving these goes as follows:

= at the place of employer thereis oneimplicit variable: self : Person. Therefore employer must be a property of
self.

- at the place of employee there are two implicit variables: self : Person and iterl : Company. Therefore
employer must be a property of either self or iterl. If employee is a property of both self and iterl theniit is
defined to belong to the variable in the most inner scope, which isiterl.
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= at the place of lastName and name there are three implicit variables: self : Person , iterl : Company and iter2
: Person. Therefore lastName and name must both be a property of either self or iter1 or iter2. Propoerty name
isaproperty of iterl. However, lastName is a property of both self and iter2. Thisis ambiguous and therefore
the lastNAme refers to the variable in the most inner scope, which isiter2.

Both of the following invariant constraint are correct:

context Person
inv: employer->forAl11( employee->exists( p | p.lastName = name) )
inv: employer->forAl1( employee->exists( self.lastName = name) )
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Abstract Syntax

This section describes the abstract syntax of the OCL. In this abstract syntax a number of metaclasse from the
UML metamodel are imported. These metaclasses are shown in the models with the annotation ’ (from core)’ and
shown with a transparant fill color. All metaclasses defined as part of the OCL abstract syntax are shows with a
light gray background.

3.1 INTRODUCTION

The abstract syntax as described below defines the concepts that are part of the OCL using a MOF compliant
metamodel. The abstract syntax is divided into severa packages.

= The Types package describes the concepts that define the type system of OCL. It shows which types are prede-
fined in OCL and which types are deduced from the UML models.

= The Expressions package describes the structure of OCL expressions.

3.2 THE TYPES PACKAGE

OCL is a typed language. Each expression has a type which is either explicitly declared or can be statically
derived. Evaluation of the expression yields avalue of this type. Therefore, before we can define expressions, we
have to provide a model for the concept of type. A metamodel for OCL types is shown in this section. Note that
instances of the classes in the metamodel are the types themselves (e.g. Integer) not instances of the domain they
represent (e.g. -15, 0, 2, 3).

The model in figure 3-1 shows the types that can occur in an OCL expression. The basic typeisthe UML Clas-
sifier, which includes all subtypes of Classifier from the UML infrastructure.

In the model the CollectionType and its subclasses and the TupleType are special. One can never instantiate all
collection types, because there is an infinite number, especially when nested collections are taken in account.
Userswill never instantiate these types explicitly. Conceptually all these types do exist, but such atype should be
(lazily) instantiated by atool, whenever it is needed in an expression.

The type Ocl Type has been removed from the type hierarchy. This means that a Classifier is not avalid OCL
expression any more.
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+type Classifier

(from Core)
1 1 +elementType

0..n
DataType
(from Core)

TuplePart
name : string

+tpart | 1..n Z>

1

TupleType P rimitive CollectionType | 0.4
(from Core) +collectionTypes

b

SetType SequenceType BagType

Figure3-1 Abstract syntax kernel metamodel for OCL Types

BagType

A bag type is a collection type which describes a multiset of elements where each element may occur multiple
times in the bag. The elements are unordered. Part of a bag type is the declaration of the type of its elements. In
the metamodel, thisis shown as an association from CollectionType (a generalization of BagType) to Classifier.

CollectionType
A collection type describes a list of elements of a particular given type. Collection types are Set, Sequence and
Bag types. Part of every collection type is the declaration of the type of its elements, i.e. a collection type is
parameterized with an element type. In the metamodel, this is shown as an association from CollectionType to
Classifier. Note that thereis no restriction on the element type of a collection type. This meansin particular that a
collection type may be parameterized with other collection types alowing collections which may be nested arbi-
trarily deep.

Associations

elementType The type of the elements in a collection. All elements in a collection must con-

form to this type.

SequenceType

A sequence type is a collection type which describes a list of elements where each element may occur multiple
times in the sequence. The elements are ordered by their position in the sequence. Part of a sequence typeis the
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declaration of the type of its elements. In the metamodel, this is shown as an association from CollectionType (a
generalization of SequenceType) to Classifier.

SetType

A set type is a collection type which describes a set of elements where each distinct element occurs only once in
the set. The elements are not ordered. Part of a set type is the declaration of the type of its elements. In the meta-
model, thisis shown as an association from CollectionType (a generalization of SetType) to Classifier.

TupleType

A tuple type (also known as record type) combines different types into a single aggregate type. The components
of atuple type are described by tuple parts each having a name and a type. There is no restriction on the kind of
types that can be used as part of a tuple. In particular, a tuple type may contain other tuple types and collection
types.

TuplePart

A tuple part represents a single component of atupletype. A part has a name and atype. The purpose of the name
isto uniquely identify each component.

3.2.1 Type Conformance

The type conformance rules are formally underpinned in the Semantics section of the specification. To ensure
that the rules are accessible to UML modellers they are specified using OCL.

BagType
[1] Different bag types conform to each other if there elements conform to each other.

context BagType
inv: BagType.allInstances()->forAl1(b |
self.elementType.conformsTo(b.elementType) implies self.conformsTo(b))

Classifier

[1] Conformanceis atransitive relationship.

Context Classifier
inv Transitivity: Classifier.alllInstances()->forAll(x|Classifier.allInstances()
->forAll(y]|
(self.conformsTo(x) and x.conformsTo(y)) implies self.conformsTo(y)))

[2] All classifiers except collections conform to OclAny.

context Classifier
inv: (not self.oclIsKindOf (CollectionType)) implies
Primitive.allInstances()->forAl1(p | (p.name = 'OclAny') implies self.conformsTo(p))

[3] Classes conform to superclasses and interfaces that they realize.

context Class
inv : self.generalization.parent->forAll (p |
(p.oclIsKindOf(Class) or p.oclIsKindOf(Interface)) implies
self.conformsTo(p.oclAsType(Classifier)))

[4] Interfaces conformsto super interfaces.

context Interface
inv : self.generalization.parent->forAll (p |
p.oclIsKindOf(Interface) implies self.conformsTo(p.oclAsType(Interface)))
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[5] The Conforms operation between Typesis reflexive, a Classifier dways conform to itself.

context Classifier
inv: self.conformsTo(self)

[6] The Conforms operation between Typesis anti-symmetric.

context Classifier
inv: Classifier.alllInstances()->forAll1(tl, t2
(tl.conformsTo(t2) and t2.conformsTo(tl)) implies t1 = t2)

CollectionType

[1] Specific collection types conform to collection type.

context CollectionType
inv: -- all instances of SetType, SequenceType, BagType conform to a
-- CollectionType if the elementTypes conform
CollectionType.alllnstances()->forAll (c |
c.oclIsTypeOf(CollectionType) and
self.elementType.conformsTo(c.elementType) implies
self.conformsTo(c))

[2] Callections do not conform to any primitive type

context CollectionType
inv: Primitive.allInstances()->forAll (p | not self.conformsTo(p))

[3] Cadllections of non-conforming types do not conform

context CollectionType
inv: CollectionType.allInstances()->forAll (c |
(not self.elementType.conformsTo (c.elementType)) implies (not self.conformsTo (c)))

Primitive
[1] Integer conformsto real

context Primitive

inv: (self.name = '"Integer') implies
Primitive.allInstances()->forAll (p | (p.name = 'Real') implies
(self.conformsTo(p))))
SequenceType

[1] Different sequence types conform to each other if there elements conform to each other.
context SequenceType
inv: SequenceType.alllnstances()->forAll(s |
self.elementType.conformsTo(s.elementType) implies self.conformsTo(s))

SetType

[1] Different set types conform to each other if there elements conform to each other.
context SetType
inv: SetType.allInstances()->forAll(s |
self.elementType.conformsTo(s.elementType) implies self.conformsTo(s))

TupleType

[1] Tupletypes conform to each other when their names and types conform to each other.

OCL 2.0 INITIAL SUBMISSION VERSION 1.0 ,AuGusT 20,2001 3-4



ABSTRACT SYNTAX

context TupleType
inv: TupleType.allInstances()->forAll (t |
( t.part->forAll (tp |
-- make sure at least one tuplepart has the same name
-- (uniqueness of tuplepart names will ensure that not two
-- tupleparts have the same name)
self.part->exists(stp|stp.name = tp.name) and
-- make sure that all tupleparts with the same name conforms.
self.part->forAl1(stp | (stp.name = tp.name) and stp.type.conformsTo(tp.type))
)
implies
self.conformsTo(t)
) )

3.2.2 Well-formedness rules for the Types Package

BagType
[1] The name of abag typeis“Bag” followed by the element type's name in parentheses.

context BagType
inv: self.oclIsTypeOf(BagType) implies
self.name = "Bag(’ + self.elementType.name + *)’

CollectionType

[1] The name of acollection typeis*“Collection” followed by the element type’s name in parentheses.
context CollectionType
inv: self.oclIsTypeOf(CollectionType) implies
self.name = ’Collection(’ + self.elementType.name + *)’

Classifier

[1] For each classifier at most one of each of the different collection types exist.

context Classifier

inv: collectionTypes->select(oclIsTypeOf(CollectionType))->size() <=1
inv: collectionTypes->select(oclIsTypeOf(BagType ))->size() <=1
inv: collectionTypes->select(oclIsTypeOf(SequenceType ))->size() <=1
inv: collectionTypes->select(oclIsTypeOf(SetType ))->size() <=1

SequenceType

[1] The name of a sequence typeis* Sequence’ followed by the element type's name in parentheses.
inv: self.oclIsTypeOf(SequenceType) implies

self.name = ’Sequence(’ + self.elementType.name + )’
SetType

[1] The name of aset typeis*“Set” followed by the element type's name in parentheses.

context SetType
inv: self.oclIsTypeOf(SetType) implies
self.name = ’Set(’ + self.elementType.name + )’

Tuple

[1] All parts belonging to atuple type have unique names.
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context Tuple

inv: self.part->isUnique(tp

TuplePart

No additional well-formednessrule.

: TuplePart | tp.name)

3.3 THE EXPRESSIONS PACKAGE

This section defined the abstract syntax of the expressions package. This defines the structure that OCL expres-

sions can have.

3.3.1 Expressions Core

Figure 3-2 on page 6 shows the core part of the Expressions package. The basic structure in the package con-
sists of the classes OclExpression, PropertyCallExp and VariableExp. An OclExpression always has a type,
which isusually not explicitly modeled, but derived. Each PropertyCallExp has exactly one source object. In this

ModelElement
(from Core)

B¥name : String

-

+body +type Classifier
1 | OclExpression (from Core)
+source +initExpression 1 +type
1 0.1 1
+appliedProperty o_,1‘ ‘ ‘
Property CallExp | | ConstantExp || fExpression || VariableExp ActionExpression
Z> 0..n
0.1
ModelPropertyCallExp LoopExp @
+loopEXxpr
0.1
+iterator| 1 1 |+referredVariable
VariableDeclaration &t
varName : String tinitalizedVariable
‘ ‘ +result| 1
+
lterator Exp lterateExp paseExp
0.1

Figure3-2 Thebasic structure of the abstract syntax kernel metamodel for Expressions
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section we use the term ' property’, which is a generalization of Feature, AssociationEnd and predefined iterating
OCL collection operations.

A model propertycall expression generalizes all propertycalls that refer to Features or associations or associa-
tionends in the UML metamodel. In figure 3-3 on page 9 the various subtypes of model propertycall expression
are defined.

Most of the remainder of the expressions package consists of a specification of the diffrent subclasses of Prop-
ertyCallExp and their specific structure. The mode shows that an OCI expression always starts with a variable,
on which a property is recusively applied.

ActionExpression
An action expression is defined in section (“ActionExpression”), but included in this diagram for compl eteness.

ConstantExp

A constant expression is an operation with no arguments producing avalue. In general the result value isidentical
with the operation symbol. Thisincludes things like the integer 1 or literal strings like 'thisis a ConstantExp’.

IterateExp

An IterateExp is an expression which evaluates its body expression for each element of a collection. It actsas a
loop construct that iterates over the elements of its source collection and resultsin a value. An iterate expression
evaluatesits body expression for each element of its source collection. The evaluated value of the body expression
in each iteration-step becomes the new value for the result variable for the succeding iteration-step. The result can
be of any type and is defined by the result association. The IterateExp is the most fundamental collection expres-
sion defined in the OCL Expressions package. All other collection expressions are defined in terms of the iterate
expression.

Associations
result The VariableDeclaration that represents the result variable.

IteratorExp

An lterator Exp is an expression which evaluates its body expression for each element of acollection. It actsas a
loop construct that iterates over the elements of its source collection and resultsin avalue. The type of the iterator
expression depends on the name of the expression, and sometimes on the type of the associated source expres-
sion. The lteratorExp represents all other predefined collection operations that use an iterator. This includes
select, collect, rgject, forAll, exists, etc.

Associations

iterator The VariableDeclaration that represents the iterator variable. This variable is
bound to each element value of the source collection while evaluating the body
expression.

body The oclExpression that is evaluated for each element in the source collection.

ModelPropertyCallExp

A model property call expression is an expression that refers to a property that is defined for a Classifier in the
UML model to which this expression is attached. Its result value is the evaluation of the corresponding property.
In 3-3 on page 9 the various subclasses of Model PropertyCallExp are shown.

OclExpression

An OCL expression is an expression that can be evaluated in a given environment. OclExpression is the abstract
superclass of all other expressions in the metamodel. It is the top-level element of the OCL Expressions package.
Every OCL expression has a type that can be statically determined by analyzing the expression and its context.

OCL 2.0 INITIAL SUBMISSION VERSION 1.0 ,AuGusT 20,2001 3-7



ABSTRACT SYNTAX

Evaluation of an expression results in a value. Expressions with boolean result can be used as constraints, e.g. to
specify an invariant of a class. Expressions of any type can be used to specify queries.

The environment of an OclExpression defines what model elements are visible and can be referred to in an
expression. At the topmost level the environment will be defined by the modelelement to which the OCL expres-
sion is attached, for example by a Classifier if the OCL expression is used as an invariant. On a lower level, each
iterator expression can also introduce one or more iterator variable into the environment. the environment is not
modeled as a separate metaclass, because it can be completely derived using derivation rules. Instead the addi-
tional operation environment() is defined which result in all visible modelelements.

Associations

appliedProperty The property that is applied to the instance that results from evaluating this
OclExpression.

type The type of the value that is the result of evaluating the OclExpression.

parentOperation The OperationCallExp where this OclExpression is an argument of. See 3-3 on
page 9.

initializedVariable The variable of which the result of this expression istheinitial value.

PropertyCallExp
A property call expression is an expression that refersto a property (i.e. operation, attribute, association end, pre-
defined iterator for collections, ...). Itsresult value is the eval uation of the corresponding property.

Associations

source The result value of the source expression is the instance that performs the prop-
erty call.

VariableDeclaration

An VariableDeclaration declares a variable name and binds it to a type. The variable can be used in expressions
where the variable is in scope. This metaclass represents amongst others the variables self and result and the var-
aibles defined using the L et expression.

Associations

initExpression The OclExpression that represents the initial value of the variable. depending on
the role that a variable declaration plays, the init expression might be mandatory.
type The Classifier which represents the type of the variable.
Attributes
varName The String that is the name of the variable.
VariableExp

A variable expression is an expression which consists of areference to avariable. Referencesto the variables self
and result or to variables defined by L et espressions are examples of such variable expressions.
Associations

referredVariable The variable declaration to which this variable expression refers. In the case of a
self expression the variable declaration is the definition of the self variable.
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3.3.2 Model PropertyCall Expressions

A Model PropertyCallExp can refer to any of the subtypes of Feature as defined inthe UML kernel. Thisis shown
by the three different subtypes, each of which is associated with its own type of Model Element.

ModelPropertyCallExp

.

AttributeCallExp | 0..n

+referredAttribut

NavigationCallExp

1

Attribute
(from Core)

T

AssociationEndCallExp

+navigationSource| 1

+referredAssociationEnd

0..n

AssociationClassCallExp

+referredAssociationClass

AssociationEnd
(from Core)

OperationCallE xp

AssociationClass
(from Core)

1
+qualifiers |  OclExpression
{ordered} 0..n
{ordered} 0..n
+arguments
0..1, +parentOperation
0..n
1
+referredOperation

Operation
(from Core)

Figure 3-3 Abstract syntax metamodel for Model PropertyCallExp in the Expressios package

AssociationEndCallExp
A AssociationEndCallExp is a reference to an AssociationEnd defined in a UML model. It is used to determine
objectslinked to atarget object by an association. The expression refersto these target objects by the role name of
the association end connected to the target class.

Associations

referredAssociationEnd  The AssociationEnd to which this AssociationEndCallExp is a reference This
refers to an AssociationEnd of an Association that is defined in the UML model.
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AssociationClassCallExp

A AssociationClassCallExp is areference to an AssociationClass defined in a UML modd. It is used to deter-
mine objects linked to a target object by an association. The expression refers to these target objects by the name
of the ctarget associationclass.

Associations

referredAssociationClass The AssociationClass to which this AssociationClassCallExp is areference This
refers to an AssociationClass that is defined in the UML model.

AttributeCallExp
An attribute call expression is a reference to an attribute of a classifier defined in a UML model. It evaluates to
the value of the attribute.

Associations

referredAttribute The Attribute to which this AttributeCallExp is areference.

NavigationCallExp
A NavigationCallExp is areference to an AssociationEnd or an AssociationClass defined in a UML model. Itis
used to determine objects linked to a target object by an association. If there is a qualifier attached to the source

end of the association then additional qualifiers expressions may be used to specify the values of the qualifying
attributes.

Associations

qualifiers The values for the qualifier attributes if applicable.

navigationSource The source denotes the AssociationEnd at the end of the object itself. This is
used to resolve ambiguities when the same Classifier participates in more than
one AssociationEnd in the same association. In other casesit can be derived.

OperationCallExp

A OperationCallExp refers to an operation defined in a Classifier. The expression may contain alist of argument
expressions if the operation is defined to have parameters. In this case, the number and types of the arguments
must match the parameters.

Associations

arguments The arguments denote the arguments to the operation call. This is only useful
when the operation call isrelated to an Operation that takes parameters.
referredOperation The Operation to which this OperationCallExp is a reference This is an Opera-

tion of aClassifier that is defined in the UML model.

3.3.3 If Expressions
This section describes the if expression in detail.
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° IfExpression e
0.1 0.1
0.1
1 \/,+condition
OclExpression 1
+thenE xpression +elseExpression

Figure 3-4 Abstract syntax metamodel for action expression

IfExpression

An if expression results in one of two alternative expressions depending on the evaulated value of a condition.
Note that both the then and the else are mandatory. The reason behind thisis that an if expression should always
result in avalue, which cannot be guaranteed if the else part would be left our.

Associations

condition The OclExpression that represents the boolean condition. If this condition evalu-
ates to true, the result of the if expression isidentical to the result of the thenEx-
pression. If this condition evaluates to false, the result of the if expression is
identica to the result of the el seExpression

thenExpression The OclExpression that represents the then part of the if expression.
elseExpression The OclExpression that represents the el se part of the if expression.

3.3.4 Action Expressions

Action expressions are used to specify the fact that an object has will perform some action at a some moment in
time.

ActionExpression

An action expression refers to an Action as defined in the Common Behavior section of the UML semantics.
Whenever the condition evaluates to true, the object performs the associated action. If the action is a SendAction,
then the Operation associated with the CallAction is called on all the target objects. This CallAction can both be
synchronous and asynchronous, as described in the UML Semantics. If the action is a SendAction, then an
instance of the Sgnal associated with the SendAction is sent to al target instances.

The moment at which the condition is evaluated depends on the place in the UML model where the action
caluse is used. If the action clause is attached to a Classifier the meaning is that whenever the condition changes
from false to true for an instance of the Clasifier, the action will be performed by that instance. If the action clause
is attached to an operation, the condition is evaluated at postcondition time. If it evaluates to true, the action is
performed by the object somewhere between precondition and postcondtion time. See [Kleppe2000] for a com-
plete description and motivation of the action clause.

Associations

condition The OclExpression that represents the boolean condition under which the actions
are performed by the object.
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ActionE xpre ssion

+action Action
(from Common Behavior)

o .

1 +target\/ 1 CallAction SendAction
. (from Common Behavior) (from Common Behavior)
. OclExpression 0
+condition o.n =N
+arguments ' g n
{ordered}
+operation |, 1 +signal 1

Operation Signal
(from Core) (from Common Behavior)

Figure 3-5 Abstract syntax metamodel for action expression

target

arguments

action

The OclExpression that represents the target instance or instances on which the
action is perfomed. If the action is a SendAction, the target may be undefined.
The signal is then send to instances, as is defined in the UML semantics under
SendAction.

The OclExpression that represents the actual parameters to the Operation or Sg-
nal. The number and type of arguments should conform to those defined in the
Operation or Sgnal. The order of the arguments isthe same as the order of the
parameters of the Operation or the attributes of a Signal.

The Action that is performed by the object when the condition is true. The action
can be a CallAction, denoting that an Operation has been called, or a SendAc-
tion, denoting that a Sgnal has been sent.

3.3.5 Constant Expressions
This section defines the different types of constant expressions OCL. It also refers to enumeration types and enu-

meration literals.

EnumConstantExp

An enumerationconstant expression represents a reference to an enumeration literal.

Associations
referredEnumLiteral

IntegerConstantExp

The EnumLiteral to which the enum expression refers.

A integer constant denotes avaue of the type Integer.

NumericConstantExp

A numeric constant denotes a value of either the type Integer or the type Real.

RealConstantExp

A real constant denotes a value of typeReal.
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ConstantExp

i

NumericConstantExp StringConstantExp EnumConstantExp | | BooleanConstantExp
| |
IntegerConstantExp RealConstantE xp

+referredE numLiteral|l

Enumeration 1 0..n| EnumLiteral
(from Core) | +enumeration +literal| (from Core)

Figure 3-6 Abstract syntax metamodel for constant expression

StringConstantExp
A string denotes a value of the predefined type String.

3.3.6 Let expressions

This section defines the abstract syntax metamodel for Let expressions. The only addition to the abstract syntax is
the metaclass L etExpression. The other metacl asses are re-used from the previous diagrams.

Note that Let expressions that take arguments are no longer allowed in OCL 2.0. This feature is redundant.
Instead, amodeler can defined an additional operation in the UML Classifier, potentialy with a special sterotype
to denote that this operation is only ment to be used as a helper operation in OCL expressions. The postcondition
of such an additional operation can then define its result value. Removal of Let functions will therefore not affect
the expressibility of the modeler.

: T _
+in | OclExpression initExpression

0.1

1

B

0.1 ‘ +initalizedVariable

¢

LetExpression |

+variable | variableDeclaration
varName : String

1

Figure 3-7 Abstract syntax metamodel for |et expression
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LetExpression
An Let expression is a special expression that defined a new variable with an initial value. A variable defined by
a Let expression cannot change its value. The value is always the evaluated value of the initial expression. The
variableisvisible in thein expression.

Associations

variable The VariableDeclaration that defined the variable.
in The expression in whose environment the defined variableis visible.

3.3.7 Operations with special source or argument

This section defines operations that have either as their source, or as their argment a M odel Element that is not an
OclExpression. The reason for thisis that a Classifier or a State do not inherit from OclExpression in the meta-
model. .

+source I
OclExpression -
1 xp ! Classifier
(from Core)
Z> +source ‘| 1 /\+argument
+appliedProperty
0.1 0..n
PropertyCallExp OclOperationWithType Source
name : string
OclOperationWithTypeArgument
name : string 0.n
OclOperationWithStateA rgume nt +argument State
0..n (from State Machines)

1

Figure 3-8 Abstract syntax for operations that have non OclExpressions as their source or argument

OclOperationWithTypeSource
An OclOperationWithTypeSource is a special operation that does not have an Ocl expression as a source, but a
Classifier. This metaclass is used to model predefined operations like alllnstances(), but also to represent classi-
fier scoped attributes and operations.

Associations

source The sourceisthe Classifier that *performs’ this operation.

OclOperationWithTypeArgument

An OclOperationWithTypeArgument is a specia operation that does not have an Ocl expression as a parameter,
but a Classifier. This metaclassis used to model predefined operations like ocllsTypeOf() and ocllsKindOf().
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Associations
argument The argument is the Classifier that is the argument of this operation.

OclOperationWithStateArgument
An OclOperationWithStateArgument is a special operation that does not have an Ocl expression as a parameter,
but a State. This metaclassis used to model the predefined operation oclInState().

Associations

argument The argument is the State that is the argument for this operation.

3.3.8 Well-formedness Rules of the Expressions package
The metaclasses defined in the abstract syntax have the following well-formednes rules:

ActionExpression

[1] Thetype of the condition must be Boolean.

context ActionkExpression
inv: condition.type.isKindOf(Primitive) and condition.type.name = ’Boolean’

[2] The action must be a send action or acall action.

context ActionExpression
inv: action.oclIsTypeOf(CallAction) or action.oclIsTypeOf(SendAction)

[3] If theactionisacall action, the arguments must conform to the parameters of the operation.

context ActionkExpression
inv: -- TBD see OperationCallExp for an identical constraint.

[4] If the action isasend action, the arguments must conform to the attributes of the signal.

context ActionkExpression
inv: -- TBD see OperationCallExp for an identical constraint

[5] If theactionisacall action, the operation must be an operation of the type of the target.
context ActionExpression
inv: action.oclIsTypeOf(CallAction) implies
target.type.allOperations->includes(action.operation)

AttributeCallExp

[1] Thetype of the Attribute call expression isthe type of the referred attribute.
context AttrubuteCallExp

inv: type = referredAttribute.type
BooleanConstantExp

[1] Thetype of aboolean constant expression is the type Boolean.

context BooleanConstantExp

inv: self.type.name = ’Boolean’
Classifier

Additional Operations

The operation conformsTo(c : Classifier) : Boolean defines whether the self Classifier conforms to the
argument ¢. The conformsTo() operation is defined in the section 3.2.1 (“ Type Conformance”).
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ConstantExpression
No additional well-formedness rules.

EnumConstantExp

[1] Thetype of an enum constant expression is the type of the referred literal.

context EnumConstantExp
inv: self.type = referredEnumLiteral.enumeration

IfExpression

[1] Thetype of the condition of an if expression must be Boolean.

context IfExpression
inv: self.condition.type.oclIsKindOf(Primitive) and self.condition.type.name = ’Boolean’

IntegerConstantExp

[1] Thetype of aninteger constant expression isthe type Integer.

context IntegerConstantExp
inv: self.type.name = ’Integer’

IteratorExp

[1] Thetype of the source expression must be a collection.

context Iteratorkxp
inv: source.type.oclIsKindOf(CollectionType)

[2] Theloop variable of an iterator expression has no init expression

context Iteratorkxp
inv: self.iterator.initExpression->isEmpty()

[3] Thetype of the iterator variable must be the type of the lements of the source collection.

context IteratorExp
inv: source.type.oclAsType(CollectionType).elementType.conformsTo(iterator.type)

[4] If theiterator is’forAll’, "isUnique’, or 'exists’ the type of the iterator must be Boolean.

context Iteratorkxp
inv: name = ‘exists’ or name = “forAll” or name = “isUnique’
implies type.oclIsKindOf(Primitive) and type.name = ’Boolean’

[5] The result type of the collect operation on a sequgnce type is q sequence, the result type of ’collect’ on any
other collection type is a Bag. The type of the body is aways the type of the elementsin the return collection.

context Iteratorkxp
inv: name = ’collect’” implies
if source.type.oclIsKindOf(SequenceType) then
type = expression.type.collectionType->select(oclIsTypeOf(SequenceType))->first()
else
type = expression.type.collectionType->select(oclIsTypeOf(BagType))->first()
endif

[6] The’select’ iterator hasthe sametype asits source

context Iteratorkxp
inv: name = ’“select’ or name = ’reject’ implies type = source.type

[7] Thetype of the body of the select, exists and forAll must be boolean.

context IteratorExp
inv: name = “exists’ or name = 'forAll’ or name = ’'select’
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implies body.type.name = ’Boolean’

IterateExp
[1] Thetype of theiterate isthe type of the result variable.

context IterateExp
inv: type = result.type

[2] Thetype of the body expression must conform to the declared type of the result variable.

context IterateExp
body.type.conformsTo(result.type)

[3] A result variable must have an init expression

context IteratekExp
inv: self.result.initExpression->size() =1

LetExpression
No additional well-formedness rules.

LoopExp
No additional well-formedness rules.

ModelPropertyCallExp
No additional well-formedness rules.

NumericConstantExp
No additional well-formedness rules.

OclExpression
No additional well-formedness rules.

OclOperationWithStateArgument
No additional well-formedness rules.

OclOperationWithTypeArgument
No additional well-formedness rules.

OclOperationWithTypeSource
No additional well-formedness rules.

OperationCallExp

[1] All the arguments must conform to the parameters of the referred operation

context OperationCallExp
inv: arguments->forall(ala.type.conformsTo(
referredOperation.parameters->at(arguments->index0f(a)).type)

Alternative specification of the same constraint:

context OperationCallExp
inv: Sequencef{l..arguments->size()}->forAl1( i |
arguments->at(i).conformsTo(referredOperation.parameters->at(i).type)
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PropertyCallExp
No additional well-formedness rules.

RealConstantExp
[1] Thetype of area constant expression isthe type Real.

context RealConstantExp
inv: self.type.name = "Real’

StringConstantExp

[1] Thetype of astring constant expression is the type String.

context StringConstantExp
inv: self.type.name = "String’

VariableDeclaration
No additional well-formednessrule.

VariableExpression
[1] Thetype of aVariableExpression isthe type of the variable to which it refers.

context VariablekExp
inv: type referredVariable.type
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Concrete Syntax

This section describes the concrete syntax of the OCL. This allows modelers to write down OCL expressionsin a
standardized way. An formal mapping from the concrete syntax to the abstract syntax from chapter 3 is aso
given. Although not required by the UML 2.0 for OCL RfP, section 4.4 describes a mapping from the abstract
syntax to the concrete syntax. This allows one to produce a standard human readable version of any OCL expres-
sion that is represented as an instance of the abstract syntax.

Section 1.3.2 (“Concrete syntax”) describes how we have developed the grammar and the motivation for this
approach.

4.1 STRUCTURE OF THE CONCRETE SYNTAX

The concrete syntax of OCL is described using the EBNF formalism. This grammar is annotated with both syn-
thesised and inherited attributes. It forms a full attribute grammar. For each metaclass in the abstract syntax met-
amodel there is a production rule. For some elements there might be a choice of multiple rules. The structure of
the grammar and the naming of these nonterminals in the EBNF grammar is then easily mapped to the abstract
syntax.

Some of the production rules are syntactically ambiguous. For such productions disambiguating rules have
been defined. Using these rules, each production and thus the complete grammar becomes nonambiguous. For
example in parsing a.b(), there are at | east three possible parsing solutions:

1. aisaVariableExpr (areferenceto alLet or an iterator variable)
2. aisanAttributeCalExp (self isimplicit)
3. aisaNavigationCallExp (self isimplicit)
A decision on which grammar production to use can only be made when the environment of the expression is
taken into account. The disambiguating rules describe these choices based on the environment and allow an
unambiguous parsing of a.b(). In this case the rules (in plain English) would be:
- if aisadefined variablein the current scope, ais a VariableExp.
= if not, check self and all iterator variables in scope. There must be exactly one of those whose type (a Classi-
fier) has either:
= an attribute with the name a, resulting in an AttributeCallExp
= Or an opposite association-end with the name a, resulting in an NavigationCall Exp
= if neither of the above istrue, the expressionisillegal / incorrect and cannot be parsed
Disambiguating rules may be based on the UML model to which the OCL expresion is attached (e.g does an

attribute exist or not). Because of this, the UML model must be available when an OCL expression is parsed. Oth-
erwise it cannot be validated as a correct expression.The grammar is structured in such away that at most one of
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the production rules will fullfil all the disambiguating rules, thus ensuring that the grammar as a whole is unam-
biguous.

4.1.1 A Note to Tool Builders

The grammar in this chapter might not prove to be the most efficient way to directly construct atool. Of course, a
tool-builder is free to use a different parsing mechnism. He can e.g. first parse an OCL expression using a special
concrete syntax tree, and do the semantic validation against aUML model in a second pass. Also, error correction
or syntax directed editing might need hand-optimized grammars. This document does not prescribe any specific
parsing approach. The only restriction is that at the end of all processing a tool should be able to produce a well-
formed instance of the abstract syntax.

4.2 CONCRETE SYNTAX

The concrete syntax is described using a EBNF attribute grammar. Attribute derivations are described using
OCL. There are three special annotations for each grammar production:

Synthesised attributes. Each production may have synthesised attributes attached to it. The value for these
attributes is derived from other values and described using OCL. Synthesized attributes are attributes that are
derived from the right hand side of the production and belong to the element at the left hand side. The 'type’
attribute holds the type of an expression and is used for many productions.

Inherited attributes. Each production may have inherited attributes attached to it. The value for these attributes
is derived from other values and described using OCL. Inherited attributes are attributes that are derived from the
left hand side of the production and belong to elements at the right hand side. The main inherited attribute use is
the "env’ attribute that defined the environment of each part of an expression.

Disambiguating rules. Each production has zero or more disambiguating rules. If one of the disambiguating
rulesis not met, the corresponding production rule in the grammar isinvalid. The disambiguating rules are writ-
ten in OCL, and use some definitions from the UML 1.4 semantics.

Start
The Start symbol has been added to setup the initial environment of an expression.

Start ::= OclExpression

Synthesized attributes

type = OclExpression.type

Inherited attributes

The environment of the OCL expression must be defined. below the self variable is added, and all the
contents of the type of self. This defintion needs carefull consideration.

OclExpression.env = new Environment()
->including( new VariableDeclaration(’self’, TYPE) )
->union ( type.allContents->collect(el |new NameBinding(el.name, el.type)) )
if pre/post: add parameters to scope
add anything else from the UML model
- TBD

OclExpression
An OclExpression has several production rules, one for each subclass of OclExpression.
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[A] OclExpression ::= PropertyCallExp

[B] OclExpression ::= Variablekxp

[C] OclExpression ::= ConstantkExp

[D] OclExpression ::= LetExpression

[E] OclExpression ::= ActionkExpression

[F] OclExpression ::= IfExpression

[G] OclExpression ::= OclOperationWithTypeSource

Synthesized attributes

[A] self.type = PropertyCallExp.type

[B] self.type = VariableExp.type

[C] self.type = ConstantExp.type

[D] self.type = LetExpression.type

[E] self.type = ActionExpression.type

[F] self.type = IfExpression.type

[G] self.type = OclOperationWithTypeSource.type

Inherited attributes

[A] PropertyCallExpr.env = self.env
[B] VariableExpr.env = self.env
[C] ConstantExp.env = self.env
[D] LetExpression.env = self.env
[E] ActionExpression.env = self.env
[F] IfExpression.env = self.env
[G] OclOperationWithTypeSource.env = self.env

Disambiguating rules
The disambiguating rules are defined in the children.

VariableExpression
A variable expression isjust aname.

VariableExpression ::= name

Synthesized attributes
self.referredVariable = env.lookup(name.value, VariableDeclaration)
self.type = referredVariable.type

Inherited attributes
-- none

Disambiguating rule
name must be a name of avisible VariableDeclaration in the current environment.
env->exists(el | el.name = name.value and el.oc1IsKindOf(VariableDeclaration))

name
This ruleresultsin an instance of String.

name ::= <String>
Synthesized attributes

A nameresultsin a String. No specia rules are applicable. The exact syntax of a String is undefined in
UML 1.4, and remains undefined in OCL 2.0. The reasons for this is internationalization.

self.value = String

Inherited attributes
-- none

Disambiguating rules
-- none
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ConstantExpression

Constant expressions are probably a special case that needs to be done explicitly for each type of constant we can
have.

ConstantExpression ::= EnumConstantExp

Synthesized attributes
self.type = EnumConstantExp.type

Inherited attributes
EnumConstantExp.env = self.env

Disambiguating rules
-- none

EnumConstantExpression
Enumeration Constant expressions.

s s

EnumConstantkExp ::= name '::’ name

Synthesized attributes
self.type = env.lookup(name[l].value, Classifier)
self.referredEnumliteral = self.type.literal->select(1l | 1.name = namel[2].value)->any()

Inherited attributes
-- none

Disambiguating rules
-- none

PropertyCallExpr

[A] PropertyCallExpr ::= ModelPropertyCallExp
[B] PropertyCallExpr ::= Iteratorkxp

[C] PropertyCallExpr ::= IteratekExp

[D] PropertyCall

Expr ::= 0clOperationWithTypeArgument
[E] PropertyCallExpr : OclOperationWithStateArgument

Synthesized attributes

[A] self.type = ModelPropertyCall.type

[B] self.type = IteratorExp.type

[C] self.type [terateExp.type

[D] self.type OclOperationWithTypeArgument.type
[E] self.type = OclOperationWithStateArgument.type

Inherited attributes

[A] ModelPropertyCall.env = self.env
[B] IteratorExp.env self.env
[C] IterateExp.env self.env
[D] OclOperationWithTypeArgument.env = self.env
LE] OclOperationWithStateArgument.env = self.env

Disambiguating rules
The disambiguating rules are defined in the children.

IteratorExp

Iteratorkxp ::= source "->" name "(" iterator " body ")"
Synthesized attributes

The type of theiterator expression depends on its name.

OCL 2.0 INITIAL SUBMISSION VERSION 1.0 ,AuGusT 20,2001 4-4



CONCRETE SYNTAX

self.type = if name.value = “forAll’ then Boolean

else if name.value

else if name.value =

else if name.value
else if name.value

else if name.value =

= ’exists’ then Boolean

‘select’ then source.type

= ’"collect” then source.collectionType()(body.type)

= ’isUnique’ then Boolean

endif endif endif endif endif endif

Inherited attributes

"sortedBy’ then SequenceType(source.type.elementType)

Inside an iterator expression the body is evaluated with a new environment that includes the iterator
variable. The calculation of the new environment needs to take into account the fact that both the name
and the type of the iterator variable may be implicit.

body.env = self.env->including( new VariableDeclaration(
if iterator.name->notEmpty then iterator.name else <<noname>> endif,
if iterator.type->notEmpty then iterator.type else source.elementType

endif))
iterator.env = env

Disambiguating rules
-~ none

IterateExp

[terateExp ::= source "->"

Synthesized attributes
self.type = result.type

Inherited attributes

"iterate" "(" iterator

s

result

" body ")"

Inside an iterate expression the body is evaluated with a new environment that includes the iterator
variable and the result variable. The calculation of the new environment needs to take into account the
fact that both the name and the type of the iterator variable may be implicit.

body.env = self.env->including( new VariableDeclaration(
if iterator.name->notEmpty then iterator.name else <<noname>> endif,
if iterator.type->notEmpty then iterator.type else source.elementType

endif))
iterator.env = env
result.env = env
Source
source ::= 0clExpression

Synthesized attributes
self.type = OclExpression.type

Inherited attributes
OclExpression.env = self.env

Body

body ::= OclExpression
Synthesized attributes
self.type = OclExpression.type

Inherited attributes
OclExpression.env = self.env
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Iterator

iterator ::= VariableDeclaration?

Synthesized attributes

self.type = VariableDeclaration.type
self.name = VariableDeclaration.name

Inherited attributes
VariableDeclaration.env = self.env

Disambiguating rules

An iterator may not have an initExpression
self.initExpression->isEmpty()

Result

result ::= VariableDeclaration

Synthesized attributes

self.type = VariableDeclaration.type
self.name = VariableDeclaration.name

Inherited attributes
VariableDeclaration.env = self.env

Disambiguating rules

A result variable declaration must have a name and an initial value
self.type->notEmpty() and self.initExpression->notEmpty()

VariableDeclaration

In the variable declaration, the type and init expression are optiona. When these are requeired, thisis defined in
the production rule where the variable declaration is used.

VariableDeclaration::= varName (":" type)? ( "=" initExpression )?

Synthesised attributes
self.name = varName.name
Inherited attributes

initExpression.env = self.env
type.env self.env

Disambiguating rules

If the type and the initExpression are present, the type of the initExpression must conform to the decla-
red type of the variable.

type->notEmpty() and initExpression->notEmpty()
implies initExpression.type.conformsTo(type.type)

varName

varName ::= name
Synthesised attributes
self.name = name.value

Inherited attributes
-- none

Disambiguating rules
-~ none
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Type

type ::= name
Synthesised attributes
The value of this production the Classifier named 'name’.
self.type = env.lookup(name.value, Classifier)

Inherited attributes
-- none

Disambiguating rules
name must be aname of a Classifier in current environment
env->exists(el | el.name = name.value and el.oclIsKindOf(Classifier) )

initExpression

initExpression ::= OclExpression
Synthesised attributes
self.type = OclExpression.type
Inherited attributes
OclExpression.env = self.env

Disambiguating rules
-- none

ModelPropertyExp

A ModelPropertCall expression may have three different productions. Which one is chosen depends on the dis-
ambiguating rules defined in each of the alternatives.

[A] ModelPropertyExp ::= OperationCallExp
[B] ModelPropertyExp AttributeCallExp
[C] ModelPropertyExp NavigationCallExp

Synthesised attributes

The value of this production is the value of its child production.
[A] self.type = OperationCallExp.type

[B] self.type = AttributeCallExp.type

[C] self.type = NavigationCallExp.type

Inherited attributes

[A] OperationCallExp.env = self.env

[B] AttributeCallExp.env = self.env

[C] NavigationCallExp.env = self.env

Disambiguating rules
These are defined in the alternatives

OperationCallExp

An operation call has three different forms. Syntax A is used if the operation is an infox operator. The source
object cannot be implicit. Syntax B and C are used for collection operations and other operations respectively.

[A] OperationCallExp ::= source name arguments
[B] OperationCallExp ::= (source "->") name isMarkedPre? "(" arguments? ")"
[C] OperationCallExp ::= (source ".")? name isMarkedPre? "(" arguments? ")"
Synthesised attributes
self.referredOperation = -- TBD
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self.type = referredOperation.parameters>select(kind=ParameterDirectionKind::return).type

NB : This assumes exactly one return parameter, otherwise we get a tuple type !!

self.isMarkedPre = if isMarkedPre->notEmpty() then isMarkedPre.value else false endif

Inherited attributes

source.env = self.env

arguments.env = self.env

Disambiguating rules

[A] The name of the referred Operation must be an operator

Set{’+’,’->,>*> 7/’ ,7and’, or’, xor’,’=","<="">=" "<’ ">’ }->includes(name.value)

[B] The name of the referred Operation must be one of the names of the predefined collection opera-

tions.

Set{’select’,’collect’, reject’, forAll’, exists’, isUnque’, size’, isEmpty’,
‘notEmpty’,’count’,’union’,’difference’}->includes(name.value)

[B] The source must be a collection.

source.type.isCollectionType()

[C] The name of the referred Operation cannot be an operator.

Set{’+’,’->,>*> 7/, 7and’, or’, xor’, ’=","<="">=" "<’ ">’ }->excludes(name.value)

[C] The source must not be a collection.

source->notEmpty() implies source.type.notCollectionType()

[C] The referred opperation name is the name of an Operation of the type of 'source’ or if source is

empty the name of an operation of self or any of theiterator variablesin (nested) environment

-- TBD

[C] The type of arguments must match (see hasSameSignature() in UML semantics) The OCL has been

written for Attribute and Navigation, Operation needs TBD.

-- TBD

AttributeCallExp

AttributeCallExp ::= (source

Synthesised attributes

The variable matchingNavigations is the set of all association ends that have the name 'name’ and are
defined in either self or an iterator variable in scope. Note that all Attributes is defined as an additional
operation on Classifier in the UML 1.4 semantics.

def: Let matchingAttributes : Set(Attribute) =
env.alllterators->select(it]it.type.allAttributes->includes(at|at.name = name.value))
->union( env.lookup(’self’,VariableDeclaration).type.allAttributes
->includes(a | a.name = name.value))
self.referredAttribute = if source->notEmpty() then
source.type.allAttributes->select(a | a.name = name.value)
else
matchingAttributes.any()
endif
self.type = referredAttribute.type
self.isMarkedPre = if isMarkedPre->notEmpty() then isMarkedPre.value else false endif

.")7? name isMarkedPre?

Inherited attributes

source.env = self.env

Disambiguating rules

"name’ is name of an Attribute of the type of source or if source is empty the name of exactly one attri-
bute of 'self’ or any of the iterator variablesin (nested) scope. In OCL.:

if source->notEmpty() then
source.type.allAttributes->includes(a | a.name = name.value)
else
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matchingAttributes->size() =1
endif

NavigationCallExp

NavigationCallExp ::= (source ".")? name isMarkedPre?

Synthesised attributes

The variable matchingNavigations is the set of all association ends that have the name 'name’ and are
defined in either self or an iterator variablein scope. Note that allOppositeAssociationEndsis defined as
an additional operation on Classifier in the UML 1.4 semantics.

def: Let matchingNavigations : Set(AssociationEnd) =
env.alllterators->select(it |
it.type.allOppositeAssociationEnds->includes(at | at.name = name.value))
->union(
env.lookup(’self’, VariableDeclaration).type.allOppositeAssociationEnds
->includes(a | a.name = name.value))
self.referredAssociationknd =
if source->notEmpty() then
source.type.allOppositeAssociationEnds->select(ala.name = name.value)
else
matchingNavigations.any()
endif
self.type = Set(referredAssociationEnd.participant) or referredAssociationEnd.participant
-- (The type depends on multiplicity)
self.isMarkedPre = if isMarkedPre->notEmpty() then isMarkedPre.value else false endif

Inherited attributes
source.env = self.env
Disambiguating rules

'name’ is hame of AssociationEnd of the type of source or if source is empty the name of exactly one
AssociationEnd of 'self’ or any of theiterator variablesin (nested) scope

if source->notEmpty() then
source.type.allOppositeAssociationEnds->includes(a | a.name= name.value)

else
matchingNavigations->size() =1
endif
isMarkedPre
isMarkedPre ::= "@" "pre"

Synthesised attributes
This production returns a boolean value, which is always equal to true.
self.value = true

Inherited attributes
-- none

Disambiguating rules
-- none

Arguments

arguments ::= OclExpression ( "," OclExpression )*
Synthesised attributes

The attribute "types' is a sequence that includes all types of the OclExpressions in the production in the
order in which they appear.
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self.types : Sequence(Classifier)

Inherited attributes
OclExpression.env = self.env

Disambiguating rules
-- none

OclOperationWithTypeArgument

OclOperationWithTypeArgument
Synthesised attributes

The type of the operation depends on its

self.type = if name.value =
else if name.value =
else if name.value =
endif endif enfif

(1= source

= Set(OclExpression.type)

name "(" typeName

name.

"oclIsTypeOf’ then Boolean
“oclIsKindOf’ then Boolean
"oclAsType’ then typeName.classifier

self.argument = typeName.classifier

Inherited attributes
source.env = self.env
typeName.env = self.env

Disambiguating rules
-- none

typeName

This is the argument for Ocl OperationWithTypeArguments operation. The name refersto a Clasifier.

typeName ::= name
Synthesised attributes

The typeisthe classifier named 'name’ inm the current environment.

self.classifier = env->select(el

ll)ll

el.name = name.value and el.oc1IsKindOf(Classifier))->any()

Inherited attributes
-- none

Disambiguating rules

"name’ must be the name of exactly one Classifier in scope

env->select(el | el.name = name.value and el.oc1IsKindOf(Classifier) )->size()

OclOperationWithStateArgument

ll)ll

OclOperationWithStateArgument ::= source "." name "(" stateName
Synthesised attributes
The type of the operation depends on its name.
self.type = Boolean
self.argument = -- TBD the state in the statemachine attached to the ’'type’ of ’source’

-- with the name stateName.name.

Inherited attributes
source.env = self.env

Disambiguating rules
-- none

OCL 2.0 INITIAL SUBMISSION

VERSION 1.0 ,AuGusT 20,2001

4-10



CONCRETE SYNTAX

stateName
This is the argument for Ocl OperationWithStateArgument operation. The name refersto a State.
stateName ::= name

Synthesised attributes
self.name = name.value

Inherited attributes
-- none

Disambiguating rules
-- none

LetExpression

LetExpression ::= "Let" variable "in" in

Synthesised attributes
self.type = in.type

Inherited attributes

in.env = self.env->including(variable)
variable.env = self.env

Disambiguating rules

The variable name must bne unique in the current scope
env->forAll(el | el.name <> variable.name)

variable

variable ::= VariableDeclaration

Synthesised attributes

self.type = VariableDeclaration.type
self.name = VariableDeclaration.name

Inherited attributes
VariableDeclaration.env = self.env

Disambiguating rules

A variable declaration inside a Let must have a declared type and an initial value.
self.type->notEmpty() and self.initExpression->notEmpty()

in ::= OclExpression

Synthesised attributes
self.type := OclExpression.type

Inherited attributes
OclExpression.env = self.env

Disambiguating rules
-- none

ActionExpression

The actionName must either be the name of a Signal, or the name of an Operation belonging to the target
object(s).
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ActionkExpression ::= "when" condition "to" target "send"
actionName "(" arguments ")"

Synthesised attributes
-- Act

Inherited attributes
-- TBD

Disambiguating rules
-~ none

IfExpression

[fExpression ::= "if" condition

Synthesised attributes

self.type := thenkxpression.type
Inherited attributes

condition.env = self.env

thenExpression.env self.env
elseExpression.env = self.env

Disambiguating rules
-- none

condition

condition ::= OclExpression

Synthesised attributes
self.type := OclExpression.type

Inherited attributes
OclExpression.env = self.env

Disambiguating rules
-- none

thenExpression

thenkExpression ::= 0clExpression

Synthesised attributes
self.type := OclExpression.type

Inherited attributes
OclExpression.env = self.env

Disambiguating rules
-- none

elseExpression

elsekbxpression ::= 0clExpression

Synthesised attributes
self.type := OclExpression.type

Inherited attributes
OclExpression.env = self.env

"then" thenExpression
"else" elsekxpression "endif"
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Disambiguating rules
-- none

target

target ::= 0OclExpression

Synthesised attributes
self.type := OclExpression.type

Inherited attributes
OclExpression.env = self.env

Disambiguating rules
-- none

actionName

actionName ::= Name

Synthesised attributes
self.name = name.value

Inherited attributes
-- none

Disambiguating rules
-- none

4.2.1 Operator Precedence

In the grammar, the precedence of the operators from highest to lowest is as follows:
- @pre

= dot and arrow operations. ‘. and ‘->’'

e unary ‘not’ and unary minus ‘-’

e “*“and'/

e ‘+" andbinary ‘-’

= ‘if-then-else-endif’

e < < >

P 5:1’l<>1
= ‘and, ‘or’ and‘xor’
= ‘implies

Parentheses ‘(" and ‘)’ can be used to change precedence.

4.2.2 Environment definition
The Enviroment is defined (informally) with the following operations.

context Environment::lookup(name, type : Classifier) : ModelElement
pre :
post: result = self->select(el|el.name=name and el.oclIsKindOf(type)).any()

context Environment::add(name, type : Classifier)
pre : not self->exists(el|el.name=name and el.oclIsKindOf(type))
post: self->exists(el|el.name=name and el.oclIsKindOf(type))
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4.3 CONCRETE TO ABSTRACT SYNTAX MAPPING

The mapping from concrete to abstract syntax is described as part of the grammar. It is governed by the following
rules:

= A production for a nonterminal with the name of a metaclass from the abstract syntax maps to an instance of
this metaclass. In the grammar these nonterminals (when appearing at the left-hand side of a production rule)
are marked with the color magenta.

= A production for a nonterminal that represents an association-end from the abstract syntax results in an
instance of the corresponding metaclass. In the grammar these nonterminals (when appearing at the left-hand
side of aproduction rule) are marked with the color green

= For any other nonterminal the resulting instance is explicitly mentioned in the grammar.

= A production for a nonterminal with the name of ametaclass (magenta) contains at the righthandside all the
attributes and all the associationEnds [exception: next bullet] that are defined in the abstract syntax. The value
of these attributes and association-ends become the value resulting from the productions (in green) for these
attribute and association-end production rules.

= Exception to the previous rule: for each association, only one of the association-ends will appear in the gram-
mar. The other end is defined as its reverse, by definition.

NOTE: This mapping can be described by adding a synthesized attribute to each production which gets the corre-
sponding metaclass asits type. This has not been done yet, but allows the mapping to be fully formaized within
the attribute grammar formalism.

4.4 ABSTRACT SYNTAX TO CONCRETE SYNTAX MAPPING

Comment — This section needs to be done

Basically use the grammar rules as production rules to produce the concrete syntax.
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5 SEMANTICS

This section formally defines the syntax and semantics of OCL. Most of the material in this section is based on
work presented in [RicO1]. This section is organized as follows. Section 5.1 defines the concept of object models
Object models provide information used as context for OCL expressions and constraints. Section 5.2 defines th
type system of OCL and the set of standard operations. Finally, Section 5.3 defines the syntax and semantics ¢
OCL expressions.

5.1 OBJECT MODELS

In this section, the notion of ambject models formally defined. An object model provides the context for OCL
expressions and constraints. A precise understanding of object models is required before a formal definition o
OCL expressions can be given. Section 5.1.1 proceeds with a formal definition of the syntax of object models.
The semantics of object models is defined in Section 5.1.2. This section also defines the notion of system states :
snapshots of a running system.

5.1.1 SYNTAX OF OBJECT MODELS

In this section, we formally define the syntax of object models. Such a model has the following components:

e aset of classes,

e a set of attributes for each class,

e a set of operations for each class,

e a set of associations with role names and multiplicities,

e a generalization hierarchy over classes.
Additionally, types such almteger, String Se{Rea) are available for describing types of attributes and operation
parameters. In the following, each of the model components is considered in detail. The following definitions are
combined in Section 5.1.1.7 to give a complete definition of the syntax of object models. For naming model com-

ponents, we assume in this section an alphabahd a set of finite, non-empty nam&sC A* over alphabetd
to be given.

5.1.1.1 TYPES

Types are considered in depth in Section 5.2. For now, we assume that there is a signatfg 2) with T
being a set of type names, afidbeing a set of operations over typesiin The setl” includes the basic types
Integer, Real Boolean andString These are the predefined basic types of OCL. All type domains include an
undefined value that allows to operate with unknown or “null” values. Operatiofisiiclude, for example, the
usual arithmetic operations, —, *, /, etc. for integers. Furthermore, collection types are available for describing
collections of values, for exampl8g{String), Bag(Integel, andSequend®ea). Structured values are described
by tuple types with named components, for examplglgname:String, age:Integgr
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5.1.1.2 CLASSES

The central concept of UML for modeling entities of the problem domain is the class. A class provides a common
description for a set of objects sharing the same properties.

DEFINITION 5.1 (CLASSES)
The set of classes is a finite set of namea&€s C . O

Each clasg € CLASS induces arobject typet. € T having the same name as the class. A value of an object type
refers to an object of the corresponding class. The main difference between classes and object types is that tt
interpretation of the latter includes a special undefined value.

5.1.1.3 ATTRIBUTES

Attributes are part of a class declaration in UML. Objects are associated with attribute values describing properties
of the object. An attribute has a name and a type specifying the domain of attribute values.

DEFINITION 5.2 (ATTRIBUTES)
Lett € T be a type. The attributes of a class CLASS are defined as a settA, of signatures: : t. — t where
the attribute name is an element o\, andt. € T is the type of class. O

All attributes of a class have distinct names. In particular, an attribute name may not be used again to define anothe
attribute with a different type.

vt,t'eT:(a:t.—teATT.,anda : t. —t € ATT,) = t =1t
Attributes with the same name may, however, appear in different classes that are not related by generalizatior

Details are given in Section 5.1.1.6 where we discuss generalization. The set of attribute names and class nam
need not be disjoint.

5.1.1.4 OPERATIONS

Operations are part of a class definition. They are used to describe behavioral properties of objects. The effect of a
operation may be specified in a declarative way with OCL pre- and postconditions. Section 5.3 discusses pre- an
postconditions in detail. Furthermore, operations performing computations without side effects can be specifiec
with OCL. In this case, the computation is determined by an explicit OCL expression. This is also discussed in
Section 5.3. Here, we focus on the syntax of operation signatures declaring the interface of user-defined operation
In contrast, other kinds of operations which are not explicitly defined by a modeler are, for example, navigation
operations derived from associations. These are discussed in the next section and in Section 5.2.

DEFINITION 5.3 (OPERATIONS)
Lett andty,...,t, be typesinl’. Operations of a classe CLASS with typet. € T are defined by a set® of
signaturesv : t. x t; x --- x t, — t with operation symbols being elements ol O

The name of an operation is determined by the symbolThe first parametet. denotes the type of the class
instance to which the operation is applied. An operation may have any number of parameters but only a single
return type. In general, UML allows multiple return values. We currently do not support this feature in OCL.
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5.1.1.5 ASSOCIATIONS

Assaociations describe structural relationships between classes. Generally, classes may participate in any numb
of associations, and associations may connect two or more classes.

DEFINITION 5.4 (ASSOCIATIONS)
The set of associations is given by

i. afinite set of names #socC N/,

Assoc— CLASST

ii. afunctionassociates : ]
as — (c1,...,cp) With (n > 2)

0

The functionassociates maps each association namec Assocto a finite list{(cy, .. ., ¢,) of classes participat-

ing in the association. The numbebf participating classes is also called thegreeof an association; associations
with degreen are calledn-ary associations. For many problems the use of binary associations is often sufficient.
A self-associatiorfor recursive association}): is a binary association where both ends of the association are at-
tached to the same classuch thatissociates(sa) = (c, ¢). The functionassociates does not have to be injective.
Multiple associations over the same set of classes are possible.

ROLE NAMES

Classes may appear more than once in an association each time playing a different role. For example, in a sel
association PhoneCall on a cldssonwe need to distinguish between the person having the role of a caller and
another person being the callee. Therefore we assign each class participating in an association a unique role nan
Role names are also important for OCL navigation expressions. A role name of a class is used to determine th
navigation path in this kind of expressions.

DEFINITION 5.5 (ROLE NAMES)
Letas € Assocbe an association witlissociates(as) = (cy, ..., ¢,). Role names for an association are defined
by a function

Assoc— Nt
roles : .
as — (ri,...,ry) With (n > 2)

where all role names must be distinct, i.e.,
Vi,jE{l,...,n}:i#j - ’l‘i#’l"j .

O

The functionroles(as) = (r1,...,r,) assigns each classfor 1 < i < n participating in the association a unique

role namer;. If role names are omitted in a class diagram, implicit names are constructed in UML by using the
name of the class at the target end and changing its first letter to lower case. As mentioned above, explicit role
names are mandatory for self-associations.
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Additional syntactical constraints are required for ensuring the uniqueness of role names when a class is part ¢
many associations. We first define a functignrticipating that gives the set of associations a class participates
in.
CLASS — P(Ass0Q
participating : ¢ ¢ — {as | as € ASSOCA associates(as) = (c1, ..., Cn)

ANFie{l,....,n}:¢ =c}

The following functionnavends gives the set of all role names reachabler(@vigablg from a class over a given
association.

CLASS x Assoc— P(N)
(c,as) — {r | associates(as) = (c1,...,cn)
navends :
Aroles(as) = (ri,...,Tn)

ANTi,je{l,...,n}:(i#jNci=cArj=r)}

The set of role names that are reachable from a class along all associations the class participates in can then
determined by the following function.

navends(c) : {CLASS —PW)

cr— Uaseparticipating(c) navends(c, CLS)

MULTIPLICITIES

An association specifies the possible existence of links between objects of associated classes. The number of linl
that an object can be part of is specified withltiplicities A multiplicity specification in UML can be represented
by a set of natural numbers.

DEFINITION 5.6 (MULTIPLICITIES )

Let as € Assocbhe an association withssociates(as) = (ci,...,c,). The functionmultiplicities(as) =
(M, ..., M,) assigns each classparticipating in the association a non-empty 85tC N, with AZ; # {0} for
alll1 <7< n. O

The precise meaning of multiplicities is defined as part of the interpretation of object models in Section 5.1.2.

REMARK: AGGREGATION AND COMPOSITION

Special forms of associations are aggregation and composition. In general, aggregations and compositions impo:
additional restrictions on relationships. An aggregation is a special kind of binary association represgating a

of relationship. The aggregate is marked with a hollow diamond at the association end in class diagrams. An
aggregation implies the constraint that an object cannot be part of itself. Therefore, a link of an aggregation may
not connect the same object. In case of chained aggregations, the chain may not contain cycles.

An even stronger form of aggregation is composition. The composite is marked with a filled diamond at the
association end in class diagrams. In addition to the requirements for aggregations, a part may only belong to &
most one composite.

These seemingly simple concepts can have quite complex semantic issues [AFGP96, Mot96, Pri97, GR99, HSB9¢
BHS99, BHSOGO1]. Here, we are concerned only with syntax. The syntax of aggregations and compositions is
very similar to associations. Therefore, we do not add an extra concept to our formalism. As a convention,
we always use the first component in an association for a class playing the role of an aggregate or composite
The semantic restrictions then have to be expressed as an explicit constraint. A systematic way for mapping
aggregations and compositions to simple associations plus OCL constraints is presented in [GR99].
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5.1.1.6 GENERALIZATION

A generalization is a taxonomic relationship between two classes. This relationship specializes a general class int
a more specific class. Specialization and generalization are different views of the same concept. Generalizatio
relationships form a hierarchy over the set of classes.

DEFINITION 5.7 (GENERALIZATION HIERARCHY )
A generalization hierarchy is a partial order on the set of classesASs. O

Pairs in< describe generalization relationships between two classes. For adasses CLASS with ¢; < c¢o,
the class; is called achild classof ¢o, andes is called gparent clasf ¢;.

FULL DESCRIPTOR OF A CLASS

A child class implicitly inherits attributes, operations and associations of its parent classes. The set of properties
defined in a class together with its inherited properties is callledl @escriptorin UML. We can formalize the
full descriptor in our framework as follows. First, we define a convenience function for collecting all parents of a
given class.
{CLASS — P(CLASS)
parents :

c—{d|d eCLassAnc =<}

The full set of attributes of classis the set AT} containing all inherited attributes and those that are defined
directly in the class.
ATT:=ATT. U ) ATT,

¢’ eparents(c)
We define the set of inherited user-defined operations analogously.

or;=0p, U |J Opry

¢ €parents(c)

Finally, the set of navigable role names for a class and all of its parents is given as follows.

navends®(c) = navends(c) U U navends(c’)

¢’ €parents(c)

DEFINITION 5.8 (FULL DESCRIPTOR OF A CLASS)
The full descriptor of a class€ CLASS s a structure FD= (ATT}, OP}, navends™(c)) containing all attributes,
user-defined operations, and navigable role names defined for the class and all of its parents. O

The UML standard requires that properties of a full descriptor must be distinct. For example, a class may not
define an attribute that is already defined in one of its parent classes. These constraints are captured more precist
by the following well-formedness rules in our framework. Each constraint must hold for eacls elaSsAsS.

1. Attributes are defined in exactly one class.

V(a:t.—t, a1ty —t € ATT)) :
(a=d = te=tu Nt=1) (WF-1)
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2. Inafull class descriptor, an operation may only be defined once. The first parameter of an operation signatur:
indicates the class in which the operation is defined. The following condition guarantees that each operatior
in a full class descriptor is defined in a single class.

V(w:ite Xty X oo Xty —t, witey Xty X - Xt, =t €OP):
(te =to) (WF-2)

3. Role names are defined in exactly one class.

Veq, e € parents(c) U {c} :
(c1 # ¢ = navends(c1) N navends(cz) = 0) (WF-3)

4. Attribute names and role names must not conflict. This is necessary because in OCL the same notation i
used for attribute access and navigation by role name. For example, the expsedision may either be
a reference to an attribuieor a reference to a role name

V(a:t. —t € ATT,) : Vr € navends™(c) :
(a#7) (WF-4)

Note that operations may have the same name as attributes or role names because the concrete syntax of O
allows us to distinguish between these cases. For example, the expsedtimge  is either an attribute or role
name reference, but a call to an operation age without parameters is writteli.age()

5.1.1.7 FORMAL SYNTAX

We combine the components introduced in the previous section to formally define the syntax of object models.

DEFINITION 5.9 (SYNTAX OF OBJECT MODELS )
The syntax of an object model is a structure

M = (CLASS, ATT,, OP., ASSOG associates, roles, multiplicities, <)

where

i. CLASSIs a set of classes (Definition 5.1).

ii. ATT.is a set of operation signatures for functions mapping an object of ctasan associated attribute
value (Definition 5.2).

iii. OP. is a set of signatures for user-defined operations of a eléBsfinition 5.3).

iv. Associs a set of association names (Definition 5.4).

(a) associates is a function mapping each association name to a list of participating classes
(Definition 5.4).
(b) roles is a function assigning each end of an association a role name (Definition 5.5).

(c) multiplicities is a function assigning each end of an association a multiplicity specification
(Definition 5.6).

v. < is a partial order on Cass reflecting the generalization hierarchy of classes (Definitions 5.7 and 5.8).

O
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5.1.2 INTERPRETATION OF OBJECT MODELS

In the previous section, the syntax of object models has been defined. An interpretation of object models is
presented in the following.

5.1.2.1 OBJECTS

The domain of a class € CLASS is the set of objects that can be created by this class and all of its child classes.
Objects are referred to by unique object identifiers. In the following, we will make no conceptual distinction
between objects and their identifiers. Each object is uniquely determined by its identifier and vice versa. Therefore
the actual representation of an object is not important for our purposes.

DEFINITION 5.10 (OBJECT IDENTIFIERS )
i. The set of object identifiers of a class CLASs is defined by an infinite sefid(c) = {¢;, ¢, ... }-

ii. The domain of a clase € CLASs is defined adciass(c) = [J{oid(¢') | ¢ € CLASSA ¢ < ¢}.

O

In the following, we will omit the index for a mappingwhen the context is obvious. The concrete scheme for
naming objects is not important as long as every object can be uniquely identified, i.e., there are no different object:
having the same name. We sometimes use single letters combined with increasing indexes to name objects if it |
clear from the context to which class these objects belong.

GENERALIZATION

The above definition implies that a generalization hierarchy induces a subset relation on the semantic domain o
classes. The set of object identifiers of a child class is a subset of the set of object identifiers of its parent classe:
With other words, we have

Ver,c0 € CLASS: ¢ < o = I(c1) C I(co) .

From the perspective of programming languages this closely corresponds to the domain-inclusion semantics cor
monly associated with subtyping and inheritance [CW85]. Data models for object-oriented databases such as th
generic OODB model presented in [AHV95] also assume an inclusion semantics for class extensions. This re
guirement guarantees two fundamental properties of generalizations. First, an object of a child class has (inherits
all the properties of its parent classes becausedh instance of the parent classes. Second, this implies that an
object of a more specialized class can be used anywhere where an object of a more general class is expected (pr
ciple of substitutability) because it has at least all the properties of the parent classes. In general, the interpretatio
of classes is pairwise disjoint if two classifiers are not related by generalization and do not have a common child.

5.1.2.2 LINKS

An association describes possible connections between objects of the classes participating in the association.
connection is also called a link in UML terminology. The interpretation of an association is a relation describing
the set of all possible links between objects of the associated classes and their children.
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DEFINITION 5.11 (LINKS)

Each associations € Assocwith associates(as) = (ci,...,cy) iS interpreted as the Cartesian product of the
sets of object identifiers of the participating classgssocd(as) = Iciass(c1) X - -+ X Iciass(cn). A link denoting
a connection between objects is an elenignt Iassodas). O

5.1.2.3 SYSTEM STATE

Objects, links and attribute values constitute the state of a system at a particular moment in time. A system is ir
different states as it changes over time. Therefore, a system state is also called a snapshot of a running systel
With respect to OCL, we can in many cases concentrate on a single system state given at a discrete point in time
For example, a system state provides the complete context for the evaluation of OCL invariants. For pre- anc
postconditions, however, it is necessary to consider two consecutive states.

DEFINITION 5.12 (SYSTEM STATE)
A system state for a modél is a structurer(M) = (ociass, OATT; TASSOC) -

i. The finite setsrc ass(c) contain all objects of a clagse CLASS existing in the system state:
ocLass(c) C oid(c).

ii. Functionsoarr assign attribute values to each objetiir(a) : ociass(c) — I(t) for each
a:t.—1teATT,.

iii. The finite setsrassoccontain links connecting objects. For eache ASSOC oassodas) C Iassodas).
A link set must satisfy all multiplicity specifications defined for an association (the funeti@hprojects
theith component of a tuple or ligt whereas the functiof; (/) projectsall but the ith component):

Vi € {1, e ,n},Vl S UAssoc(aS> :
HU'| I € oassodas) A (7;(I') = 7;(1))}| € m;(multiplicities(as))
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5.2 OCL TYpPeES AND OPERATIONS

OCL is a strongly typed language. A type is assigned to every OCL expression and typing rules determine in
which ways well-formed expressions can be constructed. In addition to those types introduced by UML models,
there are a number of predefined OCL types and operations available for use with any UML model. This section
formally defines the type system of OCL. Types and their domains are fixed, and the abstract syntax and semantic
of operations is defined.

Our general approach to defining the type system is as follows. Types are associated with a set of operation:
These operations describe functions combining or operating on values of the type domains. In our approach, w
use a data signatu® = (7',() to describe the syntax of types and operations. The semantics of tyfies in

and operations if is defined by a mapping that assigns each type a domain and each operation a function. The
definition of the syntax and semantics of types and operations will be developed and extended in several steps. £
the end of this section, the complete set of types is defined in a single data signature.

Section 5.2.1 defines the basic typateger, Real Booleanand String  Enumeration types are defined in Sec-

tion 5.2.3. Section 5.2.4 introduces object types that correspond to classes in a model. Collection and tuple type
are discussed in Section 5.2.5. The special typadnyandOclStateare considered in Section 5.2.6. Section 5.2.7
introduces subtype relationships forming a type hierarchy. All types and operations are finally summarized in a
data signature defined in Section 5.2.8.

5.2.1 BAsIC TYPES

Basic types arénteger, Real BooleanandString The syntax of basic types and their operations is defined by a
signatureXp = (TB,2p). T is the set of basic type§) 5 is the set of signatures describing operations over basic

types.
DEFINITION 5.13 (SYNTAX OF BASIC TYPES)
The set of basic typeBg is defined ag's = {Integer, Real Boolean String}. O

Next we define the semantics of basic types by mapping each type to a domain.

DEFINITION 5.14 (SEMANTICS OF BASIC TYPES)
Let . 4* be the set of finite sequences of characters from a finite alpbbBbe semantics of a basic types T
is a function/ mapping each type to a set:

e I(Integen =Z U {L}

e /(Rea) =RU{L}

e I(Boolean = {true false} U {L}
e I(String) = A*U{L}.

O

The basic typdntegerrepresents the set of integeRgalthe set of real number8ooleanthe truth values true
and false, anétringall finite strings over a given alphabet. Each domain also contains a special undefined value
which is motivated in the next section.
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5.2.1.1 ERROR HANDLING

Each domain of a basic typecontains a special value. This value represents an undefined value which is useful
for two purposes.

1. Anundefined value may, for example, be assigned to an attribute of an object. In this case the undefined valu
helps to model the situation where the attribute value is not yet known (for example, the email address of a
customer is unknown at the time of the first contact, but will be added later) or does not apply to this specific
object instance (e.g., the customer does not have an email address). This usage of undefined values is we
known in database modeling and querying with SQL [Dat90, EN94]), in the Extended ER-Model [Gog94],
and in the object specification language TRAlght [Her95].

2. An undefined value can signal an error in the evaluation of an expression. An example for an expression
that is defined by a partial function is the division of integers. The result of a division by zero is undefined.
The problems with partial functions can be eliminated by including an undefined vailu® the domains
of types. For all operations we can then extend their interpretation to total functions.

The interpretation of operations is considered strict unless there is an explicit statement in the following. Hence, ar
undefined argument value causes an undefined operation result. This ensures the propagation of error condition:

5.2.1.2 OPERATIONS

There are a number of predefined operations on basic types. Thg sentains the signatures of these operations.
An operation signature describes the name, the parameter types, and the result type of an operation.

DEFINITION 5.15 (SYNTAX OF OPERATIONS)
The syntax of an operation is defined by a signaturet; x --- x ¢, — t. The signature contains the operation
symbolw, a list of parameter types, ... ,t, € T, and aresult typec T. O

Table 5.1 shows a schema defining most predefined operations over basic types. The left column contains partiall
parameterized signatures . The right column specifies variations for the operation symbols or types in the
left column.

The set of predefined operations includes the usual arithmetic operationsx, /, etc. for integers and real
numbers, division (div) and modulo (mod) of integers, sign manipulatigraps), conversion dRealvalues to
Integervalues (floor, round), and comparison operaticns¥, <, >).

Operations for equality and inequality are presented later in Section 5.2.2, since they apply to all types. Boolear
values can be combined in different ways (and, or, xor, implies), and they can be negated (not). For strings
the length of a string (size) can be determined, a string can be projected to a substring and two strings can b
concatenated (concat). Finally, assuming a standard alphabet like ASCII or Unicode, case translations are possib
with toUpper and toLower.

Some operation symbols (such-asnd—) are overloaded, that is there are signatures having the same operation
symbol but different parameters (concerning number or type) and possibly different result types. Thus in general
the full argument list has to be considered in order to identify a signature unambiguously.

The operations in Table 5.1 all have at least one parameter. There is another set of oper&tjpndioh do not

have parameters. These operations are used to produce constant values of basic types. For example, the inte
value12 can be generated by the operaticéh:— Integer. Similar operations exist for the other basic types. For
each value, there is an operation with no parameters and an operation symbol that corresponds to the commc
notational representation of this value.
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Signature Schema parameters
w : Integer x Integer— Integer w € {4+, —, %, max min}
Integerx Real— Real
Realx Integer— Real
Realx Real— Real

w : Integerx Integer— Integer w € {div, mod}

/it Xty — Real t1,t2 € {Integer, Real}

—it—t t € {Integer, Real}
abs:t — ¢

floor : t — Integer
round :t — Integer

w:t; X ty — Boolean we {<,>,<, >},
t1,t2 € {Integer, Real
String Boolear}
w : Booleanx Boolean— Boolean w € {and or,
xor, implies}

not : Boolean— Boolean
size : String — Integer
concat :String x String— String
toUpper :String— String
toLower : String — String
substring :String x Integer x Integer— String

Table 5.1: Schema for operations on basic types

5.2.1.3 SEMANTICS OF OPERATIONS

DEFINITION 5.16 (SEMANTICS OF OPERATIONS )
The semantics of an operation with signaturet; x --- x ¢, — tis a total functionl (w : t; X -+ X t, — t) :
I(ty) x - x I(ty,) — I(t). O

When we refer to an operation, we usually omit the specification of the parameter and result types and only use
the operation symbol if the full signature can be derived from the context.

The next example shows the interpretation of the operatidor adding two integers. The operation has two
argumentsi;,io € I(Integer). This example also demonstrates the strict evaluation semantics for undefined
arguments.
L 11 + 19 ifil#LandiQ;&J_,
I(4)(i1,d2) = :
€ otherwise.
We can define the semantics of the other operations in Table 5.1 analogously. The usual semantics of the boolez
operations and, or, xor, implies, and not, is extended for dealing with undefined argument values. Table 5.2 show
the interpretation of boolean operations following the proposal in [C1B] based on three-valued logic.

Since the semantics of the other basic operationBiteger, Real andStringvalues is rather obvious, we will not
further elaborate on them here.
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by b by andby by orby by Xorbs by impliesb,  notby
false false false false false true true
false true false true true true true
true false false true true false false
true  true true true false true false
false L false L 1L true true
true L 1L true 1L 1L false

il false false s il € il

L true L true L true L

1 1 1 1 1 1 1

Table 5.2: Semantics of boolean operations

5.2.2 CoMMON OPERATIONS ON ALL TYPES

At this point, we introduce some operations that are defined on all types (including those which are defined in
subsequent sections). For each type T, the constant operation undefiped— ¢ generates the undefined
value L. The semantics is given bf(undefined) = L. The equality of values of the same type can be checked
with the operation=;: ¢t x ¢ — Boolean Furthermore, the semantics-ef defines undefined values to be equal.

For two values, vy € I(t), we have

true ifv; = vy, 0rvy = L andvy = 1,
false otherwise

I(=)(v1,02) = {

A test for inequality#;: ¢ x t — Booleancan be defined analogously. It is also useful to have an operation that
allows to check whether an arbitrary value is well-defined or undefined. This can be done with the operations

isDefined : t — Booleanand isUndefined: ¢t — Boolean
I(isDefined)(v) = I(#)(v, L)
I(isUndefined)(v) = I(=)(v, L)

5.2.3 ENUMERATION TYPES

Enumeration types are user-defined types. An enumeration type is defined by specifying a name and a set «
literals. An enumeration value is one of the literals used for its type definition.

The syntax of enumeration types and their operations is defined by a sighatute(Tg, g). Tk is the set of
enumeration types arfdg the set of signatures describing the operations on enumeration types.

DEFINITION 5.17 (SYNTAX OF ENUMERATION TYPES )
An enumeration type € Tp is associated with a finite non-empty set of enumeration literals by a function

literals(t) = {e1,,. .., en, }- O

An enumeration type is interpreted by the set of literals used for its declaration.

DEFINITION 5.18 (SEMANTICS OF ENUMERATION TYPES )
The semantics of an enumeration type T is a functionI (¢) = literals(t) U { L}. O
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5.2.3.1 OPERATIONS

There is only a small number of operations defined on enumeration types: the test for equality or inequality of
two enumeration values, a test for the undefined value, and the generation of an undefined enumeration value. Tt
syntax and semantics of these general operations was defined in Section 5.2.2 and applies to enumeration types
well.

In addition, the operation allinstanges~ Sett) is defined for eachh € T, to return the set of all literals of the
enumeration:
Vt € Tg : I(allinstancey)) = literals(t)

5.2.4 OBJECT TYPES

A central part of a UML model are classes that describe the structure of objects in a system. For each class, w
define a corresponding object type describing the set of possible object instances. The syntax of object types ar
their operations is defined by a signatite = (7¢,Q¢). Tc is the set of object types, arfel- is the set of
signatures describing operations on object types.

DEFINITION 5.19 (S'NTAX OF OBJECT TYPES)
Let M be a model with a setiQss of class nhames. The sét of object types is defined such that for each class
c € CLASSthere is a type € T having the same name as the class O

We define the following two functions for mapping a class to its type and vice versa.

typeOf : CLASS — T¢
classOf : T — CLASS

The interpretation of classes is used for defining the semantics of object types. The set of object identifiers
Iciass(c) was introduced in Definition 5.10 on page 7.

DEFINITION 5.20 (SEMANTICS OF OBJECT TYPES)
The semantics of an object types T with classOf(t) = cis defined ad (t) = Iciass(c) U {L}. O

In summary, the domain of an object type is the set of object identifiers defined for the class and its children. The
undefined value that is only available with the type — not the class — allows us to work with values not referring
to any existing object. This is useful, for example, when we have a navigation expression pointing to a class with
multiplicity 0..1 . The result of the navigation expression is a value referring to the actual object only if a target
object exists. Otherwise, the result is the undefined value.

5.2.4.1 OPERATIONS

There are four different kinds of operations that are specific to object types.

¢ Predefined operationg hese are operations which are implicitly defined in OCL for all object types.

e Attribute operationsAn attribute operation allows access to the attribute value of an object in a given system
state.
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e Object operationsA class may have operations that do not have side effects. These operations are marked in
the UML model with the tagsQuery In general, OCL expressions could be used to define object operations.
The semantics of an object operation is therefore given by the semantics of the associated OCL expression

e Navigation operations An object may be connected to other objects via association links. A navigation
expression allows to follow these links and to retrieve connected objects.

PREDEFINED OPERATIONS

For all classes € CLASS with object typet. = typeOf(c) the operations
allinstances : — Seft.)
are inQ)¢. The semantics is defined as

I(allinstanceg : — Seft.)) = ociass(c) .

This interpretation of allinstances is safe in the sense that its result is always limited to a finite set. The extensior
of a class is always a finite set of objects.

ATTRIBUTE OPERATIONS

Attribute operations are declared in a model specification by the sget #or each class. The set contains
signatures: : t. — t with a being the name of an attribute defined in the clasehe type of the attribute is All
attribute operations in &, are elements df?. The semantics of an attribute operation is a function mapping an
object identifier to a value of the attribute domain. An attribute value depends on the current system state.

DEFINITION 5.21 (SEMANTICS OF ATTRIBUTE OPERATIONS )
An attribute signature : t. — ¢ in Q¢ is interpreted by an attribute value functifyr(a : t. — t) : I(t.) — I(t)
mapping objects of classto a value of type.

IATT(G tte — t)(Q) =

oarr(a)(c) if ¢ € ocrass(c),
otherwise.

]

Note that attribute functions are defined for all possible objects. The attempt to access an attribute of a non-exister
object results in an undefined value.

OBJECT OPERATIONS

Object operations are declared in a model specification. For side effect-free operations the computation can ofte
be described with an OCL expression. The semantics of a side effect-free object operation can then be given b
the semantics of the OCL expression associated with the operation. We give a semantics for object operations i
Section 5.3 when OCL expressions are introduced.
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NAVIGATION OPERATIONS

A fundamental concept of OCL is navigation along associations. Navigation operations start from an object of
a source class and retrieve all connected objects of a target class. In generah-avg@ssociation induces a

total ofn - (n — 1) directed navigation operations, because OCL navigation operations only consider two classes
of an association at a time. For defining the set of navigation operations of a given class, we have to consider al
associations the class is participating in. A corresponding function nameitipating was defined on page 4.

DEFINITION 5.22 (S/NTAX OF NAVIGATION OPERATIONS )
Let M be a model

M = (CLASS, ATT,, OP., ASSOC associates, roles, multiplicities, <) .

The setQna(c) of navigation operations for a clags € CLASs is defined such that for each association
as € participating(c) with associates(as) = (c1,...,cy), roles(as) = (r1,...,r,), andmultiplicities(as) =
(M, ..., M,) the following signatures are ifdpa(c).

Foralli,j € {1,...,n} withi # j, ¢; = ¢, t., = typeOf(c;), andt., = typeOf(c;)

i if n =2 ande — {0, 1} = @them“j(as ) : tci — tcj € Qnav(c),

i. if n>2o0rM; —{0,1} #0 thenrj( ) te; — Seft.,) € Qnav(c).

as,r;

All navigation operations are elements(g:. O

As discussed in Section 5.1, we use unique role names instead of class names for navigation operations in ord
to avoid ambiguities. The index of the navigation operation name specifies the association to be navigated alon
as well as the source role name of the navigation path. The result type of a navigation over binary associations i
the type of the target class if the multiplicity of the target is give@as or 1 (i). All other multiplicities allow

an object of the source class to be linked with multiple objects of the target class. Therefore, we need a set type t
represent the navigation result (ii). Non-binary associations always induce set-valued results since a multiplicity
at the target end is interpreted in termsatif source objects. However, for a navigation operation, only a single
source object is considered.

Navigation operations are interpreted by navigation functions. Such a function has the effect of first selecting all
those links of an association where the source object occurs in the link component corresponding to the role of the
source class. The resulting links are then projected onto those objects that correspond to the role of the target clas

DEFINITION 5.23 (S£MANTICS OF NAVIGATION OPERATIONS )
The set of objects of clagg linked to an object; via associatioms is defined as

L(as)(¢;) = {gj | (C1yeeeyCiye-- s Ciye e ,Cpn) € Oassodas)}

The semantics of operationsihay(c) is then defined as

i. I('rj(asm Phe; = te;) (¢ 1 otherwise.

- {gj if ¢; € L(as)(c;),

i 1(rjgqs ) * e — S€lte))(c:) = L(as)(c).

as,r;)
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5.2.5 COLLECTION AND TUPLE TYPES

We call a type that allows the aggregation of several values into a single value a complex type. OCL provides
the complex typesett), Sequenag), andBag(t) for describing collections of values of tyge There is also

a supertypeCollection(t) which describes common properties of these types. The OCL collection types are ho-
mogeneous in the sense that all elements of a collection must be of the sanie Type restriction is slightly
relaxed by the substitution rule for subtypes in OCL (see Section 5.2.7). The rule says that the actual elements ¢
a collection must have a type which is a subtype of the declared element type. For exaBgPeesorn may

contain elements of typ€ustomeror Employee

5.2.5.1 SYNTAX AND SEMANTICS
Since complex types are parameterized types, we define their syntax recursively by means of type expressions.

DEFINITION 5.24 (TYPE EXPRESSIONS) R )
Let7 be a set of types ar, ..., l,, € NV a set of disjoint names. The set of type expressing:(1') overT is
defined as follows.

ii. If ¢ € Texpe(T) thenSett), Sequendg), Bad(t) € Texpr(T).

iii. If ¢ € Texpr(T') thenCollection(t) € Texpr(T).

N

(]

The definition says that every types 7' can be used as an element type for constructing a set, sequence, bag, or
collection type. The components of a tuple type are marked with lahels. , I,,. Complex types may again be

used as element types for constructing other complex types. The recursive definition allows unlimited nesting of
type expressions.

For the definition of the semantics of type expressions we make the following conventiorsg($etlenote the
set of all finite subsets of a given sgt.S* is the set of all finite sequences ovgrand53(5) is the set of all finite
multisets (bags) oves.

DEFINITION 5.25 (SEMANTICS OF TYPE EXPRESSIONS)
Let T be a set of types where the domain of eaeh7" is I(¢). The semantics of type expressidfis,(1') over

T is defined for alt € T as follows.

i. I(t) is defined as given.

I(Sett)) = F(I(t)) U{L},
I(Sequenc®)) = (I(t))* U {L},
I(Bag(t)) = B(I(t)) U {L}.

iii. I(Collection(t)) = I(Seft)) U I(Sequendg)) U I(Bagt)).
iv. I(Tuplely :ty,... 0l :ty)) =1(t1) x -+ x I(t,)U{L}.
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O

In this definition, we observe that the interpretation of the t@odlectiont) subsumes the semantics of the set,
sequence and bag type. In OCL, the collection type is described as a super8gi¢)pEequenag) andBag(t).

This construction greatly simplifies the definition of operations having a similar semantics for each of the concrete
collection types. Instead of explicitly repeating these operations for each collection type, they are defined once
for Collection(t). Examples for operations which are “inherited” in this way are the size and includes operations
which determine the number of elements in a collection or test for the presence of an element in a collection,
respectively.

5.2.5.2 OPERATIONS

CONSTRUCTORS

The most obvious way to create a collection value is by explicitly enumerating its element values. We therefore
define a set of generic operations which allow us to construct sets, sequences, and bags from an enumeration
element values. For example, the §&t2,5} can be described in OCL by the express®&et {1,2,5 }, the list

(1,2,5) by Sequence {1,2,5 }, and the bad{2,2,7} by Bag{2,2,7 }. A shorthand notation for collections
containing integer intervals can be used by specifying lower and upper bounds of the interval. For example, the
expressiorSequence {3..6 } denotes the sequen¢® 4, 5,6). This is only syntactic sugar because the same
collection can be described by explicitly enumerating all values of the interval.

Operations for constructing collection values by enumerating their element values arecoalétaictors For

typest € Texpr(1') cOnstructors imTEXp,(T) are defined below. A parameter lisk --- x ¢t denotes: (n > 0)
parameters of the same typeWe define constructors mk$emkSequenge and mkBag not only for any type
but also for any finite number of parameters.

e mkSet:t x --- xt— Seft)
e mkSequence: t x --- x t — Sequendg)

e mkBag : t x --- x t — Bag(t)
The semantics of constructors is defined for values. . , v, € I(t) by the following functions.
o I(mkSet)(vi,...,vn) = {v1,...,vn}
e I(mkSequencg(vi,...,vn) = (V1,...,vp)
o I(mkBag)(vi,...,v,) = {v1,..., o0}

A tuple constructor in OCL specifies values and labels for all components, for exahuplke {number:3,
fruit’apple’, flag:true }. A constructor for a tuple with component types...,t, € Texpr(T)
(n > 1) is given in abstract syntax by the following operation.

e mKTuple: Iy :t1 X --- X I, 1 t,, — Tuplely : t1, ..., 0, : ty)
The semantics of tuple constructors is defined for valyes (¢;) with i = 1,. .., n by the following function.
o I(mKTuple)(ly : v1,...,0ln ) = (V1,...,Un)

Note that constructors having element values as arguments are deliberately defined not to be strict. A collectiol
value therefore may contain undefined values while still being well-defined.
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COLLECTION OPERATIONS

The definition of operations of collection types comprises the set of all predefined collection operations. Operations
common to the typeSett), Sequenag), andBagt) are defined for the supertyfiollectior(¢). Table 5.3 shows

the operation schema for these operations. Fot &IITEXpr(T), the signatures resulting from instantiating the
schema are included mTExpr(T)' The right column of the table illustrates the intended set-theoretic interpretation.

For this purpose(’, C1, Cs are values of typ€ollectiorn(t), andv is a value of type.

Signature Semantics
size : Collection(t) — Integer |C|
count :Collection(t) x t — Integer |C N {v}
includes :Collectiont) x t — Boolean vedl
excludes Collection(t) x t — Boolean ve¢C

includesAll : Collectior(t) x Collectior(t) — Boolean C5 C C}
excludesAll :Collection(t) x Collection(t) — Boolean C;NCy =0

iISEmpty : Collection(t) — Boolean Cc=0
notEmpty :Collection(t) — Boolean C#0
sum : Collection(t) — ¢ ZLZ‘l 1

Table 5.3: Operations for typ€ollection(t)

The operation schema in Table 5.3 can be applied to sets (sequences, bags) by sulstiftitiBequenadg),

Bag(t)) for all occurrences of typ€ollection(t). A semantics for the operations in Table 5.3 can be easily defined
for each of the concrete collection typ8g(t), Sequendg), andBagt). The semantics for the operations of
Collection(t) can then be reduced to one of the three cases of the concrete types because every collection type |
either a set, a sequence, or a bag. Consider, for example, the operation 8etift< ¢t — Integerthat counts the
number of occurrences of an elemerin a sets. The semantics of count is

1 ifves,
I(count: Seft) x t — Integen(s,v) =0 ifv ¢s,
1 ifs=1.

Note that count is not strict. A set may contain the undefined value so that the result of count is 1 if the undefined
value is passed as the second argument, for example,(§duntL) = 1 and counf{1}, L) = 0.

For bags (and very similar for sequences), the meaning of count is
I(count: Bagt) x t — Integen({v1,...,vn},v)
0 if n =0,

= 4 I(cound({ve,...,vn},v) if n > 0andv; # v,
I(cound({v2,...,vn}},v)+1 if n>0andv; =wv.

As explained before, the semantics of count for values of §pkectiont) can now be defined in terms of the
semantics of count for sets, sequences, and bags.

I(count: Collectior(t) x t — Integen(c,v)

I(count: Seft) x t — Integen(c,v) if ¢ € I(Seft)),
_J I(count: Sequendg) x t — Integen(c,v) if c € I(Sequendg)),
| I(count: Bag(t) x ¢t — Integed(c, v) if ¢ € I(Bag(t)),

1 otherwise
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SET OPERATIONS

Operations on sets include the operations listed in Table 5.3. These are inheritgddiention(t). Operations
which are specific to sets are shown in Table 5.4 wHgi€,, S; are values of typ&ett), B is a value of type
Bag(t) andv is a value of type.

Signature Semantics
union : Seft) x Seft) — Sett) S1U S
union : Seft) x Bagt) — Bagt) SUB
intersection :Sett) x Seft) — Seft) S1N S
intersection Sef{t) x Bagt) — Sef{t) SNB
—: Seft) x Seft) — Sett) S1— 5o
symmetricDifference Seft) x Se(t) — Seft) (S1US2) — (51N Sy)
including : Seft) x t — Seft) SuU{v}
excluding :Seft) x t — Seft) S —{v}
asSequenceSeft) — Sequendg)
asBag :Seft) — Bag(t)

Table 5.4: Operations for typ&ett)

Note that the semantics of the operation asSequence is nondeterministic. Any sequence containing only the el
ments of the source set (in arbitrary order) satisfies the operation specification in OCL.

BAG OPERATIONS

Operations for bags are shown in Table 5.5. The operation asSequence is nondeterministic also for bags.

Signature Semantics
union : Bag(t) x Bagt) — Bag(t) BiU B,
union :Bag(t) x Seft) — Bagt) BUS
intersection Bag(t) x Bag(t) — Bagt) BN Bs
intersection Bag(t) x Sett) — Seft) BNS
including : Bag(t) x ¢t — Bag(t) BU{v}
excluding :Bag(t) x t — Bad) B —{v}
asSequenceBag(t) — Sequendg)
asSet Bagt) — Seft)

Table 5.5: Operations for typ8ag(t)

SEQUENCE OPERATIONS

Sequence operations are displayed in Table 5.6. The intended semantics again is shown in the right column c
the table. S, S1, Se are sequences occurring as argument valuésa value of type, andq, j are arguments of

type Integer. The length of sequencg is n. The operator denotes the concatenation of lists(S) projects

theith element of a sequencg and; ;(.S) results in a subsequence $fstarting with theith element up to and
including thejth element. The result is if an index is out of rangeS — (v) produces a sequence equabtbut

with all elements equal to removed. Note that the operations append and including are also defined identically
in the OCL standard.
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Signature Semantics

union : Sequendg) x Sequendg) — Sequenag) 5105
append Sequendg) x t — Sequendg) S o {e)
prepend Sequendg) x t — Sequendg) (e)o S
subSequenceSequenadg) x Integerx Integer— Sequendg) 7 ;(S5)

at : Sequenag) x Integer— ¢ i (S)

first : Sequendg) — t m1(S)

last : Sequendg) — ¢ T (S)
including : Sequendg) x ¢t — Sequendg) So{e)
excluding :Sequendg) x t — Sequendg) S — (e)

asSet Sequenag) — Seft)
asBag :Sequendg) — Badt)

Table 5.6: Operations for typ&equendg)

FLATTENING OF COLLECTIONS

Type expressions as introduced in Definition 5.24 allow arbitrarily deep nested collection types. We pursue the
following approach for giving a precise meaning to collection flattening. First, we keep nested collection types
because they do not only make the type system more orthogonal, but they are also necessary for describing tt
input of the flattening process. Second, we define flattening by means of an explicit function making the effect of
the flattening process clear. There may be a shorthand notation omitting the flatten operation in concrete synta
which would expand in abstract syntax to an expression with an explicit flattening function.

Flattening in OCL does apply to all collection types. We have to consider all possible combinations first. Table 5.7
shows all possibilities for combininget Bag andSequencato a nested collection type. For each of the different
cases, the collection type resulting from flattening is shown in the right column. Note that the elemértaype

be any type. In particular, ifis also a collection type the indicated rules for flattening can be applied recursively
until the element type of the result is a non-collection type.

Nested collection type  Type after flattening

SefSequendg)) Seft)
SetSe(t)) Seft)
Se{Bagt)) Seft)
Bag(Sequenag)) Bag(t)
Bag(Seft)) Bag(t)
BagBagt)) Bag(t)
Sequend&equendg)) Sequendg)
Sequendsett)) Sequendg)
Sequend@®agt)) Sequendg)

Table 5.7: Flattening of nested collections.

A signature schema for a flatten operation that removes one level of nesting can be defined as
flatten: C; (Cz(t)) — Cy (t)

whereC; andC, denote any collection type nanget Sequenceor Bag The meaning of the flatten operations
can be defined by the following generic iterate expression. The semantics of OCL iterate expressions is defined i
Section 5.3.1.2.
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<collection-of-type-C1(C2(t))>->iterate(el : C2(t);
accl : CL(t) = C1 {} |
el->iterate(v : t;
acc2 : Cl(t) = accl |
acc2->including(v)))

The following example shows how this expression schema is instantiated for a bag of sets of integers, that is
C, = Bag Cy = Set andt = Integer. The result of flattening the valugag{Set {3,2 },Set {1,2,4 }}is
Bag{1,2,2,34 }.

Bag{Set {3,2 },Set {1,2,4 }}->iterate(el : Set(Integer);
accl : Bag(Integer) = Bag {} |
el->iterate(v : Integer;
acc?2 : Bag(Integer) = accl |
acc2->including(v)))

It is important to note that flattening sequences of sets and bags (see the last two rows in Table 5.7) is potentiall
nondeterministic. For these two cases, the flatten operation would have to map each element of the (multi-) se
to a distinct position in the resulting sequence, thus imposing an order on the elements which did not exist in the
first place. Since there are types (e.g. object types) which do not define an order on their domain elements, ther
is no obvious mapping for these types. Fortunately, these problematic cases do not occur in standard navigatio
expressions. Furthermore, these kinds of collections can be flattened if the criteria for ordering the elements i
explicitly specified.

TUPLE OPERATIONS
An essential operation for tuple types is the projection of a tuple value onto one of its components. An element of
a tuple with labeled components can be accessed by specifying its label.

o element : Tuplgly : t1,..., 0 1 ti,.... 1, 1 ty) — t

o I(element : Tuplgly : t1,..., 0l ttiy . ln 1 t0) = ti) (V1,04 o 0n) = 0

5.2.6 SPECIAL TYPES
Special types in OCL that do not fit into the categories discussed so f@cé@yandOclState

e OclAnyis the supertype of all other types except for the collection types. The exception has been introduced
in UML 1.3 because it considerably simplifies the type system [C1O8]. A simple set inclusion seman-
tics for subtype relationships as proposed in the next section would not be possible due to cyclic domain
definitions ifOclAnywere the supertype @e{OclAny).

e OclStates a type very similar to an enumeration type. Itis only used in the operation oclinState for referring
to state names in a state machine. There are no operations defined on thi9typtateis therefore not
treated specially.

DEFINITION 5.26 (TyPE OclAny)
The set of special types & = {OclAny}.

Let 7" be the set of basic, enumeration, and object tyPpes Tz U Tz U Tc. The domain of OclAny is given as
I(OclAny) = (UtGT I(t)) U{L}. O
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Operations orOclAnyinclude equality £) and inequality €>) which already have been defined for all types

in Section 5.2.2. The operations oclisKindOf, ocllsTypeOf, and oclAsType expect a type as argument. We de-
fine them as part of the OCL expression syntax in the next section. The operation oclisNew is only allowed in
postconditions and will be discussed in Section 5.3.2.

5.2.7 TYPE HIERARCHY

The type system of OCL supports inclusion polymorphism [CW85] by introducing the concepte hierarchy

The type hierarchy is used to define the notiotyple conformanceType conformance is a relationship between

two types, expressed by tkenformsTo (pperation from the abstract syntax metamodel. A valid OCL expression

is an expression in which all the types conform. The consequence of type conformance can be loosely stated as:
value of a conforming typ8 may be used wherever a value of typés required.

The type hierarchy reflects the subtype/supertype relationship between types. The following relationships are
defined in OCL.

Integeris a subtype oReal
All types, except for the collection and tuple types, are subtypest#ny

Sett), Sequendg), andBag(t) are subtypes afollection(t).

Ll

The hierarchy of types introduced by UML model elements mirrors the generalization hierarchy in the UML
model.

Type conformance is a relation which is identical to the subtype relation introduced by the type hierarchy. The
relation is reflexive and transitive.

DEFINITION 5.27 (TYPE HIERARCHY )

Let T be a set of types anfl- a set of object types witliz C T. The relation< is a partial order oA” and is
called thetype hierarchyoverT'. The type hierarchy is defined for allt’, ¢” € T'and allt., ¢, € Tc,n,m € Nas
follows.

i. <is (a) reflexive, (b) transitive, and (c) antisymmetric:
@t<t
() t/ <t At <t = t'<t
@t <tAt<t = t=t.

ii. Integer< Real

iii. t<OclAnyforallt e (Tp UTr UT).

iv. Seft) < Collection(t),
Sequenag) < Collection(t), and
Bag(t) < Collection(t).

v. If ¢ <t thenSeft’) < Seft), Sequendg’) < Sequenadg), Bagt') < Bag(t), and
Collection(t’) < Collectior(t).

vi. If ¢; <t;fori=1,...,nandn < mthen
Tuple(ly : ), .. by ity s ) < Tuplely = t1, ..., 1y 5 ty).
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vii. If classOf(t)) < classOf(t.) thent! < t..
O

If a typet’ is a subtype of another typdi.e. ¢’ < t), we say that’ conformsto ¢. Type conformance is associated
with the principle of substitutability. A value of typé may be used wherever a value of tyipis expected. This
rule is defined more formally in Section 5.3.1 which defines the syntax and semantics of expressions.

The principle of substitutability and the interpretation of types as sets suggest that the type hierarchy should be
defined as a subset relation on the type domains. Hence, for & tgpang a subtype of, we postulate that the
interpretation ot’ is a subset of the interpretationflt follows that every operatiow accepting values of type

has the same semantics for values of tipsincel (w) is already well-defined for values if{t'):

If ' < tthenI(t) C I(t) for all typest’,t € T.

5.2.8 DATA SIGNATURE

We now have available all elements necessary to define the final data signature for OCL expressions. The signatu
provides the basic set of syntactic elements for building expressions. It defines the syntax and semantics of type:
the type hierarchy, and the set of operations defined on types.

DEFINITION 5.28 (DATA SIGNATURE )
Let T be the set of non-collection types: = Tp U T U T U Tg. The syntax of a data signature over an object
modelM is a structureél g = (T, <, Q) Where

~

i. TM == TExpr(T),
ii. <isatype hierarchy over,,,

. Qg = QTE (T) UQpUQrUQcUNg.

xpr

The semantics af v, is a structurd (X ) = (I(Tm), (<), I(20)) where

iii. I(Qaq) assigns each operatian: ¢; x --- x t,, — t € Q atotal function

W) I(t) X - x I(tn) — I(t).
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5.3 OCL EXPRESSIONS AND CONSTRAINTS

The core of OCL is given by an expression language. Expressions can be used in various contexts, for example
to define constraints such as class invariants and pre-/postconditions on operations. In this section, we formall
define the syntax and semantics of OCL expressions, and give precise meaning to notions like context, invarian
and pre-/postconditions.

Section 5.3.1 defines the abstract syntax and semantics of OCL expressions and shows how other OCL construc
can be derived from this language core. The context of expressions and other important concepts such as invarian
queries, and shorthand notations are discussed. Section 5.3.2 defines the meaning of operation specifications w
pre- and postconditions.

5.3.1 EXPRESSIONS

In this section, we define the syntax and semantics of expressions. The definition of expressions is based upc
the data signature we developed in the previous section. A data sighature (7, <, () provides a set of
typesTv, a relation< on types reflecting the type hierarchy, and a set of operafins The signature contains

the initial set of syntactic elements upon which we build the expression syntax.

5.3.1.1 SYNTAX OF EXPRESSIONS

We define the syntax of expressions inductively so that more complex expressions are recursively built from simple
structures. For each expression the set of free occurrences of variables is also defined. Also, each section in tt
definition corresponds to a subclass of OCLExpression in the abstract syntax. The mapping is indicated.

DEFINITION 5.29 (SYNTAX OF EXPRESSIONS)

Let X = (Tm, <, Q0m) be a data signature over an object model Let Var = {Var,},cr,, be a family of
variable sets where each variable set is indexed by attyple syntax of expressions over the signattyg is
given by a set Expe {Expr, };c1,, and a functiorfree : Expr — F(Var) that are defined as follows.

i. If v e Var; thenv € Expr, andfree(v) := {v}. This maps into th&ariableExp class in the abstract
syntax.

ii. If veVar,, e € Expr,, ,e2 € EXpr,, thenletv = e1 in e € Expr,, and
free(letv = e in eg) := free(e2) — {v}. This maps intd_etExpressionin the abstract syntax. = e; is
the VariableDeclaration referred through theariable associatione; is the OclExpressionreferred
through association end. e; is theOclExpressionreferred from thé/ariableDeclaration through the
initExpressiorassociation.

iii. (@) If t € Ty andw :— t € Qpq thenw € Expr, andundefined € Expr, andfree(w) := () and
free(undefined := (). This maps into th€onstantExp class and its subclasses from the abstract
syntax.

(b) fw:ty x - xt, —tecQyande; € Expr, foralli=1,... ,nthenw(es,...,e,) € Expr, and
free(w(ei, ..., en)) := free(e;) U - -- U free(e,). This maps intdModelPropertyCallExp and its
subclasses, with; representing theourceande, to e,, thearguments
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iv. If e1 € EXplgooiean@ndes, es € EXpr, thenif ey then eq elsees endif € Expr, and
free(if e; thenes elseez endif) := free(e;) U free(ez) U free(eg). This corresponds to tHéExpression in
the abstract syntax; is theOclExpressionreferred througttondition es corresponds to the
thenExpressioassociation, anes maps into theDclExpressionelseExpressian

v. If e € Expr, andt’ < tort < t' then(e asTypet’) € Expr,, (e isTypeOft’) € EXplgyoiean
(e isKindOf t') € Exprggoean@ndfree((e asTypet’)) := free(e), free((e isTypeOft’)) := free(e),
free((e isKindOft')) := free(e). This maps into some special instances of
OclOperationWithTypeArgument.

Vi. If e1 € EXPlegyectiont;) V1 € Vary,, v2 € Var,, andes, e € Expr,, thene; — iterate(vi; vz = ez | e3)
€ Expr,, andfree(e; —iteratgv; v2 = ez | e3)) := (free(e1) U free(ez) U free(es)) — {v1,v2}. Thisis a
representation of thikerateExp. e; is thesource vo = e2 is theVariableDeclaration which is referred to
through theresultassociation in the abstract syntax.corresponds to thigerator VariableDeclaration.
Finally, es is theOclExpressionbody: Instances ofteratorExp are defined in the OCL Standard Library.

An expression of typé is also an expression of a more general typeor allt’ < ¢: if e € Expr, thene € Expr,.
O

A variable expression (i) refers to the value of a variable. Variables (including the special vaeblé may
be introduced by the context of an expression, as part of an iterate expression, and by a let expression. Le
expressions (ii) do not add to the expressiveness of OCL but help to avoid repetitions of common sub-expression:
Constant expressions (iiia) refer to a value from the domain of a type. Operation expressions (iiib) apply an
operation from2 ,,. The set of operations includes:

e predefined data operations; - , *, <, >, size , max

e attribute operationsself.age , e.salary

¢ side effect-free operations defined by a class:
b.rentalsForDay(...)

e navigation by role nameself.employee

As demonstrated by the examples, an operation expression may also be written in OCL path syntax ac

er.w(es,...,e,). This notational style is common in many object-oriented languages. It emphasizes the role
of the first argument as the “receiver” of a “messagee;lflenotes a collection value, an arrow symbol is used in
OCL instead of the period; — w(es,. .., e,). Collections may be bags, sets, or lists.

An if-expression (iv) provides an alternative selection of two expressions depending on the result of a condition
given by a boolean expression.

An asType expression (v) can be used in cases where static type information is insufficient. It corresponds tc
the oclAsType operation in OCL and can be understood as a cast of a source expression to an equivalent ex:
pression of a (usually) more specific target type. The target type must be related to the source type, that is, on
must be a subtype of the other. The isTypeOf and isKindOf expressions correspondthisiigpeOf and
oclisKindOf  operations, respectively. An expressiensTypeOft’) can be used to test whether the type of the
value resulting from the expressieras the type’ given as argument. An isKindOf expressi@nsKindOf t') is

not as strict in that it is sufficient for the expression to become trtigsfa supertype of the type of the valueeof

Note that in previous OCL versions these type casts and tests were defined as operations with parameters of tyj
OclType Here, we technically define them as first class expressions which has the benefit that we do not need th
metatypeOclType Thus the type system is kept simple while preserving compatibility with standard OCL syntax.
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An iterate expression (vi) is a general loop construct which evaluates an argument expsessiosatedly for
all elements of a collection which is given by a source expressioicach element of the collection is bound in
turn to the variable); for each evaluation of the argument expression. The argument expressitay contain
the variablev, to refer to the current element of the collection. The result variablés initialized with the
expressiore,. After each evaluation of the argument expresgigrhe result is bound to the variahle. The final
value ofwvs is the result of the whole iterate expression.

The iterate construct is probably the most important kind of expression in OCL. Many other OCL constructs (such
asselect ,reject ,collect ,exists ,forAll , andisUniqgue ) can be equivalently defined in terms of
an iterate expression (see Section 5.3.1.3).

Following the principle of substitutability, the syntax of expressions is defined such that wherever an expression
e € Expr, is expected as part of another expression, an expression with a more specital @pe t) may be

used. In particular, operation arguments and variable assignments in let and iterate expressions may be given |
expressions of more special types.

5.3.1.2 SEMANTICS OF EXPRESSIONS

The semantics of expressions is made precise in the following definition. A context for evaluation is given by an
environmentr = (o, 3) consisting of a system stateand a variable assignmefit: Var, — I(t). A system

states provides access to the set of currently existing objects, their attribute values, and association links betweel
objects. A variable assignmefitmaps variable names to values.

DEFINITION 5.30 (SEMANTICS OF EXPRESSIONS)
Let Env be the set of environments= (o, 5). The semantics of an expressiere Expr, is a functionI[e] :
Env— I(t) that is defined as follows.

L Ie](r) = B)

i. ITletv=-ejinex](r)=1I[e2](o,B{v/I]e1](T)}).

iii. IJundefined(r) = LandI[w](7) = I(w)

iv. Ifw(er,...,en)](T)=Iw)(T)I[e1](r),...,I[en](T)).

I[ex () if I[er](r) = true,
v. I[if eq theney elsees endif[(7) = ¢ I[es](r) if I[es](7) = false,

1 otherwise
st {110 <

- true ifIfe](r) € I(t') — Uy I(t"),
Tl{eisTypeOtt) I(r) = {false oth[[er\]]\fis)e )= Ueree 10)
true ifIfe](r) € I(t),
false otherwise

I] (e isKindOf ¢/) | () = {

vii. I[e; —iteratdvi;ve = es | e3) (1) = I[ e; —iteraté(vy | e3) ](7') wherer’ = (o, 3') andr” = (o, 5)
are environments with modified variable assignments
B = B{vz/I[e2](7)}
B" = {va/I[es](o, B'{v1/21})}

and iteratéis defined as:
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(@) Ifer € EXPrsequence,) then

IToa](7")
it I[ea]() = (),

I[mkSequence(zs, . .., z,) — iteraté(vy | e3) J(7")
if ITe1](7') = (x1,...,2n).

I[e; — iteraté(vy | e3) (7)) =

(b) If e1 € EXprgeq,) then
(1[v2](7)
if I[eq (') =0,
I[mkSet, (xo, . .., z,) — iteraté(vy | e3) (7")
if Ife1 (7)) = {z1,..., 20}

I[[el — iteraté(v1 ’ 63) ]](7'/) =

(c) If er € EXplgaqy,) then
1217
if I[e1](7") =0,
I[mkBag (x2,...,z,) — iteraté(v; | e3) [(7")
if ITer](7") = {x1,..., 20}

I[e; — iteraté(vy | e3) (7)) =

O

The semantics of a variable expression (i) is the value assigned to the variable. A let expression (ii) results in the
value of the sub-expressi@n. Free occurrences of the variablén e; are bound to the value of the expressign

An operation expression (iv) is interpreted by the function associated with the operation. Each argument expressio
is evaluated separately. The statis passed to operations whose interpretation depends on the system state. These
include, for example, attribute and navigation operations as defined in Section 5.2.4.

The computation of side effect-free operations can often be described with OCL expressions. We can extend th
definition to allow object operations whose effects are defined in terms of OCL expressions. The semantics of &
side effect-free operation can then be given by the semantics of the OCL expression associated with the operatio
Recall that object operations inFQ are declared in a model specification. leefexp : Op, — EXpr be a

partial function mapping object operations to OCL expressions. We define the semantics of an operation with ar
associated OCL expression as

I[w(pr i €1,...,pn i en)](7) = I[oclexp(w)](7)

wherep, ..., p, are parameter names, arfid= (o, 3') denotes an environment with a modified variable assign-
ment defined as

B = B{pi/Iler] (), ..,pn/Ien](7)} -

Argument expressions are evaluated and assigned to parameters that bind free occurggences pf in the ex-
pressioroclexp(w). For a well-defined semantics, we need to make sure that there is no infinite recursion resulting
from an expansion of the operation call. A strict solution that can be statically checked is to forbid any occurrences
of w in oclexp(w). However, allowing recursive operation calls considerably adds to the expressiveness of OCL.
We therefore allow recursive invocations as long as the recursion is finite. Unfortunately, this property is generally
undecidable.

The result of an if-expression (v) is given by the then-part if the condition is true. If the condition is false, the else-
part is the result of the expression. An undefined condition makes the whole expression undefined. Note that whe
an expression in one of the alternative branches is undefined, the whole expression may still have a well-define
result. For example, the result of the following expressioh is
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if true then 1 else 1 div 0 endif

The result of a cast expression (vi) using asType is the value of the expression, if the value lies within the domain
of the specified target type, otherwise it is undefined. A type test expression with isTypeOf is true if the expression
value lies exactly within the domain of the specified target type without considering subtypes. An isKindOf type
test expression is true if the expression value lies within the domain of the specified target type or one of its
subtypes. Note that these type cast and test expressions also work with undefined values since every value
including an undefined one — has a well-defined type.

An iterate expression (vii) loops over the elements of a collection and allows the application of a function to each
collection element. The function results are successively combined into a value that serves as the result of th
whole iterate expression. This kind of evaluation is also known in functional style programming langufmés as
operation (see, e.g., [Tho99]).

In Definition 5.30, the semantics of iterate expressions is given by a recursive evaluation scheme. Information is
passed between different levels of recursion by modifying the variable assigpnagpropriately in each step.

The interpretation of iterate starts with the initialization of the accumulator variable. The recursive evaluation
following thereafter uses a simplified version of iterate, namely an expression’itehate the initialization of the
accumulator variable is left out, since this sub-expression needs to be evaluated only once. If the source collectio
is not empty, (1) an element from the collection is bound to the iteration variable, (2) the argument expression is
evaluated, and (3) the result is bound to the accumulator variable. These steps are all part of the definition of th
variable assignmerit’. The recursion terminates when there are no more elements in the collection to iterate over.
The constructor operations mkSequeno&kBag, and mkSet(see page 17) are 2, and provide the abstract
syntax for collection literals lik&et {1,2 } in concrete OCL syntax.

The result of an iterate expression applied to a set or bag is deterministic only if the inner expression is both
commutative and associative.

5.3.1.3 DERIVED EXPRESSIONS BASED ON ITERATE

A number of important OCL constructs such aesists , forAll , select , reject , collect , and
isUniqgue are defined in terms of iterate expressions. The following schema shows how these expressions cat
be translated to equivalent iterate expressions. A similar translation can be found in [Cla99].

][[ el —>eXiStE{U1 | 63) ]](7') =
I[ ey —iteratvl; v2 = false| vy ores) [(7)
I[[ e1 — forAll (1)1 ‘ 63) ]](7') =
I[ ey — iteratgvl; v2 = true| vy andes) (1)
I[e; —selectvy | e3) () =
I[ ey —iteratdvl; v2 = e |
if e5 thenv, elsevy — excludingvy) endif) ] (1)
I[ ey —rejectvy | e3)](7) =
I[ ey —iteratdvl; v2 = e |
if e5 thenvy, — excludingv;) elsev, endif) ](7)
I[e; —colleci(v; | e3) J(1) =
I[e; —iteratgvl; v2 = kaagype_ofeg() | vo—including(es)) ](7)

I[ex —isUniquev, | e3) () =
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I ey —iteratvl; v2 = true| vy ande; —counfvy) = 1) (1)

5.3.1.4 EXPRESSION CONTEXT

An OCL expression is always written in some syntactical context. Since the primary purpose of OCL is the
specification of constraints on a UML model, it is obvious that the model itself provides the most general kind
of context. In our approach, the signatite, contains types (e.g., object types) and operations (e.g., attribute
operations) that are “imported” from a model, thus providing a context for building expressions that depend on the
elements of a specific model.

On a much smaller scale, there is also a notion of context in OCL that simply introduces variable declarations.
This notion is closely related to the syntax for constraints written in OCL. A context clause declares variables in
invariants, and parameters in pre- and postconditions.

A context of an invariants a declaration of variables. The variable declaration may be implicit or explicit. In the
implicit form, the context is written as

context C inv :
<expression>

In this case, theexpression> may use the variablself of type C' as a free variable. In the explicit form,
the context is written as

context v, :Cq,...,v,:C, inv
<expression>

The<expression> may use the variables, . .., v, of typesCy, ..., C, as free variables.

A context of a pre-/postconditida a declaration of variables. In this case, the context is written as

context C:op(pr:Th,. . ,pn:Tn): T

pre: P
post : @
This means that the variabdelf (of typeC) and the parameteys, . . ., p, may be used as free variables in the

preconditionP and the postconditiofy. Additionally, the postcondition may usesult  (of typeT) as a free
variable. The details are explained in Section 5.3.2.

5.3.1.5 INVARIANTS

An invariant is an expression with boolean result type and a set of (explicitly or implicitly declared) free variables
vy : Cq,...,v, : C, WhereCy, ..., C, are classifier types. An invariant

context v, :Cq,...,v,:C, Inv
<expression>

is equivalent to the following expression without free variables that must be valid in all system states.
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C1 .allinstances->forAll( vy ¢+ Cp |

C,,.allinstances->forAll( v ¢ Ch |
<expression>

)

A system state is called valid with respect to an invariant if the invariant evaluates to true. Invariants with undefined
result invalidate a system state.

5.3.2 PRE- AND POSTCONDITIONS

The definition of expressions in the previous section is sufficient for invariants and queries where we have to
consider only single system states. For pre- and postconditions, there are additional language constructs in OC
which enable references to the system state before the execution of an operation and to the system state that rest
from the operation execution. The general syntax of an operation specification with pre- and postconditions is
defined as

context C :op(pr:T1,.-,pn:Th)
pre: P
post : @

First, the context is determined by giving the signature of the operation for which pre- and postconditions are
to be specified. The operatiap which is defined as part of the classifiérhas a set of typed parameters
PARAMSqp = {p1,...,pn}. The UML model providing the definition of an operation signature also specifies the
direction kind of each parameter. We use a functignd : PARAMSo, — {in, out, inout return} to map each
parameter to one of these kinds. Although UML makes no restriction on the number of return parameters, there ic
usually only at most one return parameter considered in OCL which is referred to by the kegswoitd in a
postcondition. In this case, the signature is also writtefi asop (p1 : 11, - . ., Pn—1 : T—1) : T with T being the

type of theresult  parameter.

The precondition of the operation is given by an expresgiomnd the postcondition is specified by an expres-
sion@. P and@ must have a boolean result type. If the precondition holds, the contract of the operation guarantees
that the postcondition is satisfied after completioopf Pre- and postconditions form a pair. A condition defaults

to true if it is not explicitly specified.

5.3.2.1 EXAMPLE

Before we give a formal definition of operation specifications with pre- and postconditions, we demonstrate the
fundamental concepts by means of an example. Figure 5.1 shows a class diagram with twé\cas&that are

related to each other by an association R. Chdsas an operatioop() but no attributes. Clagghas an attribute

and no operations. The implicit role nanseandb at the link ends allow navigation in OCL expressions froB a
object to the associatelobject and vice versa.

Figure 5.2 shows an example for two consecutive states of a system corresponding to the given class model. T
object diagrams show instances of clas&esdB and links of the association R. The left object diagram shows

the state before the execution of an operation, whereas the right diagram shows the state after the operation h
been executed. The effect of the operation can be described by the following changes in the post-state: (1) th
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A B
¢ Integer

op()

Figure 5.1: Example class diagram

b2:B
R c=0
R ; X
a:A = bl:B a:A bl:B
- c=1 — c=2
(a) Pre-state with ob- (b) Post-state.  Ob-
jectsa andp, . ject b, did not exist in

the pre-state.

Figure 5.2: Object diagrams showing a pre- and a post-state

value of the attribute in objectb, has been incremented by one, (2) a new oldigtias been created, (3) the link
betweer: andb,; has been removed, and (4) a new link betwe@mdb, has been established.

For the following discussion, consider the OCL expressidnc wherea is a variable denoting the objegt

The expression navigates to the associated object of class B and results in the value of the atfFibertefore,

the expression evaluates tdn the pre-state shown in Figure 5.2(a). As an example of how the OCL modifier
@pre may be used in a postcondition to refer to properties of the previous state, we now look at some variations of
the expressioa.b.c that may appear as part of a postcondition. For each case, the result is given and explained.

e abc =0
Because the expression is completely evaluated in the post-state, the navigatiandanisi to theé, object.
The value of the attribute of b, is 0 in Figure 5.2(b).

e a.b@pre.c = 2
This expression refers to both the pre- and the post-state. The previous vaue @& a reference to
objectb,. However, since th@pre modifier only applies to the expressiarb , the following reference to
the attributec is evaluated in the post-state igf even thougtb; is not connected anymore &0 Therefore,
the result i2.

e a.b@pre.c@pre = 1
In this case, the value of the attributef objectb, is taken from the pre-state. This expression is semantically
equivalent to the expressi@nb.c in a precondition.

e ab.c@pre = L
The expressioa.b evaluated in the post-state yields a reference to objewhich is now connected ta.
Sinceb, has just been created by the operation, there is no previous staje ldénce, a reference to the
previous value of attributeis undefined.

Note that the@pre modifier may only be applied to operations not to arbitrary expressions. An expression such
as(a.b)@pre is syntactically illegal.

OCL provides the standard operationllsNew for checking whether an object has been created during the
execution of an operation. This operation may only be used in postconditions. For our example, the following
conditions indicate that the objefet has just been created in the post-statelgralready existed in the pre-state.
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e a.b.oclisNew = true

e a.b@pre.oclisNew = false

5.3.2.2 SYNTAX AND SEMANTICS OF POSTCONDITIONS

All common OCL expressions can be used in a preconditoSyntax and semantics of preconditions are defined
exactly like those for plain OCL expressions in Section 5.3.1. Also, all common OCL expressions can be used in
a postconditiorq). Additionally, the@pre construct, the special varialdesult , and the operatioaclisNew

may appear in a postcondition. In the following, we extend Definition 5.29 for the syntax of OCL expressions to
provide these additional features.

DEFINITION 5.31 (SYNTAX OF EXPRESSIONS IN POSTCONDITIONS)

Let op be an operation with a set of parametexsAMs,p. The set of parameters includes at most one parameter
of kind “return”. The basic set of expressions in postconditions is defined by repeating Definition 5.29 while
substituting all occurrences of Exwith Post-Expy. Furthermore, we define that

e Each non-return parameterc PARAMSqp With a declared typeis available as variableg: € Var;.
o If PARAMSqp contains a parameter of kind “return” and typéenresult  is a variableresult < Var;.

e The operatioroclisNew : ¢ — Booleanis in 2, for all object types: € T'4.

The syntax of expressions in postconditions is extended by the following rule.

Vii. If w:ty x---xt, —te Qur ande; € Post-Expy foralli =1,...,nthen
waprd€1, - - -, en) € POSt-EXpy.

O

All general OCL expressions may be used in a postcondition. Moreover, the basic rules for recursively constructing
expressions do also apply. Operation parameters are added to the set of variables. For operations with a retu
type, the variableesult  refers to the operation result. The set of operations is extendedIsjNew which is

defined for all object types. Operationgreare added for allowing references to the previous state (vii). The rule
says that the@pre modifier may be applied to all operations, although, in general, not all operations do actually
depend on a system state (for example, operations on data types). The result of these operations will be the sar
in all states. Operations which do depend on a system state are, e.g., attribute access and navigation operations

For a definition of the semantics of postconditions, we will refeetwironmentslescribing the previous state
and the state resulting from executing the operation. An environmento, 3) is a pair consisting of a system
statec and a variable assignmefit(see Section 5.3.1.2). The necessity of including variable assignments into
environments will be discussed shortly. We call an environmgat= (opre, Bpre) describing a system state and
variable assignments before the execution of an operatjme-anvironmentLikewise, an environmentyost =

(opost Bpost) after the completion of an operation is callegast-environment

DEFINITION 5.32 (SEMANTICS OF POSTCONDITION EXPRESSIONS)

Let Env be the set of environments. The semantics of an expressionPost-Expy is a functionI[e] :

Env x Env — I(t). The semantics of the basic set of expressions in postconditions is defined by repeating
Definition 5.30 while substituting all occurrences of Exptith Post-Expy. References td[e](7) are replaced

by I[ e ](7pre, Tpost) to include the pre-environment. Occurrencesraire changed tepost Which is the default
environment in a postcondition.
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[ ] FOI’ a”p c PARAMSOp . I[[p]](Tpre, Tpost) = /Bposl(p)

— Input parameters may not be modified by an operation:
kind(p) = in implies Bpre(p) = Bpost(p)-

— Output parameters are undefined on entry:
kind(p) = out impliesfpre(p) = L.

[ ] I[[ reSU|t ]:I(Tpre7 Tpos[) — ﬁpos[(result )

true |f§ ¢ O'pre(C) andg € O’pos[(C),

* I[oclisNew ]](Tpre’ Tpos&(g) - {false otherwise

vii. Ifwapreets - en) [(Tpre, Tpos) = I(w)(Tpre) ([ €1 [ (Tpre, Tpost)s - - - » 1] €n | (Tpre, Tpost))
O

Standard expressions are evaluated as defined in Definition 5.30 with the post-environment determining the conte;
of evaluation. Input parameters do not change during the execution of the operation. Therefore, their values ar
equal in the pre- and post-environment. The value ofélsalt  variable is determined by the variable assignment

of the post-environment. TheclisNew operation yields true if an object did not exist in the previous system
state. Operations referring to the previous state are evaluated in context of the pre-environment (vii). Note tha
the operation arguments may still be evaluated in the post-environment. Therefore, in a nested expression, th
environment only applies to the current operation, whereas deeper nested operations may evaluate in a differe
environment.

With these preparations, the semantics of an operation specification with pre- and postconditions can be precisel
defined as follows. We say that a preconditiBrsatisfiesa pre-environmentyre — Written asrpre = P — if the
expressionP evaluates to true according to Definition 5.30. Similarly, a postcondfizatisfies a pair of pre-

and post-environments, if the express@revaluates to true according to Definition 5.32:

Tpre ): P |ﬁ: III P]](Tpre) = true
(Tpre, Tpost) = @ iff - I[Q [ (7pre, Tpost) = true

DEFINITION 5.33 (SEMANTICS OF OPERATION SPECIFICATIONS )
The semantics of an operation specification is a&ét Env x Env defined as

[ context C:op(pr:Ti,....,pn:Th)
pre. P
post Q@ ] = R

whereR is the set of all pre- and post-environment pairs such that the pre-enviromgaesttisfies the precondi-
tion P and the pair of both environments satisfies the postcondigion

R = {(7pre, Tpost) | Tore = P A (Tpre; Tpost) = @}
U
The satisfaction relation fof) is defined in terms of both environments since the postcondition may contain

references to the previous state. The Bealefines all legal transitions between two states corresponding to the
effect of an operation. It therefore provides a framework for a correct implementation.
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DEFINITION 5.34 (SATISFACTION OF OPERATION SPECIFICATIONS )
An operation specification with pre- and postconditions is satisfied by a progjiarie sense of total correctness
if the computation of5 is a total functionfs : dom(R) — im(R) and graplifs) C R. O

In other words, the prograrf accepts each environment satisfying the precondition as input and produces an
environment that satisfies the postcondition. The definitiof® @fllows us to make some statements about the
specification. In general, a reasonable specification implies a non-emptyadleiving one or more different im-
plementations of the operation. i = (), then there is obviously no implementation possible. We distinguish two
cases: (1) no environment satisfying the precondition exists, or (2) there are environments making the preconditiol
true, but no environments do satisfy the postcondition. Both cases indicate that the specification is inconsisten
with the model. Either the constraint or the model providing the context should be changed. A more restrictive
definition might even prohibit the second case.
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®
The OCL Standard Library

This section describes the OCL Standard Library of predefined types and operations in the OCL. This section
contains all standard types defined within OCL, including all the operations defined on those types. For each
operation the signature and a description of the semantics is given. Within the description, the reserved word
‘result’ is used to refer to the value that results from evaluating the operation. In several places, post conditions
are used to describe properties of the result. When there is more than one postcondition, all postconditions must
be true.

6.1 INTRODUCTION

The structure, syntax and semantics of the OCL is defined in the sections 3 (“Abstract Syntax”), 4 (“ Concrete
Syntax”) and 5 (“ Semantics”). This section add another part to the OCL definition: alibrary of predefined types
and operations. Any implementation of OCL must include this library. This approach has also been taken by e.g.
the Java definition, where the language definition and the standard libraries are both mandatory parts of the com-
plete language definition.

The standard OCL library includes several primitive types: Integer, Real, String and Boolean. These are mostly
familiar from many other languages. The second part of the standard library consists of the collection types. They
are the Bag, Set, Sequence and Callection, where Collection is an abstract type.

Note that the OCL standard library exists at the modeling level, aso referred to as the M1 level (where the
abstract syntax is the metalevel or M2 level).

6.2 OCLANY

6.2.1 OclAny

The type OclAny is the supertype of al types in the UML model and the primitive types in the OCL Standard
Library. The collection types from the OCL Standard Library are not subtypes of OclAny. Properties of OclAny
are available on each object in all OCL expressions.

All classesin aUML model inherit all operations defined on OclAny. To avoid name conflicts between proper-
tiesin the model and the properties inherited from OclAny, all names on the properties of OclAny start with ‘ocl.
Although theoretically there may still be name conflicts, they can be avoided. One can also use the ocl AsType()
operation to explicitly refer to the OclAny properties.

Operations of OclAny, where the instance of OclAny is called abject.
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object = (object2 : OclAny) : Boolean
Trueif object isthe same object as object2.

object <> (object2 : OclAny) : Boolean
Trueif object is a different object from object2.
post: result = not (object = object?)

object.oclisNew() : Boolean
Can only be used in a postcondition.

Evaluates to true if the object is created during performing the operation. |.e. it didn’t exist at precondi-
tion time.

6.3 PRIMITIVE TYPES

The primitive types defined in the OCL standard library are Integer, Real, String and Boolean. They are all
instance of the metaclass Primitive from the UML core package.

6.3.1 Real

The standard type Real represents the mathematical concept of real. Note that Integer is a subclass of Real, so for
each parameter of type Real, you can use an integer as the actual parameter.
Properties of Real, where the instance of Real iscaledr.

r+(r2 : Real) : Real
The value of the addition of r and r2.

r-(r2: Real) : Real
The value of the subtraction of r2 fromr.

r*(r2 : Real) : Real
The value of the multiplication of r and r2.

-r: Real
The negative value of r.

r/(r2 : Real) : Real
Thevalue of r divided by r2.

r.abs() : Real
The absolute value of r.
post: if r < 0 then result = - r else result = r endif

OCL 2.0 INITIAL SUBMISSION VERSION 1.0 ,AuGusT 20,2001 6-2



THE OCL STANDARD LIBRARY

r.floor() : Integer

The largest integer which isless than or equal tor.
post: (result <= r) and (result + 1 > r)

r.round() : Integer

The integer which is closest to r. When there are two such integers, the largest one.
post: ((r - result) < r).abs() < 0.5) or ((r - result).abs() = 0.5 and (result > r))

r.max(r2 : Real) : Real

The maximum of r and r2.
post: if r >= r2 then result = r else result = r2 endif

r.min(r2 : Real) : Real
The minimum of r and r2.
post: if r <= r2 then result

r else result r?2 endif

r < (r2 : Real) : Boolean
Trueif rlislessthanr2.

r> (r2 : Real) : Boolean
Trueif rlisgreater thanr2.
post: result = not (r <= r2)

r <= (r2 : Real) : Boolean

Trueif rlislessthan or equal to r2.
post: result = (r = r2) or (r < r2)

r >= (r2 : Real) : Boolean
Trueif rlisgreater than or equal to r2.
post: result = (r =r2) or (r > r2)

6.3.2 Integer

The standard type Integer represents the mathematical concept of integer. Properties of Integer, where the
instance of Integer iscalledi.

- i : Integer
The negative value of i.

i + (i2 : Integer) : Integer
The value of the addition of i and i2.
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i - (i2 : Integer) : Integer
The value of the subtraction of i2 fromi.

i * (i2 : Integer) : Integer
he value of the multiplication of i and i2.

i/ (i2 : Integer) : Real
The value of i divided by i2.

i.abs() : Integer
The absolute value of i.
post: if i < 0 then result = - i else result =1 endif

i.div(i2 : Integer) : Integer
The number of times that i2 fits completely within i.

pre : i2 <> 0
post: if i / i2 >= 0 then result = (i / i2).floor() else result = -((-i/i2).floor()) endif

i.mod( i2 : Integer) : Integer
Theresultisi moduloi2.
post: result =1 - (i.div(i2) * i2)

i.max(i2 : Integer) : Integer
The maximum of i ani2.
post: if i >= 12 then result = 1 else result = i2 endif

i.min(i2 : Integer) : Integer
The minimum of i ani2.

post: if i <= i2 then result i2 endif

i else result

6.3.3 String

The standard type String represents strings, which can be both ASCII or Unicode. Properties of String, where the
instance of String is called string.

string.size() : Integer
The number of charactersin string.

string.concat(string2 : String) : String
The concatenation of string and string2.

post: result.size() = string.size() + string2.size()
post: result.substring(l, string.size() ) = string
post: result.substring(string.size() + 1, result.size() ) = string?
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string.substring(lower : Integer, upper : Integer) : String
The sub-string of string starting at character number lower, up to and including character number upper.

6.3.4 Boolean

The standard type Boolean represents the common true/false values. Features of Boolean, the instance of Boolean
iscaled b.

b or (b2 : Boolean) : Boolean
Trueif either b or b2 istrue.

b xor (b2 : Boolean) : Boolean
Trueif either b or b2 istrue, but not both.
post: (b or b2) and not (b = b2)

b and (b2 : Boolean) : Boolean
Trueif both bl and b2 are true.

not b : Boolean

Trueif bisfalse.
post: if b then result = false else result = true endif

b implies (b2 : Boolean) : Boolean
Trueif bisfase, orif bistrue and b2 istrue.
post: (not b) or (b and b2)

6.4 COLLECTION-RELATED TYPES

This section defines the collection types and their operations. As defined in this section, each collection type is
actually a template type with one parameter. ‘T’ denotes the parameter. A concrete collection type is created by
substituting a type for the T. So Set (Integer) and Bag (Person) are collection types.

6.4.1 Collection

Collection is the abstract supertype of all collection types in the OCL Standard Library. Each occurrence of an
object in acollection is called an element. If an object occurs twice in a collection, there are two elements. This
section defines the properties on Collections that have identical semantics for al collection subtypes. Some oper-
ations may be defined within the subtype as well, which means that there is an additional postcondition or amore
specialized return value.

The definition of several common operationsis different for each subtype. These operations are not mentioned
in this section.

The semantics of the collection operationsis given in the form of a postcondtion that uses the IterateExp ot the
Iterator Exp construct. The semantics of those constructs is defined in section 5 (“ Semantics’). In several cases
the postcondtion refers to other collection operations, which in turn are defined in terms oof the IterateExp or
[terator Exp constructs.
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Properties of Collection, where the instance of Collection iscalled collection.

collection->size() : Integer
The number of elements in the collection collection.
post: result = collection->iterate(elem; acc : Integer = 0 | acc + 1)

collection->includes(object : T) : Boolean

Trueif object is an element of collection, false otherwise.
post: result = (collection->count(object) > 0)

collection->excludes(object : T) : Boolean

True if object is not an e ement of collection, false otherwise.
post: result = (collection->count(object) = 0)

collection->count(object : T) : Integer

The number of times that object occursin the collection collection.

post: result = collection->iterate( elem; acc : Integer = 0 |
if elem = object then acc + 1 else acc endif)

collection->includesAll(c2 : Collection(T)) : Boolean
Does collection contain all the elements of c2 ?
post: result = c2->forAll(elem | collection->includes(elem))

collection->excludesAll(c2 : Collection(T)) : Boolean
Does collection contain none of the elements of c2 ?
post: result = c2->forAll(elem | collection->excludes(elem))

collection->isEmpty() : Boolean

I's collection the empty collection?
post: result = ( collection->size() =0 )

collection->notEmpty() : Boolean

I's collection not the empty collection?
post: result = ( collection->size() <> 0 )

collection->sum() : T
The addition of all elementsin collection. Elements must be of atype supporting the + operation. The +
operation must take one parameter of type T and be both associative: (a+b)+c = at+(b+c), and commuta-
tive: at+b = b+a. Integer and Real fulfill this condition.
post: result = collection->iterate( elem; acc : T =0 | acc + elem )
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6.4.2 Set

The Set is the mathematical set. It contains elements without duplicates. Operations of Set, the instance of Set is
called set.

set->union(set2 : Set(T)) : Set(T)
The union of set and set2.

post: result->forAll(elem | set->includes(elem) or set2->includes(elem))
post: set  ->forAll(elem | result->includes(elem))
post: set2 ->forAll(elem | result->includes(elem))

set->union(bag : Bag(T)) : Bag(T)
The union of set and bag.

post: result->forAll(elem | result->count(elem) = set->count(elem) + bag->count(elem))
post: set->forAll(elem | result->includes(elem))
post: bag->forAll(elem | result->includes(elem))

set = (set2 : Set(T)) : Boolean

Evaluatesto trueif set and set2 contain the same e ements.

post: result = (set->forAll(elem | set2->includes(elem)) and
set2->forAll(elem | set->includes(elem)) )

set->intersection(set2 : Set(T)) : Set(T)

The intersection of set and set2 (i.e, the set of all elements that are in both set and set2).

post: result->forAll(elem | set->includes(elem) and set2->includes(elem))
post: set->forAll(elem | set2->includes(elem) = result->includes(elem))
post: set2->forAll(elem | set->includes(elem) = result->includes(elem))

set->intersection(bag : Bag(T)) : Set(T)
The intersection of set and bag.
post: result = set->intersection( bag->asSet )

set — (set2 : Set(T)) : Set(T)
The elements of set, which are not in set2.

post: result->forAll(elem | set->includes(elem) and set2->excludes(elem))
post: set->forAll(elem | result->includes(elem) = set2->excludes(elem))

set->including(object : T) : Set(T)
The set containing all elements of set plus object.

post: result->forAll(elem | set->includes(elem) or (elem = object))
post: set->forAll(elem | result->includes(elem))
post: result->includes(object)

set->excluding(object : T) : Set(T)
The set containing all elements of set without object.

post: result->forAll(elem | set->includes(elem) and (elem <> object))
post: set->forAll(elem | result->includes(elem) = (object <> elem))
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post: result->excludes(object)

set->symmetricDifference(set2 : Set(T)) : Set(T)

The sets containing all the elements that are in set or set2, but not in both.

post: result->forAll(elem | set->includes(elem) xor set2->includes(elem))
post: set->forAll(elem | result->includes(elem) = set2->excludes(elem))
post: set2->forAll(elem | result->includes(elem) = set->excludes(elem))

set->count(object : T) : Integer
The number of occurrences of object in set.
post: result <=1

set->flatten() : Set(T2)
If the element type is not a collection type this result in the same set. If the element typeis a collection
type, the result is the set containing all the elements of all the elements of set.

post: result = if self.type.elementType.oclIsKindOf(CollectionType) then
set->iterate(c; acc : Set() = Set{} |
acc->union(c->asSet() ) )
else
set
endif

set->asSet() : Set(T)
A Set identical to self. This operation exists for convenience reasons.
post: result = set

set->asSequence() : Sequence(T)

A Sequence that contains all the elements from set, in undefined order.

post: result->forAll(elem | set->includes(elem))
post: set->forAll(elem | result->count(elem) = 1)

set->asBag() : Bag(T)
The Bag that contains all the elements from set.

post: result->forAll(elem | set->includes(elem))
post: set->forAll(elem | result->count(elem) = 1)

6.4.3 Bag

A bag isacollection with duplicates allowed. That is, one object can be an element of abag many times. Thereis
no ordering defined on the elementsin a bag. Properties of Bag, where the instance of Bag is called bag.

bag = (bag2 : Bag(T)) : Boolean
True if bag and bag2 contain the same elements, the same number of times.

post: result = (bag->forAll(elem | bag->count(elem) = bag2->count(elem)) and
bag2->forAll(elem | bag2->count(elem) = bag->count(elem)) )
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bag->union(bag?2 : Bag(T)) : Bag(T)
The union of bag and bag?2.

post: result->forAl1( elem | result->count(elem) = bag->count(elem) + bag2->count(elem))
post: bag ->forA11( elem | result->count(elem) = bag->count(elem) + bag2->count(elem))
post: bag2 ->forAl1( elem | result->count(elem) = bag->count(elem) + bag2->count(elem))

bag->union(set : Set(T)) : Bag(T)
The union of bag and set.

post: result->forAll(elem | result->count(elem) = bag->count(elem) + set->count(elem))
post: bag ->forAll(elem | result->count(elem) bag->count(elem) + set->count(elem))
post: set->forAll(elem | result->count(elem) = bag->count(elem) + set->count(elem))

bag->intersection(bag2 : Bag(T)) : Bag(T)
The intersection of bag and bag?2.

post: result->forAll(elem |

result->count(elem) = bag->count(elem).min(bag2->count(elem)) )
post: bag->forAll(elem |

result->count(elem) = bag->count(elem).min(bag2->count(elem)) )
post: bag2->forAll(elem |

result->count(elem) = bag->count(elem).min(bag2->count(elem)) )

bag->intersection(set : Set(T)) : Set(T)
The intersection of bag and set.

post: result->forAll(elem| result->count(elem) = bag->count(elem).min(set->count(elem))
post: bag->forAll(elem | result->count(elem) = bag->count(elem).min(set->count(elem)) )
post: set->forAll(elem | result->count(elem) = bag->count(elem).min(set->count(elem)) )

bag->including(object : T) : Bag(T)
The bag containing all elements of bag plus object.

post: result->forAll(elem |
if elem = object then
result->count(elem)
else
result->count(elem) = bag->count(elem)
endif)
post: bag->forAll(elem |
if elem = object then
result->count(elem) = bag->count(elem) + 1
else
result->count(elem) = bag->count(elem)
endif)

bag->count(elem) + 1

bag->excluding(object : T) : Bag(T)
The bag containing all elements of bag apart from all occurrences of object.

post: result->forAll(elem |
if elem = object then

result->count(elem) = 0
else

result->count(elem) bag->count(elem)
endif)

post: bag->forAll(elem |
if elem = object then

)
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result->count(elem) = 0
else

result->count(elem) = bag->count(elem)
endif)

bag->count(object : T) : Integer
The number of occurrences of object in bag.

bag->flatten() : Bag(T2)
If the element type is not a collection type this result in the same bag. If the element typeisacollection
type, the result is the bag containing all the elements of all the elements of bag.

post: result = if self.type.elementType.oclIsKindOf(CollectionType) then
bag->iterate(c; acc : Bag() = Bag{} |
acc->union(c->asBag() ) )
else
bag
endif

bag->asBag() : Bag(T)
A Bag identical to self. This operation exists for convenience reasons.
post: result = bag

bag->asSequence() : Sequence(T)
A Sequence that contains all the elements from bag, in undefined order.

post: result->forAll(elem | bag->count(elem) = result->count(elem))
post: bag->forAll(elem | bag->count(elem) = result->count(elem))

bag->asSet() : Set(T)
The Set containing all the elements from bag, with duplicates removed.

post: result->forAll(elem | bag->includes(elem) )
post: bag->forAll(elem | result->includes(elem))

6.4.4 Sequence

A sequence is a collection where the elements are ordered. An element may be part of a sequence more than
once. Operations of Sequence(T), where the instance of Sequence is called sequence.

sequence->count(object : T) : Integer
The number of occurrences of object in sequence.

sequence = (sequence?2 : Sequence(T)) : Boolean

True if sequence contains the same elements as sequence? in the same order.

post: result = Sequence{l..sequence->size()}->forAll(index : Integer
sequence->at(index) = sequenceZ2->at(index))
and
sequence->size() = sequence2->size()
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sequence->union (sequence?2 : Sequence(T)) : Sequence(T)

The sequence consisting of all elements in sequence, followed by al elements in sequence2.
post: result->size() = sequence->size() + sequenceZ->size()
post: Sequence{l..sequence->size()}->forAll(index : Integer
sequence->at(index) = result->at(index))
post: Sequence{l..sequence2->size()}->forAll(index : Integer
sequence2->at(index) = result->at(index + sequence->size() )))

sequence->flatten() : Sequence(T2)

If the element typeis not a collection type this result in the same sequence. If the element typeisacol-

lection type, the result is the seugnce containing all the elements of all the elements of sequence. The
order of the elementsis partial.

post: result = if self.type.elementType.oclIsKindOf(CollectionType) then
sequence->iterate(c; acc : Sequence() = Sequence{} |
acc->union(c->asSequence() ) )
else

sequence
endif

sequence->append (object: T) : Sequence(T)
The sequence of elements, consisting of all elements of sequence, followed by object.
post: result->size() = sequence->size() + 1
post: result->at(result->size() ) = object

post: Sequence{l..sequence->size() }->forAll(index : Integer
result->at(index) = sequence ->at(index))

sequence->prepend(object : T) : Sequence(T)
The sequence consisting of object, followed by all elementsin sequence.
post: result->size = sequence->size() + 1
post: result->at(l) = object

post: Sequence{l..sequence->size()}->forAll(index : Integer
sequence->at(index) = result->at(index + 1))

sequence->subSequence(lower : Integer, upper : Integer) : Sequence(T)

The sub-sequence of sequence starting at number lower, up to and including element number upper.
pre : 1 <= Tower
pre : lower <= upper
pre : upper <= sequence->size()
post: result->size() upper -lower + 1
post: Sequencef{lower..upper}->forAl1( index |

result->at(index - Tower + 1) =

sequence->at(index))

sequence->at(i : Integer) : T
Thei-th element of sequence.
pre : i >=1 and i <= sequence->size()

sequence->first() : T
Thefirst element in sequence.
post: result = sequence->at(1)
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sequence->last() : T
The last element in sequence.
post: result = sequence->at(sequence->size() )

sequence->including(object : T) : Sequence(T)
The sequence containing all elements of sequence plus object added as the last element.
post: result = sequence.append(object)

sequence->excluding(object : T) : Sequence(T)
The sequence containing all elements of sequence apart from all occurrences of object.

The order of the remaining elementsis not changed.

post:result->includes(object) = false
post: result->size() = sequence->size() - sequence->count(object)
post: result = sequence->iterate(elem; acc : Sequence(T)
= Sequencef{}]
if elem = object then acc else acc->append(elem) endif )

sequence->asBag() : Bag(T)

The Bag containing all the elements from sequence, including duplicates.

post: result->forAll(elem | sequence->count(elem) = result->count(elem) )
post: sequence->forAll(elem | sequence->count(elem) = result->count(elem) )

sequence->asSequence() : Sequence(T)

The Sequenceidentical to the object itself. This operation exists for convenience reasons..
post: result = sequence

sequence->asSet() : Set(T)

The Set containing all the elements from sequence, with duplicated removed.

post: result->forAll(elem | sequence->includes(elem))
post: sequence->forAll(elem | result->includes(elem))

6.5 PREDEFINED OCLITERATOR LIBRARY

This section defines the standard OCL iterator expressions. In the abstract syntax these are all instances of Ocllt-
erator. These iterator expressions always have a collection expression as their source, as is defined in the well-
formedness rules in section 3 (“Abstract Syntax”). The defined iterator expressions are shown per source collec-
tion type. The semantics of each iterator expression is defined with the postcondition.

In al of the following OCL expressions, the lefthand side of the equals sign is the IteratorExp to be defined,
and the righthand side of the equals sign is the equivalent as an IterateExp. The names source, body and iterator
refer to the role names in the abstract syntax:

source The source expression of the IterateExp
body The body expression of the IterateExp
iterator The iterator variable of the IterateExp
result Theresult variable of the IteratorExp
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6.5.1 Collection

exists
Resultsin true if body evaluates to true for at least one e ement in the source collection.

source->exists(iterator | body) =
source->iterate(iterator; result : Boolean = false | result or body)

forAll
Resultsin true if the body expression evaluates to true for each element in the source collection; other-
wise, result isfase.

source->forAll(iterator | body ) =
source->iterate(iterator; result : Boolean = true | result and body)

isUnique
Resultsintrue if body evaluates to a different value for each element in the source collection; otherwise,
result is false.

source->isUnique(iterator | body) =
source->collect(body)->forA11( iterator | source->collect(body)->count(iterator) = 1)

sortedBy
Results in the Sequence containing all elements of the source collection. The element for which body
has the lowest value comes first, and so on. The type of the body expression must have the < operation
defined. The < operation must return a Boolean value and must be transitivei.e. if a<band b < cthena
<c.

source->sortedBy(body) =
ToBeDone- -

any
Returns any element in the source collection for which body evaluates to true. If there is more than one
element for which body is true, one of them is returned. There must be at least one element fulfilling
body, otherwise the result of this IteratorExp is Undefined.

source->any(iterator | body) =
source->select(iterator | body)->asSequence()->first()

one
Resultsin trueif there is exactly one element in the source collection for which body istrue.

source->one(iterator | body) =
source->select(iterator | body)->size() =1

6.5.2 Set
The standard iterator expression with source of type Set(T) are:
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select
The subset of set for which expr istrue.

source->select(iterator | body) =
source->iterate(iterator; result : Set(T) = Set{} |
if body then result->including(iterator)

else result
endif)

reject
The subset of the source set for which body is false.

source->reject(iterator | body)
source->select(iterator | not body)

collect
The Bag of elements which results from applying body to every member of the source set. Theresult is

flattened.
source->collect(iterator | body) =

source->iterate(iterator; result : Bag(body.type)
)

Bag{!} |
result->including(body->flatten( )

)

collectNested
The Bag of elements which results from applying body to every member of the source set.

source->collect(iterator | body) =
source->iterate(iterator; result : Bag(body.type) = Bag{} |

result->including(body ) )

6.5.3 Bag
The standard iterator expression with source of type Bag(T) are:

select
The sub-bag of the source bag for which body is true.

source->select(iterator | body) =
source->iterate(iterator; result : Bag(T) = Bag{} |
if body then result->including(iterator)

else result
endif)

reject
The sub-bag of the source bag for which body is false.

source->reject(iterator | body)
source->select(iterator | not body)

collect
The Bag of elements which results from applying body to every member of the source bag. Theresultis

flattened.

6-14
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source->collect(iterator | body) =
source->iterate(iterator; result : Bag(body.type) =
result->including(body->flatten() )

Bag{!} |
)
collectNested

The Bag of elements which results from applying body to every member of the source bag.

source->collect(iterator | body) =
source->iterate(iterator; result : Bag(body.type) = Bagi{} |
result->including(body ) )

6.5.4 Sequence
The standard iterator expressions with source of type Sequence(T) are:

sequence->select(expression : OclExpression) : Sequence(T)
The subsequence of the source sequence for which body istrue.

source->select(iterator | body) =
source->iterate(iterator; result : Sequence(T) = Sequence{} |
if body then result->including(iterator)
else result
endif)

reject
The subsequence of the source sequence for which body isfalse.

source->reject(iterator | body) =
source->select(iterator | not body)

collect

The Sequence of elements which results from applying body to every member of the source sequence.
The result is flattened.

source->collect(iterator | body) =
source->iterate(iterator; result : Sequence(body.type) = Sequence{} |
result->append(body->flatten() ) )

collectNested
The Sequence of elements which results from applying body to every member of the source sequence.

source->collect(iterator | body) =
source->iterate(iterator; result : Sequence(body.type) = Sequence{} |
result->append(body ) )
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The Use of Ocl Expressions in the UML

This section describes the usage of OCL expressionsin the UML.

7.1 INTRODUCTION

In principle, everywhere in the UML specification where the term expression is used, an OCL expression can be
placed. The meaning of the value, which results from the evaluation of the OCL expression, depends on its place-
ment within the UML model. In UML 1.4 OCL expressions could be used e.g. for invariants, preconditions and
postconditons.

In this specification the structure of an expression, and its evaluation are separated from the usage of the
expression. The section "Abstract Syntax" defines the structure of an expression, and the section "Semantics'
defines the evaluation. For UML users (the modelers) thisis not quite enough. They need to understand what the
meaning and consequences are when an OCL expression is used at a certain place.

This section specifiesa number of predefined places where OCL expressions can be used and their associated
meaning. The modeler has to define her/his own meaning, if OCL is used at a place which is not defined in this
section.

Three things need to be separated: the placement, the context, and the self instance of an ocl expression. The
placement is the position where the ocl expression is used in the UML model. The context is the namespace in
which the expression is evaluated. The self instance is the reference to the type of the object that evaluates the
expression. For each predefined use of OCL in the next section these three things are stated explicitly. Each use
also contains well-formedness rules, that define the exact structure of the place where the OCL expression is
attached to the UML model.

7.2 STANDARD USES OF OCL EXPRESSIONS

7.2.1 Definition

Place: The body of expression of UML metaclass Constraint, where the constraint has
stereotype <,definition>> and is attached to a Classifier.

Context: The Classifier to which the Constraint is attached.

Self: The Classifier to which the Constraint is attached.

A definition constraint may only consist of one or more LetExpressions. The variable or function defined by the
L et expression can be used in an identical way as an attribte or operation of the Classifier. Their visibility is equal
to that of a public attribute or operation.

The purpose of adefinition constraint is to define reusable sub-expressions for use in other OCL expressions.
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Wellformedness rules
[1] The Constraint has the stereotype <<definition>>.

context OclExpression
inv: self.constraint.stereotype.name = "definition’

[2] The Constraint is attached to only one model element.

context OclExpression
inv: self.constraint.constrainedElement->size() =1

[3] The Constraint is attached to a Classifier.

context OclExpression
inv: self.constraint.constrainedElement.one(true).oclIsKindOf(Classifier)

7.2.2 Invariant

Place: The body of expression of UML metaclass Constraint
Context: The Classifier to which the Constraint is attached.
Self: The Classifier to which the Constraint is attached.

An invariant constraint consists of an OCL expression of type Boolean. The expression must be true for each
instance of the classifier at any moment in time. Only when an instance is executing an operation, this does not
need to evaluate to true.

Wellformedness rules
[1] Thetype of the OCL expression must be Boolean.

context OclExpression
inv: self.type.name = ’Boolean’

[2] The Constraint has the stereotype <<invariant>>.

context OclExpression
inv: self.constraint.stereotype.name = “invariant’

[3] The Constraint is attached to only one model element.

context OclExpression
inv: self.constraint.constrainedElement->size() =1

[4] The Constraint is attached to a Classifier.

context OclExpression
inv: self.constraint.constrainedElement.one(true).oclIsKindOf(Classifier)

7.2.3 Precondition

Place: The body of expression of UML metaclass Constraint
Context: The Operation that the Constraint is attached to.
Self: The Classifier that owns the Operation that the Constraint is attached to.

The precondition constraint consists of an OCL expression of type Boolean. The expression must evaluate to true
whenever the operation starts executing, but only for the instance that will execute the operation.

Wellformedness rules

[1] Thetype of the OCL expression must be Boolean.
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context OclExpression
inv: self.type.name = "Boolean’

[2] The Constraint has the stereotype <<precondition>>.

context OclExpression
inv: self.constraint.stereotype.name = ’precondition’

[3] The Constraint is attached to only one model element.

context OclExpression
inv: self.constraint.constrainedElement->size() =1

[4] The Constraint is attached to an Operation.

context OclExpression
inv: self.constraint.constrainedElement.one(true).oclIsKindOf(Operation)

7.2.4 Postcondition

Place: The body of expression of UML metaclass Constraint
Context: The Operation that the Constraint is attached to.
Self: The Classifier that owns the Operation that the Constraint is attached to.

The postcondition constraint consists of an OCL expression of type Boolean. The expression must evaluate to
true at the moment that the operation stops executing, but only for the instance that has just executed the opera-
tion.

Within an OCL expression used in a postcondition, the "@pre" can be used to refer to values at precondition
time. The variable result refers to the return value of the operation if there is any.

Wellformedness rules

[1] Thetype of the OCL expression must be Boolean.

context OclExpression
inv: self.type.name = ’Boolean’

[2] The Constraint has the stereotype <<postcondition>>.

context OclExpression
inv: self.constraint.stereotype.name = ’postcondition’

[3] The Constraint is attached to only one model element.

context OclExpression
inv: self.constraint.constrainedElement->size() =1

[4] The Constraint is attached to an Operation.

context OclExpression
inv: self.constraint.constrainedElement.one(true).oclIsKindOf(Operation)

7.2.5 Action invariant

Place: The body of expression of UML metaclass Constraint
Context: The Classifier that the Constraint is attached to.
Self: The Classifier that the Constraint is attached to.

An action invariant consist of an OCL action expression. Whenever the condition evaluation changes from false
to true, the specified action must be executed immediately by the instance for which the condition changed value.
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Wellformedness rules

[1] The Constraint has the stereotype <<actionlnvariant>>.

context OclExpression
inv: self.constraint.stereotype.name = “actionlnvariant’

[2] The Constraint is attached to only one model element.

context OclExpression
inv: self.constraint.constrainedElement->size() =1

[3] The Constraint is attached to a Classifier.

context OclExpression
inv: self.constraint.constrainedElement.one(true).oclIsKindOf(Classifier)

7.2.6 Action postcondition

Place: The body of expression of UML metaclass Constraint
Context: The Operation that the Constraint is attached to.
Self: The Classifier that owns the Operation that the Constraint is attached to.

An action postcondition consist of an OCL action expression. The condition is evaluated at postcondition time. If
the condition evaluates to true, the instance that just executed the operation must have executed the specified
action within the operation execution.

Within an OCL expression used in an action postcondition, the " @pre" can be used to refer to values at precon-
dition time. The variable result refersto the return value of the operation if thereis any.

Wellformedness rules

[1] The Constraint has the stereotype <<actionPostcondition>>.

context OclExpression
inv: self.constraint.stereotype.name = “actionPostcondition’

[2] The Constraint is attached to only one model element.

context OclExpression
inv: self.constraint.constrainedElement->size() =1

[3] The Constraint is attached to an Operation.

context OclExpression
inv: self.constraint.constrainedElement.one(true).oclIsKindOf(Operation)

7.2.7 Attribute initial value

Place: The body of initial Value expression of UML metaclass Attribute
Context: The Classifier that owns the Attribute that contains the expression.
Self: The Classifier that owns the Attribute that contains the expression.

An OCL expression acting as the initial value of an attribute must conform to the defined type of the attribute.
The OCL expression is eveluated at the creation time of the instance that owns the attribute for this created
instance.

Wellformedness rules
[1] Thetype of the OCL expression must conform to the type of the attribute.

context OclExpression
inv: self.type.conformsTo(self.attribute.type)
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7.2.8 Guard
Place: The body of expression of the UML metaclass Guard
Context: The guard that contains the expression. Specifically the parameters of the
optional trigger event of the transition of the guard are visible within the OCL
expression.
Self: The Classifier that owns statemachine which contains the Guard.

An OCL expression acting as value of aguard is of type Boolean. The expresion is evaluated at the moment that
the transition attached to the guard is attempted.

Wellformedness rules
[1] Thetype of the OCL expression must be Boolean.

context OclExpression
inv: self.type.name = "Boolean’

[2] The statemachine in which the guard appears must be attached to a Classifier.

context OclExpression

inv: self.guard.transition.stateMachine->notEmpty() and
self.guard.transition.stateMachine.context->notEmpty() and
self.guard.transition.stateMachine.context.oclIsKindOf(Classifier)

7.3 CONCRETE SYNTAX

This section describes the concrete syntax for specifying the context of the different types of usage of OCL
EXpressions.

Comment — This section will contain the syntax for the "context Classifier inv: ..." context declara-
tions. Thisisto be done.
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Semantics Described using UML

This appendix describes the semantics of the OCL using the UML itself to describe the semantic domain, and the
mapping between semantic domain and abstract syntax. This UML-based description is added to the specifica-
tion, as a courtesy to those who are not familiar with the formal notation used in chapter 5 (“Semantics”). It
explains the same semantics in a manner based on the report Unification of Satic and Dynamic Semantics for
UML [Kleppe2001], which initsturnis based on the MML report [Clark2000].

A.1 INTRODUCTION

In section 3.3 (“The Expressions Package’) an OCL expression is defined as: "an expression that can be evalu-
ated in a given environment.", and in section 3.2 (“The Types Package”) it is stated that an "evaluation of the
expression yields a value". The ‘meaning’ (semantics) of an OCL expression, therefore, can be defined as the
value yielded by its evaluation in a given environment. In order to specify the semantics of OCL expressions we
need to define two things: (1) the set of possible values that evaluation of expressions may yield, and (2) evalua-
tions and their environment. The set of possible values is called the semantic domain. The set of evaluations
together with their associations with the concepts from the abstract syntax represent the mapping from OCL
expressions to values form the semantic domain.

This appendix describes the semantic domain in the form of a UML class diagram, containing classes, associa-
tions and attributes. The real semantic domain isthe (infinite) set of instances that can be created according to this
class diagram. To represent the evaluation of the OCL expressions in the semantic domain a second UML class
diagram is used. In it, a set of so-called evaluation classes is defined. Each evaluation class is associated with a
value (its result value), and a name space environment that binds names to values. Note that the UML model
comprising both class diagrams, resides on layer 1 of the OMG 4-layered architecture.

The semantics of an OCL expression is given by association: each value defined in the semantic domain is
associated with a type defined in the abstract syntax, each evaluation is associated with an expression from the
abstract syntax. The value yielded by an OCL expression in agiven environment, its ‘meaning’, is the result value
of its evaluation with a certain name space environment.

The UML-based semantics is divided into several packages. Figure REF shows how the packages relate to
each other and to the packages from the abstract syntax.

= The Values package describes the semantic domain. It shows which values are predefined in OCL and which
values are deduced from the UML models.

= The Evaluations package describes the evaluations of OCL expressions. The Evaluations package contains
the rules that determine the result value for a given expression.

= The Semantics package describes the associations of the values and evaluations with elements from the
abstract syntax. It is subdivided into two subpackages:

 The Semantics Type-Value package contains the associations between the instances in the semantics
domain and the typesin the abstract syntax.
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e The Semantics Expression-Evaluation package contains the associations between the evaluation classes
with the expressions in the abstract syntax.

A.2 THE VALUES PACKAGE

OCL is an object language. Values can be either an object, which can change its state in time, or a data type,
which can not change its state. The model in figure A-2 shows the values that form the semantic domain of an
OCL expression. The basic type isthe Value, which includes both objects and data values. There is a special sub-
type of Value called UndefinedValue, which is used to represent the undefined value for any Type in the abstract
syntax.

Figure A-3 on page 4 show a number of specia data values, the collection and tuple values. To distinguish
between instances of the Set, Bag, and Sequence types defined in the standard library, and the (more generic)
classes in this package that represent instances in the semantic domain, the names SetTypeValue, BagTypeValue,
and SequenceTypeValue are used, instead of SetValue, BagValue, and SequenceValue.

AbstractS yntax Domain

(from Logical View)

Values
(from Domain)

i I
Expressions Evaluations
‘ (from AbstractSyntax) L (from Domain)

Types
(from AbstractSyntax)

—‘ Semantics
I
|

Expression-Evaluation

|
|
|
I R

‘ Type-Value

Figure A-1 Overview of packages in the UML-based semantics
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A.2.1 Definitions of concepts for the Values package.

BagTypeValue

A bag type value is a collection value which is a multiset of elements where each element may occur multiple
timesin the bag. The elements are unordered. Part of abag value are the values of its elements. In the metamodel,
thisis shown as an association from CollectionValue (a generalization of BagTypeValue) to Element.

CollectionValue

A collection value is a list of values. Part of every collection value are the values of its elements. In the meta-
model, thisis shown as an association from CollectionValue to Element.

Associations
elements The values of the elementsin a collection.

DomainElement

A domain element is an element of the domain. It is the generic superclass of all classes defined in this appendix,
including Value and OCL ExpEvaluation. It serves the same purpose as ModelElement in the UML meta model.

Element

An element represents a single component of a tuple value, or collection value. An element has a name, an
indexNr, and a value. The purpose of the name is to uniquely identify each component, when it is used as an ele-
ment of a TupleValue. The purpose of the indexNr isto uniquely identify the position of each component, when it
isused as an element of a SequenceValue.

DomainElement

4

0..1 | LocalSnapshot +bindings| NameValueBinding +value | \/que
+succ 0..n E¥name : String 1
0.1 0..n Z>
+pred +history
ObjectValue StaticValue UndefinedValue
PrimitveValue EnumValue

Figure A-2 Thekernel valuesin the semantic domain
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EnumerationValue

An enumeration value is a value taken from a set of user-specified named enumeration literals.

LocalSnapshot

A local snapshot is adomain element that holds for one point in time the subvalues of an object value. It isaways
part of an ordered list, which is represented in the metamodel by the associations pred, and succ. An Object Vaue
also holds a sequence of Actions (from the UML metamodel). This sequence of Actionswill also changein time,
therefore it is linked to a local snapshot. This is represented by an association in the metamodel called output-

Queue.

Associations
bindings

outputQueue

pred
succ

NameValueBinding

The set of name value bindings that hold the changes in time of the subvalues of

the associated object value.

The sequence of actions that the associated value at the certain point in time has
send and are not yet put through to their targets.

The predecessor of this local snapshot in the history of an object value.
The successor of thislocal snapshot in the history of an object value.

A name value binding is adomain element that binds a nameto a value.

Value
+value
StaticValue
CollectionValue TupleValue
+elements Element +elements
o nﬂ:iindeer - Integer
“N@hame : String | 0-N

SetTypeValue

SequenceTypeValue

BagTypeValue

Figure A-3 The collection values in the semantic domain
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ObjectValue

An object valueis avalue that has an identity, and a certain structure of subvalues. Its subvalues may change over
time, although the structure remains the same. Its identity may not change over time. In the metamodel, the struc-
tureis shown as a set of NameValueBindings. Because these bindings may change over time, and identification of
these changes is necessary to describe the semantics of the action clause, the ObjectValue is associated with a
sequence of Local Snapshots, that hold a set of NameValueBindings at a certain point in time.

Associations

history The sequence of local snapshots that hold the changes in time of the subvalues of
this object value.

PrimitiveValue
A primitive value is a predefined static value, without any relevant UML substructure (i.e., it hasno UML parts).

SequenceTypeValue

A sequencetype valueisacollection value which isalist of values where each value may occur multiple timesin
the sequence. The values are ordered by their position in the sequence. Part of a sequence vaue are the values of
its elements. In the metamodel, thisis shown as an association from CollectionValue (a generalization of Sequen-
ceTypeValue) to Element. The position of an element in the list is represented by the attribute indexNr of Element.

SetTypeValue

A set type value is a collection value which is a set of elements where each distinct element occurs only once in
the set. The elements are not ordered. Part of a set value are the values of its elements. In the metamodel, thisis
shown as an association from CollectionValue (a generalization of SetTypeValue) to Element.

StaticValue
A static valueis a value that will not change over time.!

TupleValue

A tuple value (also known as record value) combines values of different types into a single aggregate value. The
components of atuple value are described by tuple parts each having a name and a value. In the metamodel, this
is shown as an association from TupleValue to Element.

Associations
elements The values of the e ementsin a collection.

UndefinedValue
An undefined valueis a value that represent the ‘null’ value for any type.

Value
A part of the semantic domain.

1. AsSaticValueisthe counterpart of the DataType concept in the abstract syntax, the name DataValue would be preferable. Because this
nameis used in the UML 1.4 specification to denote amodel of adata value, the name StaticValueis used here.
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A.2.2 Well-formedness rules for the Values Package

BagTypeValue
No additional well-formedness rules.

CollectionValue
No additional well-formednessrule.

DomainElement
No additional well-formednessrule.

Element
No additional well-formednessrule.

EnumerationValue
No additional well-formednessrule.

LocalSnapshot
1. All predecessors is the collection of all snapshots before a snapshot. All successors is the collection of all

snapshots after a snapshot.

context LocalSnapshot
def: Let allPredecessors : Set(LocalSnapshot) =
if pred->notEmpty then
pred->union(pred.allPredecessors)
else
Set {}
endif
def: Let allSuccessors : Set(LocalSnapshot) =
if succ->notEmpty then
succ->union(succ.allSuccessors)
else
Set {}
endif

NameValueBinding
No additional well-formednessrule.

ObjectValue

1

The history of an object is ordered. The first element does not have a predecessor, the last does not have a suc-
Cessor.

context ObjectValue

inv: history->oclIsTypeOf( Sequence(LocalSnapShot) )
inv: history->Tast().succ->size = 0

inv: history->first().pre->size =0

The operation getCurrentValueOf resultsin the value that binds to the name parameter in the latest snapshot in
the history of an object value. Note that the value may be the UndefinedValue.
context ObjectValue::getCurrentValueOf(n: String): Value

pre: -- none
post: result = history->last().bindings->one(name = n).value
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PrimitiveValue
No additional well-formednessrule.

SequenceTypeValue

[1] All elements belonging to a sequence value have unique index numbers.

self.element->isUnique(e : Element | e.indexNr)

SetTypeValue

1. All elements belonging to a set value have unique values.

self.element->isUnique(e : Element | e.value)

StaticValue
No additional well-formednessrule.

TupleValue

[1] All elements belonging to atuple value have unique names.

self.element->isUnique(e : Element | e.name)

UndefinedValue
No additional well-formednessrule.

Value
No additional well-formednessrule.

A.3 THE EVALUATIONS PACKAGE

This section defines the evaluations of OCL expressions. The evaluations package is a mirror image of the
expressions package from the abstract syntax. Figure A-4 on page 8 shows the core part of the Evaluations pack-
age. The basic structure in the package consists of the classes OclEvaluation, PropertyCallExpEval and Variable-
ExpEval. An OclEvaluation always has aresult value, and a name space that binds names to values. In figure A-5
on page 10 the various subtypes of model propertycall evaluation are defined.

Most of the OCL expressions can be simply evaluated, i.e. their value can be determined based on a non-
changing set of name value bindings. Operation call expressions, however, need the execution of the called oper-
ation. The semantics of the execution of an operation will be defined in the UML infrastructure. For our purposes
it is enough to assume that an operation execution will add to the environment of an OCL expression the name
'result’ bound to a certain value. In order not to become tangled in a mix of terms, the term evaluation is used in
the following to denote both the ‘normal’ OCL evaluations and the executions of operation call expressions.

A.3.1 Definitions of concepts for the Evaluations package

ActionExpEval

An action expression evaluation is defined in section A.3.4 (“Action Expression Evaluations’), but included in
this diagram for completeness.
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ConstantExpEval
A constant expression evaluation is an evaluation of a constant expression.

IterateExpEval
An IterateExpEval is an expression evaluation which eval uates its body expression for each element of a collec-
tion value, and accumulates avaluein aresult variable.

IteratorExpEval
An lterator Exp is an expression evaluation which evaluates its body expression for each element of a collection.

Associations
bodyEvals The oclExpEvaluations that represent the evaluation of the body expression for
each element in the source collection.

NameValueBinding bindings NameSpace
_ (from V alues) 0..n ®replace()
DomainElement ®getvalueOf()
(from Values) +beforeE nvironment |Madd()
0.

1
+environment

+body
+source OCLEXxpEvaluation *tresutvalue | vaue
1 " (from Values
PropernyCalle xp Eval ConstantExpEval ActionExpEval
Z} VariableExpEval
ModelPropertyCallExpEval teratorExpEval +variable
| titerator 1 1
StringValue
(from standardLibrary)

+result 1

lterateExpEval

Figure A-4 Domain model for ocl evaluations
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ModelPropertyCallExpEval

A model property call expression evaluation is an evaluation of a Model PropertyCallExp. In A-5 on page 10 the
various subclasses of Model PropertyCallExpEval are shown.

Operations
atPre The atPre operation returnstrue if the property call is marked as being eval uated
at precondition time.
NameSpace

A NameSpace is a set of NameVa ueBindings that form the environment in which an OCL expression is evalu-
ated. A NameSpace has three operation which are defined in the well-formnedness rules (section A.3.8 (“Well-
formedness Rules of the Evaluations package”).

Associations
bindings The NameValueBindings that are the elements of this name space.

OclExpressionEval
An OCL evaluation is an evaluation or evaluation of an OclExpression. It has aresult value, and it is associated
with a set of name values bindings, called environment. These bindings represent the values that are visible for
this evaluation, and the names by which they can be referenced. A second set of name values bindingsis used to
evaluate any sub expression for which the operation atPre returns true, called beforeEnvironment.

Note that these bindings need to be established, based on the placement of the OCL expression within the
UML model. A binding for an invariant will not need the beforeEnvironment, and it will be different from a bind-
ing of the same expression when used as precondition.

Associations

environment The set of name value bindings that is the context for this evaluation of an ocl
expression.

beforeEnvironment The set of name value bindings that is the context for this evaluation, to evaluate
any sub expressions of type ModelPropertyCallExp for which the operation
atPre returns true.

resultValue The value that is the result of evaluating the OclExpression.

PropertyCallExpEval
A property call expression evaluation is an evaluation of a PropertyCallExp.

Associations

source The result value of the source expression evaluation is the instance that performs
the property call.

VariableExpEval
A variable expression evaluation is an evaluation of a VariableExp, which in effect is the search of the value that
is bound to the variable name within the expression environment.

Associations

variable The variable which value is the result of this evaluation.

A.3.2 Model PropertyCall Evaluations
The three subtypes of Model PropertyCallExpEval are shown in figure A-5.
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AssociationClassCallExpEval

An association end call expression evaluation is an evaluation of a AssociationClassCallExp, which in effect is

the search of the value that is bound to the associationEnd name within the expression environment.
Associations

referredAssociationClass The name of the AssociationClass to which the corresponding AssociationClass-
CallExp isareference.

AssociationEndCallExpEval
An association end call expression evaluation is an evaluation of a AssociationEndCallExp, which in effect isthe
search of the value that is bound to the associationEnd name within the expression environment.

Associations

referredAssociationEnd  The name of the AssociationEnd to which the corresponding NavigationCallExp
isareference.

AttributeCallExpEval

An attribute call expression evaluation is an evaluation of an AttributeCallExp, which in effect is the search of the
value that is bound to the attribute name within the expression environment.

ModelProperty
CallExpEval

i

Attribute CallExpEval

NavigationCallExpE val

b

‘ +navigationSource
. 1 1
AssciationEndCallExpEval |, 1o rredAssociationEnd +referredAttribute
1 StringValue
AssociationClassCallExpEval (from standardLibrary)

+referredAssociationClass

+reffered Operation
1

+arguments | OCLEXpEvV
aluation

0..n

OperationCallE xp Eval

Sigure A-5 Domain model for Model PropertyCallExpEval and subtypes
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Associations

referredAttributeThe name of the Attribute to which the corresponding  AttributeCallExp is a
reference.

NavigationCallExpEval
A navigation call expression evaluation is an evaluation of a NavigationCallExp.
Associations

navigationSource The name of the AssociationEnd of which the corresponding NavigationCall Exp
isthe source.

OperationCallExp
An operation call expression evaluation is an evaluation of an OperationCall Exp.

Associations

arguments The arguments denote the arguments to the operation call. This is only useful
when the operation call isrelated to an Operation that takes parameters.
referredOperation The name of the Operation to which this OperationCallExp is areference Thisis

an Operation of a Classifier that is defined in the UML model.

A.3.3 If Expression Evaluations

IfExpEval
An IfExpEval is an evaluation of an IfExpression.

Associations

condition The OclExpEvaluation that evaluates the condition of the corresponding IfEx-

pression.
thenExpression The OclExpEvaluation that evaluates the thenExpression of the corresponding

IfExpression.
elseExpression The OclExpEvaluation that evaluates the elseExpression of the corresponding

IfExpression.

+thenExpression . 1 +elseExpression
OCLExpEvaluation
1 1
+condition
FExpEval

Figure A-6 Domain model for action expression
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A.3.4 Action Expression Evaluations

Action expressions are used to specify the fact that an object has will perform some action at a some moment in
time.

ActionExpEval +action Actioninstance
1
N +target 1
+condition OCLExpEvaluation |_‘targuments
1 0..n

Figure A-7 Domain model for action avaluation

ActionExpEval

An action expression evauation is an evaluation of an ActionExpression. As explained in [Kleppe2000] the only
demand we can put on the action expression is that its associated action (operation call or signal) has been at
some time between ‘now’ and a reference point in time in the output queue of the self instance. The ‘now’ time-
point is the point in time at which this evaluation is performed. This point is represented by the environment link
of the ActionExpEval (inherited from OCLExpEvaluation).

Note that the Action metaclass from the UML specification is a model element, or, in our terminology, an
abstract syntax concept, therefore it can not be used in the definition of an ActionExpEval, which is an element of
the semantic domain. Instead we must use another element of the semantic domain, which we call Actionin-
stance. Actually, Actioninstance should be a concept defined in the UML specification, but at the moment it is
unclear wether we can substitute the ActionExecution concept from the Action Semantics [REF], or any other
concept from the UML specification (e.g. Message, Stimulus, Signal) or Action Semantics for Actionlnstance.

Associations

condition The OclExpEvaluation that represents the evaluation of the boolean condition
under which the actions are performed by the object.

target The OclExpEvaluation that represents the evaluation of the target instance or
instances on which the action is perfomed.

arguments The OclExpEvaluation that represents the evaluation of the actua parameters to
the Operation or Signal.

action The Actionlnstance that is send by the object when the condition is true. The

action can be an instance of a CallAction, denoting that an Operation has been
called, or an instance of a SendAction, denoting that a Signal has been sent.

A.3.5 Constant Expression Evaluations

This section defines the different types of constant expression evaluations in OCL. It is not a complete mirror
image of the Constant Expressions in the abstract syntax, because there is no need to distinguish most of the sub-
types of ConstantExp for the semantics. It does contain a metaclass for enumeration values, because there is a
restriction that these come from the set of enumeration literals.
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ConstantExpEval

EnumConstantExpEval

Figure A-8 Domain model for constant expressions

EnumConstantExpEval

An enumeration constant expression eval uation represents the evaluation of areference to an enumeration literal.
Associations
referredEnumLiteral The EnumLiteral to which the enum expression refers.

A.3.6 Let expressions

LetExpEval
+in - 0.1
OCLExpEvaluation
1 +initExpression
LetExpEval +Hvariable StringValue

(from standardLibrary)

Figure A-9 Domain model for let expression

A Let expression evaluation is an evaluation of a Let expression that defines a new variable with an initial value.
A Let expression evaluation changes the environment of the in expression eval uation.

Associations

variable The VariableDeclaration that defined the variable.
in The expression in whose environment the defined variable is visible.
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A.3.7 Operations with special source or argument

This section defines the evaluations for operations that have either as their source, or as their argment a Model E-

lement that is not an OclExpression, but a concept defined in the UML metamodel, e.g. Classifier, and State.

rsource OCLExpEvaluation

- A

s

OclOperationWithType ArgumentEval

OclOperationWithState ArgumentEval

OclOperationWithTypeSourceEval rsource StringValue
PropertyCall (from standardLibrary)
ExpEval 0.n 1 1
rargument.  iargument

0.n

Figure A-10 Domain model for predefined operations that have a non OclExpressions as their source or
argument

OclOperationWithTypeSourceEval
An OclOperationWithTypeSourceEval is an evaluation of an OclOperationWithTypeSource.

Associations
source The sourceisthe Classifier that ' performs’ this operation.

OclOperationWithTypeArgumentEval
An OclOperationWithTypeArgumentEval is an evaluation of an OclOperationWithTypeArgument.

Associations
argument The argument is the Classifier that is the argiument of this operation.

OclOperationWithStateArgumentEval
An OclOperationWithStateArgument is an evaluation of an OclOperationWithStateArgument.

Associations
argument The argument is the State that is the argument for this operation.
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A.3.8 Well-formedness Rules of the Evaluations package

The metaclasses defined in the evaluations package have the following well-formednes rules. These rules state
the theresult value is defined. This defines the semantics of the OCL expressions.

Comment — The rules for building the name space environment of an ocl expression must still be
added. These are equal to the rules given in the concrete syntax for the inherited attribute "env’.

ActionExpEval

[1] The meaning of the action expression is that the action should have been in the output queue of the self
instance at some time between ‘now’ and areference point in time. ‘Now’ is represented by the environment
of the expression, the reference point in time is represented by the before environment. The Letsin the invari-
ant below are convenient to indicate the list of all snapshots between the ‘now’ and the reference time point.

context ActionExpEval inv:

Let start: LocalSnapshot = beforeEnvironment.getValueOf( ’self’ )->history->last() in
Let end: LocalSnapshot = environment.getValueOf( ’'self’ )->history->last() in
Let inBetween: Sequence( LocalSnapshot ) =

start.allSuccessors->excluding( end.allSuccessors)->including( start ) in
resultValue = condition implies

inBetween->collect(outputQueue)->exists( q | g.includes( action ) )

AssociationClassCallExpEval

[1] Theresult value of an association class call expression is the value bound to the name of the association class
to which it refers.

context AssociationClassCallExpEval inv:
resultValue =

source.resultValue.getCurrentValueOf(referredAssociationClass.name)

AssociationEndCallExpEval

[1] The result value of an attribute call expression is the value bound to the name of the attribute to which it
refers.

context AssociationkEndCallExpEval inv:
resultValue =

source.resultValue.getCurrentValueOf(referredAssociationEnd.name)

AttributeCallExpEval

[1] The result value of an attribute call expression is the value bound to the name of the attribute to which it
refers.

context AttributeCallExpEval inv:
resultValue = source.resultValue.getCurrentValueOf(referredAttribute.name)
ConstantExpEval

[1] Theresult value of a constant expression isits symbol.

context ConstantExpEval inv:
resultvalue = symbol

EnumConstantExpEval
No extrawell-formedness rule (follows its parent ConstantExpEval).
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IfExpEval
[1] The result value of an if expression is the result of the thenExpression if the condition is true, else it is the
result of the elseExpression.

context IfExpEval inv:
resultValue = if condition then thenExpression.resultValue else elseExpression.resultValue

IterateExpEval
[1] Theresult value of an IterateExpEval is the result of the last of its body evaluations.

rule equal to that of its parent IteratorkExpEval
[2] All sub evaluations have a different environment. The environment is the same environment as the one from
its parent, plus the result variable which is bound to the result value of the last sub evaluation.

context IterateExpEval
inv: bodyEvals[l].environment = self.environment
->add( NameValueBinding( result.varName, null ))
inv: Sequence{?2..source->size()}->forAl1( i: Integer
bodyEvals[il.environment = self.environment
->replace( NameValueBinding( result.varName, bodyEvals[i-1].resultValue )))

IteratorExpEval
[1] Theresult value of an IteratorExpEval isthe result of the last of its body evaluations.

context IteratorkxpEval inv:
resultValue = bodyEvals->Tast().resultValue

[2] Thereisan OCLExpEvaluation (asub evaluation) for every element of the source collection.

context IteratorkxpEval
inv: bodyEvals->size() = source.value->size()

[3] All sub evaluations have a different environment. The environment is the same environment as the one from
its parent, plus the iterator variable which is bound to the value of the next element in the source collection.

context IteratorExpEval
inv: bodyEvals[l].environment = self.environment

->add( NameValueBinding( iterator.varName, source->asSequence()->at[1] ))
inv: Sequence{?2..source->size()}->forAl1( i: Integer
bodyEvals[il.environment = self.environment
->including( NameValueBinding( iterator.varName, source->asSequence()->at[i] )))

LetExpEval

[1] A let expression resultsin the value of itsin expression.

context LetExpEval inv:
resultValue = in.resultValue

[2] A let expression evaluation adds a name value binding that binds the variable to the value of its initExpres-
sion, to the environment of itsin expression.

context LetExpEval
inv: in.environment = self.environment
->add( NameValueBinding( variable.varName, variable.initExpression.resultValue ))

ModelPropertyCallExpEval
No additional well-formedness rules. Result value is determined by its subtypes.
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NameSpace

[1] All namesin a name space must be unique.

context NameSpace inv:
bindings->collect(name)->forAl1( name: String | bindings->collect(name)->isUnique(name))

[2] The operation getValueOf results in the value that binds to the name parameter in the bindings of a name
space. Note that the value may be the UndefinedValue.

context NameSpace::getValueOf(n: String): Value
pre: -- none
post: result = bindings->one(name = n).value

[3] The operation replace replaces the value of a name, by the value given in the nvb parameter.

context NameSpace::replace(nvb: NameValueBinding): NameSpace
pre: -- none
post: result.bindings = self.bindings
->excluding( self.bindings->any( name = nvb.name) )->including( nvb )

[4] The operation add adds the name and value indicated by the NameValueBinding given by the nvb parameter.

context NameSpace::add(nvb: NameValueBinding): NameSpace
pre: -- none
post: result.bindings = self.bindings->including( nvb )

NavigationCallExpEval
No additional well-formedness rules. Result value is determined by its subtypes.

OclExpressionEval
[1] Theresult value of an ocl expression is determine by its subtypes.

[2] Every OCLExpEvaluation has an environment in which at most one self instance is known.
context OCLExpEvaluation

inv: environment->select( name = ’self’ )->size() =1
OclOperationWithStateArgumentEval

[1] Theresult value of ...

context OclOperationWithStateArgumentEval inv:
resultValue =

To be done.

OclOperationWithTypeArgumentEval
[1]

context OclOperationWithTypeArgumentEval inv:
resultValue =

To be done

OclOperationWithTypeSourceEval
[1]

context OclOperationWithTypeSourceEval inv:
resultValue =

To be done
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OperationCallExpEval

The definition of the semantics of the operation call expression depends on the definition of operation call execu-
tion in the UML semantics. Thisis part of the UML infrastructure specification, and will not be defined here. For
the semantics of the OperationCallExp it suffices to know that the execution of an operation call will add a name
value binding to its environment that binds a value to the name 'result’.

[1] Theresult of an operation call expression is equal to the result of the execution of the called operation.

context OperationCallEval inv:
resultValue = environment.getValueOf( “result’ )

PropertyCallExpEval
No additional well-formedness rules. Result value is determined by its subtypes.

VariableExpEval
[1] Theresult of aVariableExpEval isthe value bound to the name of the variable to which it refers.

context VariableExp inv:
resultValue = environment.getValueOf(referredVariable.varName)

A.4 THE SEMANTICS PACKAGE

The figures A-11 and A-12 show the associations between the abstract syntax concepts and the domain con-
cepts defined in this appendix. Each domain concept has a counterpart called model in the abstract syntax. Each
model has one or more instances in the semantic domain. Note that in particular every OCL expression can have
more than one evaluation. Still every evaluation has only one value. For example, the "asSequence” applied to a
Set may have n! evaluations, which each give a different permutation of the elements in the set, but each evalua-
tion has exactly one value.

Comment —The figures are not yet complete, but they show the 'general rule’ for associating
abstract syntax and semantic domain.
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OclExpression T

‘model +instances

from Expressions

il

ModelPropertyCallExp Tmodel +instances

0-- T

OCLExpEvaluation
(from ExpressionEvals)

(from Expressions)

ActionExpression *

'model +instances

0..n

ModelPropertyCallExpEval
(from ExpressionEvals)

(from Expressions)

ActionExpEval
(from ExpressionEvals)

1 0..n
ConstantExp tmodel +instances| — copstantExpEval
(from Expressionsi 0 | (from ExpressionEvals)
VariableExp fmodel +instances VariableExpEval
(from Expressionsa 0 (from ExpressionEvals)
PropertyCallExp tmodel +instances| p g penyCallExpEval
(from Expressions) 1 0 (from ExpressionEvals)
lteratorExp tmodel  +instances ltteratorExpEval
(from Expressions)l 0 1(from ExpressionEvals)
lterateExp Tmodel +instances lterate ExpEval
(from Expressionsl 0 ﬁ(from ExpressionEvals)
AssociationClassCallExp tmModel  +instances| a ssociationClassCalExpE val
(from Expressions) 1 0 (from ExpressionEvals)
AssociationEndCalExp fMmodel +instances  agsciationEndCallExpEval
(from Expressions) 1 0 (from ExpressionEvals)
AttributeCallExp tModel +instances| a b uteCalExpE val
(from Expressions) 0 (from ExpressionEvals)

EnumConstantExp *

-model +instances

(from Expressions)

0..n

EnumConstantExpEval
(from ExpressionEvals)

. | +i
LetExpression +model +instances LetExpEval
(from Expressions) 0 (from ExpressionEvals)
NavigationCallExp tmodel +instances  y,yigationCalExpE val
(from Expressions) 1 0 (from ExpressionEvals)
i

Figure A-11 Associations between evaluations and abstract syntax concepts
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Classifier |[fmodel  +instances| /5 e
(from Core) 1 0..n(from Values
Class |tmodel +instances| opiactyvalue
from Core 1 0..n| (from Values)
DataType ‘TModel Hinstances|  gaticvalue
(from Core)| | 0..n|_(from Values)
TupleType [tmodel +instances| 1yplevalue
(from Types) 1 0..n| (from Values)
CollectionType |TModel  +instances | cojjectionvalue
(from Types) 1 0.n| (from Values)
Primitive *Model +instances| primitvevalue
(from Core) 1 0..n| (from Values)
SequenceType tmodel +instances| gequenceTypeValue
(from Types) 1 0..n (from Values)
SetType [tmodel +instances | gerypevalue
from Types 1 0.n| (from Values)
Bag Type +model +instances BagTypeValue
from Types 1 0.n| (from Values)
Enumeration fModel +instances| g ,myajue
(from Core) 0 (from Values)

Figure A-12 Associations between values and the types defined in the abstract syntax.

A.4.1 Well-formedness rules for the Semantics.type-value Package

CollectionValue

[1] All elements in a collection value must have a type that conforms to the elementType of its corresponding
CollectionType.

context CollectionValue inv:
elements->forAl1( e: Element | e.value.model.conformsTo( model.elementType ) )
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DomainElement
No additional well-formednessrule.

Element
No additional well-formednessrule.

EnumarationValue
No additional well-formednessrule.

ObjectValue
No additional well-formednessrule.

PrimitiveValue
No additional well-formednessrule.

SequenceTypeValue
No additional well-formednessrule.

SetTypeValue
No additional well-formednessrule.

StaticValue
No additional well-formednessrule.

TupleValue
[1] The elementsin atuple value must have atype that conforms to the type of the corresponding TupleParts.

context TupleValue inv:
elements->forAl1( elem |
Let correspondingPart: tuplePart =
self.model.part->select( part | part.name = elem.name ) in
elem.value.model.conformsTo( correspondingPart.type ) )

UndefinedValue
No additional well-formednessrule.

Value

[1] The additional operation islnstanceOf return trueif thisvalue is an instance of the parameter classifier.

context Value::isInstanceOf( c: Classifier ): Boolean
pre: -- none
post: result = self.model.conformsTo( c )

[2] The symbol, which is the result value, of an enumeration constant evaluation must be one of the literals of
the enumeration type.

context EnumConstantExpEval
inv: model.type->contains( symbol )
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A.4.2 Well-formedness rules for the Semantics.exp-eval Package

ActionExpEval

[1] The action instance of this evaluation must correspond with the Action in the action expression.
To be done.

AssociationClassCallExpEval

[1] The string that represents the referredAssociationClass in the evaluation must be equal to the name of the
referredAssociationClass in the corresponding expression.

context AssociationClassCallExpEval inv:
referredAssociationClass = model.referredAssociationClass.name

AssociationEndCallExpEval

[1] The string that represents the referredAssociationEnd in the evaluation must be equal to the name of the
referredAssociationEnd in the corresponding expression.

context AssociationEndCallExpEval inv:
referredAssociationtnd = model.referredAssociationkEnd.name

AttributeCallExpEval

[1] The string that represents the referredAttribute in the evaluation must be equal to the name of the referredAt-
tribute in the corresponding expression.

context AttributeCallExpEval inv:
referredAttribute = model.referredAttribute.name

ConstantExpEval
No additional well-formednessrule.

EnumConstantExpEval
[1] Theresult value of an EnumConstantExpEval must be equal to one of the literals defined in its type.

context EnumConstantExpEval inv:
model.Titerals->contains( self.resultValue )
IfExpEval

[1] The condition evaluation corresponds with the condition of the expression, and likewise for the thenExpres-
sion and the else Expression.

context IfExpEval inv:

condition.model = model.condition
thenExpression.model = model.thenExpression
elseExpression.model = model.elseExpression

IterateExpEval
[1] To bedone

IteratorExpEval
[1] All sub evauations have the same model, which is the body of the associated IteratorExp.
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context IteratorExpEval
inv: bodyEvals->forAl1( model = self.model )

LetExpEval
[1] To bedone

ModelPropertyCallExpEval
[1] To bedone

NameSpace
[1] To bedone

NavigationCallExpEval
[1] To bedone

OclExpressionEval

[1] Theresult value of the evaluation of an ocl expression must be an instance of the type of that expression.

context OclExpEvaluation
inv: resultValue.isInstanceOf( model.type )

OclOperationWithStateArgumentEval
[1] To bedone

OclOperationWithTypeArgumentEval
[1] To bedone

OclOperationWithTypeSourceEval
[1] To bedone

OperationCallExpEval
[1] To bedone

PropertyCallExpEval
[1] To bedone

VariableExpEval
[1] To bedone
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Interchange Format

B.1 THIS APPENDIX IS INTENTIALLY LEFT BLANK.

This section contains the interchnage format for OCL. This XMI DTD should be generetaed from the metamodel.

Comment — This needs to be done when the final submission is finished.

Comment — Note that even the concrete syntax could be used as a simple interchange format,
because it only consists of standard text strings. However. accepting tools would need to (re)parse
the concrete syntax. The benefit will be that tools that do not support OCL (it is a optional compli-
ance point within UML) can till create and interchange OCL astext.
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