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Abstract

This report compares two notation systems for requirements modeling, the notations used in the Shlaer-Mellor
method for object-oriented analysis and the notations uses in TCM (Toolkit for Conceptual Modeling). The
notations used in the Shlaer-Mellor method are semi-formal, i.e. they consist of diagrams annotated by natural
language text. The notations used in TCM are semi-formal, as in the Shlaer-Mellor notation, but there is also
a formal part. The formal part of a TCM specification is written down in LCM (Language for Conceptual
Modeling), a language based on order-sorted dynamic logic. The formal and semi-formal parts of a TCM
specification supplement each other and each can be used without using the other. Because the semi-formal
and formal notations in TCM are precisely related, the semi-formal notations have unambiguous definitions,
and the formal notations have simple and clear diagram representations.

The report analyzes the notations used for information model, state model, process model and communi-
cation model used in the Shlaer-Mellor method and shows how these relate to the notations used for the class
model, life cycle model and communication model in TCM. It is shown that the notations of the Shlaer-Mellor
method contain ambiguities and redundancies, that are resolved when we transform these notations into TCM
notations. However, some of these redundancies provide useful information and TCM is extended with a
simplified form of some of the Shlaer-Mellor notations.

The report repeatedly refers to figures from [39]. For copyright reasons, these figures are not reproduced
here. The reader is expected to have a copy of this book closeby when reading this report.
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Chapter 1

Introduction

Object-oriented research and practice has moved from a focus on programming systems to a concern
with all stages of the development process, from requirements analysis to design and programming.
Thus, object-oriented development methods like OMT [32], OOA [37, 39], Coad/Yourdon [5] and
Objectory [25] include all stages of the software development process from requirements analysis to
software implementation. Much of the research in object-oriented analysis, design and programming
is concerned with the practical affairs of building systems, but in parallel to practical orientation,
theoretical research on formal specification and formal semantics has arisen. For example, there is
a large body of research on the foundations of object-oriented languages such as polymorphism and
inheritance and there and on formal specification of object-oriented analysis models. This has resulted
in a number of formally grounded object-oriented analysis methods [6, 3, 10, 22, 27, 36, 48]. This report
is concerned with the formal underpinning of an object-oriented analysis method, the Shlaer/Mellor
method [37, 39].

The purpose of our research is to mutually enhance formal and semi-formal notations for conceptual
models of required system behavior. By semi-formal notations we mean notations consisting of
diagrams and natural language and by formal notations we mean notations based on mathematics
and formal logic. Formal notation systems always have a set of precisely defined manipulation rules
for the elements of the notation, and these rules always have a precisely defined meaning. Semi-
formal notations typically employ visual means to enhance the understanding, but do not have a set
of precisely defined sound manipulation rules.

Much has been written already on the advantages and disadvantages of formal specification of
software system requirements: Formal specifications enhance clarity and reduce ambiguity of the
specification, and they allow us to prove properties of a system and to verify correctness of an im-
plementation [1, 8, 9, 14]. Here, we want to point out the advantages of combining a formal and a
semi-formal notation system for conceptual modeling.

e Formal techniques tend to be developed with ample logical or mathematical underpinning of
the notation systems but with little methodological support. By contrast, semi-formal notations
typically come with methodological advice for finding and validation models written in those
notations. By coupling a notation used in practice with a formal notations, we can make
methodological advice available on how to use the formal notation.

e Since formal notations tend to have a forbidding appearance to nonspecialists, coupling them
with semi-formal notations allows us to combine the communicative aspect of semi-formal no-
tations with the rigor of formal notations.

e Coupling a formal with a semi-formal notation forces us to make a totally explicit distinction



between specification and implementation in both notations. An semi-formal representation of
system requirements can create the illusion of completeness, and therefore may leave modeling
decisions unmade. Since these decisions must be made at some point during development,
they will be made at a later point, during design or implementation. However, at that point,
these decisions are not validated with the user and they are made on the basis of design or
implementation considerations rather. A formal notation technique does not give the developer
the freedom to leave loose ends in the specification. Formalization of an informal notation
technique allows us to tidy up loose ends in the notation and to force the developer to make all
modeling decisions in a way that is visible to the customer.

o Linking the concepts used in a semi-formal notation with a formal notation forces us to define the
semi-formal concepts unambiguously, remove redundancy and eliminate mutually inconsistent
parts. We believe that part of the problem of the current generation of semi-formal notations
(including most object-oriented notations) is that they are ambiguous and, sometimes, contain
redundant or mutually inconsistent parts. This makes them more difficult to use than they
should be. Disambiguation and elimination of redundancy and of inconsistency makes semi-
formal notations easier to use.

e Nowadays, formal specification languages come with extensive tool support to prove properties
from the specification, to execute specifications, and to check the correctness of implementations.
Coupling a semi-formal notation with a formal specification language allows us to use these
techniques to check the quality of the specification or implementation.

Our research platform for combining formal and semi-formal notations is LCM/TCM. LCM (Language
for Conceptual Modeling) [13] is a language based on order-sorted dynamic logic with equality, that
can be used for the specification of object-oriented conceptual models of system behavior. TCM
(Toolkit for Conceptual Modeling), is a set of methods and techniques that can be used to write a
semi-formal and/or formal specification of a conceptual model.! TCM is a toolkit, not a method. It
provides a number of well-defined semi-formal and formal notations and a set of heuristics for using
these notations. The formal notation that can be used in TCM is LCM; however, the intention is that
other formal notations, such as Oblog [7], FOOPS [16], and TROLL [26], can be used as alternatives,
provided the link between the chosen formal notation and the semi-formal notations of TCM is defined.

TCM has evolved from a detailed study of existing methods for structure requirements modeling,
viz. the ER notation, NTAM, Structured Analysis and Jackson System Development [45]. The aim
of current research is to evaluate and, where necessary, extend the toolkit with elements of real-time
and object-oriented methods [43]. The procedure each time is the same:

e Investigate whether models represented in notation X can be represented in the notations avail-
able in TCM. Because the two representations use different notations, strict equivalence (in the
sense that two formal specification can be equivalent) cannot be proven, but it has turned out
that it is always possible to show an intuitively convincing semi-formal equivalence.

e If some part of the representation in notation X cannot be represented in TCM, extend TCM
with a notation to represent this part, subject to the following constraints:

— The added notation should resemble as much as possible some existing and widely used
notation and

ITCM is a further development of MCM (Method for Conceptual Modeling) [44]. The motivation for this change in
name is that MCM is built from elements taken from existing methods, possibly after simplifying these elements. It is
not intended to be a method but a toolkit of methods and techniques that can be used as needed by the development
situation. The tools and techniques come with directions for use that, if they are followed, are guaranteed to deliver
mutually consistent results. This intention is better expressed by the name Toolkit for Conceptual Modeling.



— the added notation should have a clear and unambiguous link to the other notations already
in TCM.

There are a number of advantages of this way of working.

e It is a one—off effort, resulting in a description of the way in which the constructs of a semi-
formal notation can be formally specified, and of the way in which the constructs of the formal
notation can be semi-formally represented. Even if we never use the formal notation in TCM, we
benefit from the clarity, unambiguity, nonredundancy and mutual consistency of the semi-formal
notations in TCM.

e Developers used to structured analysis and entity-relationship modeling will find it easier to
use formal notations if there is a clear indication of the connection of these notations with the
methods that they know.

¢ Assuming that notation X is used in practice, we can identify areas not covered by the formal
notation but useful in practice. This gives direction to future research in formal notations.

In previous work, we have analyzed the OMT method using TROLL as means of analysis [27, 47]. In
this report, we continue our research by analyzing the notations used in the Shlaer-Mellor method of
object-oriented analysis (OOA) [37, 39]. One of the reasons for this choice is that the Shlaer-Mellor
method is, next to OMT, one of the more popular object-oriented methods. In addition, it has close
relationships with Structured Analysis for Real Time Systems [41, 42, 29] and is therefore a good
representative of a method that can bridge the gap between classical structured methods and modern
object-oriented methods.

In chapter 2, we survey the deliverables of the Shlaer-Mellor method. In the rest of the report, we
focus on three deliverables, the information model (discussed in chapter 3), the state model (discussed
in chapter 4), the process model (discussed in chapter 5) and the object communication model (discussed
in chapter 6). These analyses result in the identification of some ambiguities in the Shlaer-Mellor
notation and in some extensions of TCM. Chapter 7 summarizes the results and indicates directions
for further research.



Chapter 2

Deliverables of the Shlaer-Mellor
method

The Shlaer-Mellor method is a method for problem analysis in the development of software systems.
The problem is modeled as a set of interacting objects. For example, when the method is used for the
specification of software or system requirements, then the software or the entire system is modeled as
a set of interacting objects.

To manage the complexity of large systems, the entire system is modeled at four levels of aggre-
gation: system, domains, subsystems, and objects (figure 2.1). The deliverables are structured into
corresponding levels, shown in figure 2.2.

A domain is a distinct subject matter, inhabited by its own set of objects that behave according
to a closely related set of rules and policies. For example, the application domain of a system is the
subject matter of the system from the user’s point of view. A system may contain several service
domains that contain system utilities. Examples of service domains are a user interface domain, a
data archiving domain, and a process input/output domain. Coupling between domains should be
low and cohesion within one domain should be high. An object is member of exactly one domain,
and each domain has its own namespace. There are existence-dependencies between objects that
inhabit the same domains, but not between objects that inhabit different domains. Rules and policies
typically apply to one domain and not across different domains. Domains communicate through
bridges, which are connections between events in different domains, or between attributes of objects
in different domains. A bridge is a binary link between domains in which one domain plays the role
of client and the other of server.

The system-level deliverables are:

e A domain chart that represents the entire system as a set of domains connected by bridges.

System

Domai n

Subsyst em

oj ect

Figure 2.1: Levels of aggregation in a model delivered by the Shlaer-Mellor method.



e For each system:
— Domain chart
— Project matrix
e For each domain:
— Subsystem relationship model
— Subsystem access model

— Subsystem communication model
e For each subsystem:

— Information model

— State model (state transition diagrams, state transition tables, event list)

Process model (ADFDs, object access models, state process table, process specifications)

— Object communication model

Figure 2.2: Deliverables of the Shlaer-Mellor method.

e A project matrix lists all domains and their subsystems in the horizontal dimension, and the
three subsystem views (information, state, process) along the vertical dimension. The project
matrix is a tool for management of the development process. The cells of the matrix represent
tasks to be accomplished in the project, and can be used to record resources allocated to each
task, work products delivered, etc.

Fach domain is partitioned into one or more subsystems such that each object exists in exactly one
subsystem and never moves between subsystems. For each domain, three kinds of relations between
subsystems are represented.

e In the subsystem relationship model, each subsystem connection represents a relationship
between object types in different subsystems.

e In the subsystem access model, each subsystem connection represents a synchronous commu-
nication between objects in different subsystems. In a synchronous communication, one object
accesses the state vector of another object in one atomic access operation.

e In the subsystem communication model, each subsystem connection represents an asyn-
chronous communication between objects in different subsystems. In an asynchronous commu-
nication, one object sends an event to another object.

Each subsystem is a collection of interacting objects. These are modeled from three points of view,
the information, state and process views. This gives us three kinds of related subsystem models:

1. The information model shows the classes of objects that make up the subsystem, and the
relationships between these object classes. The OOA notation is a variant of the ER diagram
notation.

2. For each object class with interesting behavior, a state model is produced. A state model is
represented in the OOA notation by a finite state Moore machine, in which an action is executed
upon arrival in a state. Each instance of a class executes an instance of the state model of the



| OOA | TCM semi-formal notations | LCM |
Information Model Class-relationship model X
State model Life cycle model X

Transaction decomposition tables X
Transaction data flow diagram
Transaction communication flow diagram
Process model Transaction data flow diagram
Transition descriptions in data dictionary | X
Object communication model | Transaction communication flow diagram

Figure 2.3: Correspondence between the OOA and TCM notations.

class, called the state machine (rather than state model) of the object. In addition, a class may
have a single unique state model called an assigner, which can be used to create class instances
and to synchronize state transitions of different objects in one subsystem.

3. Each action in each state model is specified in more detail by an action data flow diagram
(ADFD). There is a single ADFD for each action in each state model — and, because the Moore
representation of state models is used, therefore for each state in each state model. An ADFD
is a network of processes and data stores connected by directed arcs, that represent data flows.

These three models are supplemented by a number of other models, some of which are derivable from
the three main models, and others of which provide extra information. Two important supplementary
models deserve special mention:

4. Data store accesses in ADFDs are represented on a separate object access diagram. As
explained in chapter 5, this diagram represents synchronous communication between objects. In
the OOA notation, the object access diagram is part of the process model.

5. An object communication diagram represents messages sent from one state model to another
state model. As explained in chapter 6, this diagram represents asynchronous communications
between objects.

We focus our discussion at the subsystem level. In chapter 7, we return to the domain and system
level. As a result of our analyses, we will extend TCM with two semi-formal notations:

e A transaction data flow diagram to represent the flow of data in one system transaction.

e A transaction communication flow diagram to represent the flow of initiative in one system
transaction.

To keep track of the discussion, figure 2.3 shows the correspondence between the OOA and TCM
notations. The information in the transaction data flow and communication flow diagrams is not
represented in the formal LCM specification. They can be used to provide useful supplementary
information.



Chapter 3

The information model

3.1 OOA notation

The information model in OOA uses a variant of the Entity-relationship (ER) notation. As an example
we discuss figure 2.3.2 from [39, page 23]. To understand this diagram, the following remarks are in
order:

¢ Each box in the diagram represents an object class. Shlaer and Mellor call this an object, and
call instances object occurrences. In order to reduce the gap with other methods and with the
TCM notations, we talk of object classes and call instances objects.

e Each object class has something called an identifier by Shlaer and Mellor, which is a collection
of one or more attributes whose combination always has a unique value for each instance of the
class. These attributes are marked by an asterisk.

e All relationships in the information model are binary. They are represented by bidirectional
arrows. Cardinalities are one-one, many-one, or many-many, with mandatory or conditional
participation on either or on both sides. The “one” in these cardinalities is represented by a
single arrowhead. It is exactly 1 if that side has mandatory participation, and it is 0 or 1 if that
side has conditional participation. The “many” cardinality is represented by a double arrowhead.
It means > 1 if that side has mandatory participation and it means > 0 if it has conditional
participation. Conditional participation is represented by the letter “c” at the arrowhead.

OOA allows the definition of relationship attributes. As shown in figure 4.2.1 of [39, page 68], these
are collected into something called an associative object class (ITEM ORDER), which is connected
by an arrow to the relationship whose attributes are represented.

3.2 Comparison with class-relationship diagrams

The information model corresponds with class-relationship diagrams (CRDs) in TCM. Figure 3.1
shows the class-relationship diagram corresponding to figure 2.3.2 of [39, page 23]. There are some
minor differences.

e In TCM, a class can be represented by a box containing the class name, and optionally:

— a list of attributes and predicates applicable to class instances and

— a list of state transitions of class instances.



BUILDING

builfling
OFFICE DEPENDENT
EMPLOYEE
office number dependent ID
floor space R3 name supporter name
number of home address date of birth
electrical outlets dependent of employee

Figure 3.1: Class-relationship diagram corresponding to figure 2.3.2. (Role names have not been imple-
mented in TCRD yet.)

All attributes, predicates and state transitions listed in the class box must also be present in
the formal LCM specification (but the formal specification may contain more).

e A binary relationship is represented by a line. By default, the cardinality is many; a cardinality
of 1 is expressed by an arrowhead. The relationship line must be annotated with at least one of
the following: the name of the relationship or the names of the roles of the participating objects.
This naming convention differs from that in the OOA notation.

e The identifiers of the OOA notation are called keys in TCM. Keys are not indicated in CRDs.
An identifier in TCM is an attribute that, for objects that have ever existed, has a unique
value, and that, once it has received a value for an existing object, never changes its value.
Identifiers are indicated by an exclamation mark. For illustrative purposes, we transformed the
building identifier in the information model into a many-one relationship, and transformed the
other identifiers into TCM identifiers, thereby changing the meaning of the model.

Figure 3.2 contains the CRD corresponding to figure 4.2.1 of [39, page 68]. Two features of this CRD
are:

e A relationship that itself has attributes, predicates or state transitions, is represented by a box
connected with dashed arrows to the components of the relationship.

e A relationship is a also called a link class and its instances are called links.

e R2is a derived relationship. This constraint can be specified in more detail in the data dictionary
(not shown here) and, if there is a formal specification, must be specified by means of axioms in
the formal specification.

TCM allows some additional constructs, that allow the specification of more powerful models. We
briefly summarize these.

e LCM allows the specification of arbitrary first-order static integrity constraints. Cardinality
constraints in LCM are more general than in OOA: for each component class of a relation-
ship class, we can define a set C of natural numbers such that an existing component object

10



CUSTOMER ITEM ORDER CATALOG MANUIIZTAEC'\;II'URER
(R1) ITEM
customer ID . . R3 | Model number
item number price o
name I current state T uantity on hand Manufactuer's price
address q Y 1 Our catalog number
R2=R3+R4 R4
TANGIBLE MANUFACTURER
ITEM
. Name
Serial number Address

Figure 3.2: Class-relationship diagram corresponding to figure 4.2.1.

must participate in ¢ existing instances of the relationship class, with ¢ € C. Other types of
(noncardinality) constraints can be defined as well.

e Attributes and predicates can be declared to be fixed (once they have a value on an existing
object, they will have this same value during the existence of this object). For each attribute
or predicate, an initial value can be defined. For each attribute, it can be specified that there is
an inverse attribute (which is set-values if the attribute is not an injective functions).

3.3 Specifying the class-relationship model in LCM

LCM is a syntactically sugared version of order-sorted dynamic logic with equality, combined with
some elementary process algebra. For the class-relationship model, only the non-modal part of the
dynamic logic fragment of LCM is needed. A specification of an information model in LCM consists
of a collection of value type specifications and a collection of class specifications.

3.3.1 Value type specifications

The value type specification part of LCM is an order-sorted equational language that is a simplified
form of OBJ [17, 18]. Figure 3.3 contains some example value type specifications. The value type
ZERO contains one element, 0, and is a subtype of NATURAL. Another subtype of NATURAL, not defined
here, is POSINTEGER. In a meaningful specification, the specification of POSINTEGER must be included.
A more elaborate number hierarchy is specified in [34].

A value type specification declares a signature consisting of a partially ordered set of sort names,
zero or more function and predicate declarations, and a finite set of universally quantified positive
conditional equational axioms. This part of the language uses the inference rules of equational logic,
which allow substitution of equals for equals. The intended semantics of value specifications is the
initial algebra semantics. A simple way to look at this is to view each closed term (a term not
containing variables) as the syntactic representation of a value; different closed terms represent the
same value if and only if they can be proved equal by using the axioms in the specification and the
rules of equational logic. The extension of a type is the set of all instances of the type; this is the

11



begin value type ZERO
functions
0 : ZERO;
end value type ZERO;

begin value type NATURAL
specializing POSINTEGER;
specialized by ZERO;

functions
inc : NAT -> POSINTEGER;
dec : POSINTEGER -> NAT;
o+ : NAT x NAT -> NAT,
axioms

forall n: NATURAL :: dec(inc(n)) = n;

forall p: POSINTEGER :: inc(dec(p)) = p;

forall n : NATURAL :: n + O = n;

forall n, m : NATURAL :: n + inc(m) = inc(n + m);
end value type NATURAL;

begin value type OFFICE
functions
o: OFFICE;
new : OFFICE -> OFFICE;
end value type OFFICE;

Figure 3.3: Example value type specifications in LCM.

12




set of all values that can be denoted by a closed term. The functions declared in a type specification
are the operations that can be applied to the elements in the type extension.

3.3.2 Object class specifications

For each object class in the information model, we introduce a value type called the internal iden-
tifier type of the class, that declares an infinite set of closed terms of that type. The elements of the
extension of the identifier type of a class are used as identifiers for the set of potentially existing ob-
jects of that class. For example, the OFFICE class has an internal identifier type specified in figure 3.3.
Note that we use wvalues as object identifiers. This makes object identification resistant to changes
in notation. Different closed terms of type OFFICE that happen to be equal (denote the same value)
therefore represent the same object identifier.

For each object class, we introduce a class specification that declares the attributes of the class
as shown in figure 3.4. Each attribute is a function from object identifiers to a codomain. For
example, office number is a function OFFICE — NATURAL and in an application office number (o),
the term o denotes an OFFICE identifier. The class OFFICE is called the domain of office number
and the type NATURAL its codomain. Note that the codomain may itself be an identifier type, such
as BUILDING. The use of identifier types thus allows the declaration of “object-valued” attributes:
the value of building(o) is the identifier of a BUILDING object. In different states of the specified
system, attributes may have different interpretations. Thus, the value of building(o) depends upon
the current state of the system.

Class specifications may declare unary predicates in addition to attributes. For each object class
there is an implicitly declared predicate Exists that defines which instances actually exist. The set
of class instances that currently exists is called the existence set of the class.

The keys section of a class specification declares one or more sets of attributes to be keys. This
means that in any existence set, there is a one-one correspondence between key values and existing
identifiers of the class. For example, in each existence set of OFFICE, there is a one-one correspondence
between the values of building(o) and the identifiers of existing offices. The keys section is syntactic
sugar for the axiom

forall o1, o2 : OFFICE ::
Exists(ol) and Exists(o02) and building(ol) = building(o2) -> ol=02;

As pointed out earlier, this is exactly what Shlaer and Mellor call an identifier.
LCM allows the declaration of external identifiers. building can be declared to be an external
identifier by deleting it from the keys section and adding an identifiers section:

identifiers
building;

There can be any number of external identifiers for a class. The meaning of the identifier declaration
is that there is a one-one correspondence between on the one hand the internal identifiers of OFFICE
objects that have ever existed or that currently still exist, and on the other hand the values of
building(o) for o of type OFFICE. The difference between internal and external identifiers is that
external identifiers are visible to the user and may be assigned by the user of the system. A detailed
comparison of keys and identifiers is given elsewhere [46].

3.3.3 Link class specifications
Identification

Each link class is defined in LCM as a labeled Cartesian product of classes, called component
classes. Component classes may themselves be link classes or object classes. A link is identified

13



begin object class OFFICE
attributes
building : BUILDING;
office_number : NATURAL;
floor_space: NATURAL;
number_of_electrical_outlets: NATURAL;
keys
building;
end object class OFFICE;

begin link class R3
components
office : OFFICE;
worker : EMPLOYEE;
axioms
-—- Component existence axiom
forall r : R3 ::
Exists(r) -> Exists(office(r)) and Exists(worker(r));
end link class R3;

begin object class DEPENDENT
attributes
dependent_ID : NATURAL;
name : STRING;
date_of_birth : DATE;
supporter : EMPLOYEE;
identifiers
dependent_ID;
axioms
--- Component existence axiom
forall d : DEPENDENT::
Exists(d) -> Exists(supporter(d));
end object class DEPENDENT;

Figure 3.4: Example class specifications in LCM.

14




begin link class R3’

components
office : OFFICE mandatory;
worker : EMPLOYEE unique;

end link class R3;

Figure 3.5: Syntactic sugar for cardinality constraints in LCM.

by the labeled tuple of component identifiers. This composite identification is the only difference
between links and objects. The components section of a relationship specification is syntactic sugar
for the specification of an identifier type for relationships , in which the identifiers are labeled tuples
of component identifiers:

begin value type R3
functions
R3_id : EMPLOYEE x OFFICE -> R3
office : R3 -> OFFICE;
worker : R3 -> EMPLOYEE;
axioms
forall r : R3, e : EMPLOYEE, o : OFFICE::
office(R3_id(e, 0)) = o;
forall r : R3, e : EMPLOYEE, o : OFFICE::
worker (R3_id(e, 0)) = e;
end value type R3;

This type supplies the identifiers of instances of class R3. These identifiers can be viewed as labeled
tuples of EMPLOYEE and OFFICE identifiers. Because works_in and assigned_to are declared to be
functions, their interpretation is the same in all possible states of the system (just like the interpreta-
tion of integer addition is the same in all states of the system). This means that one cannot “replace”
a link component by another component; such a “replacement” is the destruction of one link and
the creation of another. The projection functions office and worker are called the component
functions of R3.

Component existence

LCM assumes a component existence constraint for links, which for each existing link require
the link components to exist. These axioms are explicitly listed in figure 3.4 but are assumed to be
implicitly present in each LCM relationship specification. We omit these axioms henceforth.

Cardinalities

The default cardinality in LCM is many and optional. Thus, for each existing OFFICE there are 0,
1 or more existing EMPLOYEE instances related to it by R3. If the cardinality is one or mandatory,
this can be expressed by flagging the component functions by the keywords unique for cardinality
one) or mandatory. Figure 3.5 illustrates this for R3. A unique component function says that the
component function is mathematically an injection, because it says that different existing component
instances belong to different existing links. Thus, in R3’, each existing employee is related to at
most one existing office. A mandatory component function says that the component function is

15



begin object class CUSTOMER
attributes
customer_ID : NATURAL;
name : STRING;
address : STRING;
keys
customer_ID;
end object class CUSTOMER;

begin object class CATALOG_ITEM
attributes
catalog_number : NATURAL;
price : MONEY;
quantity_on_hand : NATURAL;
keys
catalog_number;
end object class CATALOG_ITEM;

begin link class R1

components
is_ordered_by : CUSTOMER mandatory;
has_ordered : CATALOG_ITEM mandatory;
attributes

customer_ID : NATURAL;
catalog_number : NATURAL;
item_number : NATURAL;
current_state : R1_STATES;
keys
customer_ID, catalog_number, item_number;
end link class R1;

Figure 3.6: Specification of alink class with attributes in LCM.

mathematically a surjection, because it says that each existing component is related to at least one
existing link. In R3’, each existing office is related to at least one existing employee.

Associative objects

Object and link classes can contain attribute and predicate declarations, as well as event declarations
axioms, and life cycle definitions (explained below). This means that associative object classes need not
be specified in LCM. Attributes of relationships are declared as part of the relationship specification.
Relationship R1 of figure 4.2.1 of [39, page 68] can be specified in LCM as shown in figure 3.6. The
component functions of R1 have as codomain the identifier types of CUSTOMER and CATALOG_ITEM.

3.3.4 Intended semantics

The entire information model specification in LCM consists of a number of value type and class
specifications, with the following intended semantics:
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e The intended model is a Kripke structure of possible states, which all share the same domain.
The domain of all possible states is the extension of the value type specifications. The sort names,
function names and predicate names declared in the value type specifications thus have the same
interpretation in all possible states. We denote the extension of type T' by ext(T"). For example,
the extensions of OFFICE and NATURAL are sets denoted by ext(OFFICE) and ext(NATURAL). Thus,
ext(0OFFICE) is the set of internal identifiers of all possible objects of the OFFICE class.

e Different states may differ in their interpretation of the attributes and predicates declared in
the class specifications. For example, the existence predicate may have a different extension in
different states. The set of existing objects of a class C in state ¢ is is defined as the set of elements
of C' for which Exists evaluates to true in o. This is called the existence set of C in ¢ and is
denoted in this paper by ezt,(C). We regard the existence set of value types that are not identifier
types to be equal to the entire extension of the type. Thus, ext,(NATURAL) = ext(NATURAL)

e Attributes are interpreted as total functions from the existence set of the identifier type of the
class into their codomain. For example, in each state, floor_space is interpreted as a total
function ext, (0FFICE) — ext(NATURAL). In different states, this may be a different function.

3.4 Taxonomic structures

3.4.1 OOA representation

OOA has a representation for subtypes and supertypes, shown in figure 2.6.2 of [39, page 29]. The
intention is that in each state of the system, the existence set of the supertype is partitioned by the
existence sets of the subtypes. Each existing instance of TANK is therefore also an existing instance of
exactly one of the TANK subtypes.

3.4.2 Static subclass partitions

There are two different representations of taxonomies in TCM, depending upon whether an instance
can migrate between subtypes or not. If migration is impossible, specialization is formalized by a static
subclass partition. If migration is possible, specialization is formalized by a mode partition.
Figure 3.7 shows a CRD with a static partition corresponding to figure 2.6.2.  Figure 3.8 shows
the corresponding formal specification in LCM. The partitioned by clause is syntactic sugar that
generates implicit identifier type declarations in such a way that the identifier type of TANK is the
immediate supertype of the identifier types of STORAGE TANK, MIXING TANK, and HEATING_TANK, and
that identifiers are only defined for these subtypes (figure 3.9). The effect is that a TANK identifier
is also the an identifier of exactly one of its subtypes. Because values cannot change type, objects
cannot migrate between classes in a static partition.

Just asin OOA, subclasses may be further partitioned. In general, a taxonomic structure partitions
the universe of all possible objects into smallest classes, called species in LCM. Identifiers are defined
only for these smallest classes. Due to the subset relationships between the extensions of the identifier
types, this creates the desired taxonomic structure.

3.4.3 Mode partitions

Figure 3.10 shows a mode partition corresponding to figure 2.6.2.  Figure 3.11 shows the LCM
declaration of a mode partition of TANK. Each of the subclasses is now a mode of TANK objects. The
state space of a TANK object is partitioned exhaustively into mutually disjoint subspaces, each of which
corresponds to a mode of the object.
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Figure 3.7: Representation of a static partition in TCM.

A mode is a particular kind of subclass. Modes are always subclasses (of other modes or of object
or link classes). A mode can be a subclass of another mode, but after a finite sequence of supermodes
we must always meet an object or link class, that we will call the natural kind of the mode. Each
mode must have exactly one natural kind. Mode instances are instances of their natural kind that are
in a particular state in which extra attributes, extra predicates, or extra constraints are applicable,
or in which extra state transitions are applicable.

To formalize this intended semantics, the mode partition clause is syntactic sugar that generates
implicit value type and object class specifications. The value type specifications merely declare the
modes to be subtypes of their immediate supertypes, without declaring constants of these subtypes
(figure 3.12). This means that the identifiers of instances of the modes STORAGE_TANK etc. are iden-
tifiers of TANK. However, in an arbitrary model, there may not be any instances of the modes. The
expanded object class specifications in figure 3.12 enforce the intended semantics. In the expanded
specification, we use for each mode a mode predicate, which in any state of the system is true ex-
actly for the instances of the superclass that, in that system state, are in that mode. We can use this
predicate to move an object into and out of a mode. In addition, for each mode a retract attribute
is defined, which is used to find out which mode an object is currently in. For example, we use the
retract attribute to conclude that a term of type TANK is also of type STORAGE_TANK when the mode
predicate Storage tank is true. Retracts are borrowed from Goguen and Meseguer [15]. The two
axioms in the expanded STORAGE_TANK specification have the following meaning:

e The mode predicate axiom says that the mode predicate Storage_tank evaluates to true for
all instances of STORAGE_TANK. In combination with the intended minimal semantics this says
that STORAGE_TANK instances are all instances for which Storage tank is true.

¢ The retract axiom defines the retract attribute to be the identity function on all TANK instances
for which Storage_tank is true; in combination with the intended minimal semantics, this means
that these are all the instances for which the retract is the identity function. The effect is that
the retract axiom says that exactly when TANK objects are also instances of STORAGE_TANK.

e The mode predicates are used in an axiom that requires the mode classes in one partition to
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begin object class TANK
static partition STORAGE_TANK, MIXING_TANK, HEATING_TANK;
attributes
tank_id : NATURAL;
capacity : NATURAL;
building : BUILDING;
end object class TANK;

begin object class STORAGE_TANK
end object class STORAGE_TANK;

begin object class MIXING_TANK
predicates
mixer_on/off;
end object class MIXING_TANK;

begin object class HEATING_TANK
attributes
heater_id : NATURAL;
end object class HEATING_TANK;

Figure 3.8: Specification of a static class partition in LCM.

begin value class TANK
specialized by STORAGE_TANK, MIXING_TANK, HEATING_TANK;
end value class TANK;

begin value class STORAGE_TANK
specializing TANK;
functions
sO : STORAGE_TANK;
new : STORAGE_TANK -> STORAGE_TANK;
end value type STORAGE_TANK;

Figure 3.9: Meaning of a static class partition specification in LCM.
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Figure 3.10: Representation of a mode partition in TCM.

begin object class TANK
mode partition STORAGE_TANK, MIXING_TANK, HEATING_TANK;
attributes
tank_id : NATURAL;
capacity : NATURAL;
building : BUILDING;
end object class TANK;

begin mode STORAGE_TANK of TANK
end mode STORAGE_TANK;

begin mode MIXING_TANK of TANK
predicates
mixer_on/off;
end mode MIXING_TANK;

begin mode HEATING_TANK of TANK
attributes
heater_id : NATURAL;
end object HEATING_TANK;

Figure 3.11: Specification of a mode partition in LCM.
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begin value class TANK
specialized by STORAGE_TANK, MIXING_TANK, HEATING_TANK;
end value class TANK;

begin value class STORAGE_TANK
specializing TANK;
end value type STORAGE_TANK;

begin object class TANK
mode partition STORAGE_TANK, MIXING_TANK, HEATING_TANK;
attributes
tank_id : NATURAL;
capacity : NATURAL;
building : BUILDING;
axioms
-—- TANK is partitioned by the three modes.
forall t : TANK ::
Storage_tank(t) or Mixing_tank(t) or Heating_tank(t) and
not (Storage_tank(t) and Mixing_tank(t)) and
not (Storage_tank(t) and Heating tank(t)) and
not (Heating_tank(t) and Mixing_tank(t));
end object class TANK;

begin mode STORAGE_TANK of TANK
attributes
retract_1 : TANK;
predicates
Storage_tank; --- Mode predicate
axioms
--- Retract axiom
-—- If Storage_tank is true only for terms of type STORAGE_TANK
forall t : TANK :: Storage_tank(t) -> retract_1(t) = t;

-—- Mode predicate axiom

--- If Storage_tank is true for all terms of type STORAGE_TANK
forall s : STORAGE_TANK :: Storage_tank(s);

end mode STORAGE_TANK;

Figure 3.12: Expanded specification of a mode partition in LCM. The expansions of the specifications of
HEATING_TANK and MIXING_TANK are omitted.
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be a partition of their immediate superclass. Note that this axiom is included in the TANK
specification even though the mode predicates are declared elsewhere. In LCM, the scope of the
names declared in a class specification extends to the entire text of the system specification.

Although this seems to be redundant, the mode predicate axiom and the retract axiom are both
needed. In the intended minimal semantics, the mode predicate axiom says that the extension of the
model predicate is the same as the extension of the mode class. Under this semantics, the retract
axiom seems to be superfluous. However, if Storage tank(s) is true, we cannot derive that the type
of s is STORAGE_TANK unless we also have the retract axiom.

Conversely, the retract axiom allows us to derive the type of a term but only for those terms for
which the mode predicate axiom is true. If we would use the mode predicate axiom to derive that the
mode predicate is true, then we would already know the type of the term; rather, the mode predicate
is set to true or false by mode-changing actions. So the mode predicate axiom seems to be superfluous
here. However, if we declare a term s of sort STORAGE_TANK, then the retract axiom does not tell us
that Storage tank(s) is true; we need the mode predicate axiom for this.

A problem with the retract functions is that they are partial functions, which gives a problem
with the initial semantics. This problem would be avoided if we use sort constraints [17] rather than
axioms to define model classes. If we view the mode predicate axiom as a sort constraint, then given
a particular model, it defines the extension of the STORAGE_TANK sort in that model. Since we are not
aware of a sound and complete axiom system or an operational semantics for sort constraints, we used
the retract approach.

3.4.4 More complex taxonomic structures
TCM allows more complex taxonomic structures, which we briefly summarize here.
e Link classes can be specialized just as object classes can.

e Modes can be specialized by more refined modes. It is required though that for each mode there
is a unique object or link class that is its natural kind.

e In LCM, any number of static or mode partitions may be defined for a class. This gives us
multiple inheritance structures. Because each partition is exhaustive, we still have that the
universe of all possible objects is partitioned into species. With multiple partitions per class,
some of these species will be intersection classes.

e TCM allows the specification of role classes as an alternative for modes.

3.5 Discussion

All constructs that can be expressed in the OOA notation can be expressed in TCM and can specified
formally in LCM. However, to specify an OOA model in LCM, some decisions must be made that are
left open in the OOA model.

e For each attribute, its codomain must be declared in LCM (but not in TCM). This in turn
requires an explicit specification of the relevant value types. This kind of explicitness is not
desirable in the early stages of specification. Formalization is feasible once the requirements
model is stabilized and not earlier.

e Because the difference between static subclasses and modes is made explicit in TCM, the writer
of the specification to decide whether a subclass partition is static or whether it is a mode
partition. The distinction has important consequences for the way we identify class instances
and we will see that it also has important consequences for the inheritance of object life cycles.
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o TCM distinguishes internal identifiers from external identifiers and keys. The identifier concept
of OOA corresponds to the key concept of TCM.
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Chapter 4

The State Model

4.1 The OOA notation

For each object or relationship class with interesting behavior, a state model can be defined that rep-
resents the typical life cycle of class instances. The instantiation of a state model for class instances is
called a state machine in OOA. Each class instance has a state attribute that indicates the current
state of the object in its state machine. State models and state machines are finite state automata,
which can be represented in two (equivalent) ways: the Mealy and the Moore representation. OOA
uses the Moore representation. An example of a state model using the Moore representation is given
in figure 3.3.1 of [39, page 40]. The state models use the following conventions:

e Each transition is labeled by an event, which is an incident in the real world to which the
instance must respond. The event may be generated by an object in the system, or it may be
generated in the environment of the system.

e In the Moore representation, actions can attached to states, with the meaning that the action
is performed upon entry in the state. OOA allows the following actions [39, page 45]:
— Read or write attributes of any object in the system.
— Perform any calculation.

— Generate an event. This event may be received by the environment of the system, by
another object, or by the object itself (in its next transition).

— Create, delete, set, reset or read a timer. A timer is an object that functions as an alarm
clock. Any number of timers may be created in the system.

Relationship classes may have two state models, one that describes the life cycles of instances and one,
called the assigner, that monitors the creation of relationship instances. There is at most one copy
of the relationship assigner for each relationship class. We ignore assigners in what follows, because
they can be represented in the same way as state models that describe the life of instances.

4.2 Specifying the Account model in TCM

In this section, we analyze the representation of the state model of a bank account class, given in
figure 3.3.1 of [39, page 40].
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Figure 4.1: Transformation of a Moore automaton into an equivalent Mealy automaton.

4.2.1 Moore and Mealy automata

For each Moore automaton, there is an equivalent Mealy automaton, in which actions are attached
to transitions rather than to states. Equivalence means that both automatons recognize the same
input strings and generate the same output strings [23, page 44]. We obtain the Mealy automaton
by moving the action associated with a state in the Moore automaton to all incoming transitions of
the state (figure 4.1). Transitions are labeled by an event (input) above the line and/or an action
(output) below the line. This represents the fact that the transition is triggered by the event and,
when taken, generates an action.

The Mealy representation of finite state automatons often is simpler than the Moore representation.
In a Mealy representation, incoming arcs of a state may generate different actions, whereas in a Moore
representation, all transitions into a state lead the same action, viz. the action generated upon entry
in the state. Translation of a Moore representation into a Mealy representation therefore often reveals
states that were introduced only to be able to define different actions, and that are not necessary
in the Mealy representation. Figure 4.1 illustrates this. Transforming the ACCOUNT life cycle of
figure 3.3.1 [39, page 40] into a Mealy representation, we get the representation of figure 4.2. The
states in figure 4.2 have been numbered in the same way as the states in figure 3.3.1 [39, page 40].

4.2.2 Stable and transitory states

There are two kinds of states in figure 4.2, stable and transitory. In a stable state of an object,
the object is ready to respond to events initiated by its environment. In a transitory state, the
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Figure 4.2: Mealy automaton with transitory states.
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object is busy responding to an event that it has received. All events received when the object is busy
producing a response to a previously received event, will be responded to after the current response
has been completed. Events received by an object never get lost in OOA [39, page 107].

Let us define an object transaction as an atomic interaction between the object and its envi-
ronment. An interaction is atomic if its intermediary states are not observable to the environment
of the object. Viewed from the environment of the object, the object is in a state where either the
transaction has occurred or it has not occurred. A transaction is always a sequence of one or more
transitions from a stable state to a stable state. Transitory states occur as intermediary states during
a transaction. Transitory states are not observable from the environment of the object.

In the automaton of figure 3.3.1 [39, page 40], only states 3 and 7 are stable (and therefore
observable):

e Opening an account brings one into state 1, in which the Moore automaton generates a deposit
action that brings the automaton into state 2. If the balance is non-negative, the current states
moves to state 3, which is the OK state.

e In state 3, if a withdrawal is submitted, the automaton moves to state 5, in which it checks if
the withdrawal is allowed. The automaton then performs a withdrawal or refusal action and
brings the current state to 3.

e In state 3, if a check is submitted, the automaton moves to state 6. Acceptance of the check
leads us back to state 3. If the check is refused, a fee is deduced from the balance and depending
upon the resulting balance, we go to the OK state (3) or the KO state (7).

e In state 7, withdrawals and checks are refused. A deposit may lead us back to the OK state.

4.2.3 Object transactions and transitions

The Mealy automaton in figure 4.2 represents object transactions as follows: the event to be responded
to causes a transition to a transitory state, in which a condition is tested that determines which next
transition to take. When that next transition is taken, a response may be sent to the environment
of the object, after which the object is in a stable state again. For example, when the event submit
check occurs when the automaton is in state 3 (0OK), the automaton moves to transitory state 6, in
which it compares the amount on the check with the balance of the account. Depending upon the
outcome of this test, the account moves to a stable state (KO or OK), possible sending a response to its
environment.

We can represent an object transaction by a single state transition between stable states of a Mealy
automaton if we add the possibility to test preconditions to the Mealy automaton convention. This
is a common extension, shown figure 4.3. Each transition is labeled with an event and an action,
possibly preceded by a precondition, which is a Boolean expression on the parameters of the event
and on the state of the objects in the system. If the event occurs but the precondition evaluates to
false, the transition cannot be taken.

Note that the precondition may test the global system state. In the Moore representation of the
account state model, actions consist of a test on the event parameters and the object state, followed
by an action that can be sent to the object itself (in its next transition) or to the environment of the
object. An action can read attribute values from any other object in the system, so that the next
transition to be taken depends upon the state of any other object in the system.

We can now simplify the Mealy automaton as follows:

e Remove all transitory states.

e Represent each object transaction by a single state transition in the extended Mealy notation.
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Figure 4.4: Mealy automaton with preconditions instead of transitory states.
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The result for the ACCOUNT state model is shown in figure 4.4. (We added the submit check action
in state K0. This action is absent from figure 3.3.1 [39, page 40] but there seems to be no reason to
exclude it.)

We can always perform this simplification by compressing all actions performed in a sequence of
transitions into one action. The only thing not representable in a Mealy automaton is an event sent
to the automaton itself. However, such an event is sent to the automaton itself only in order to choose
between different possible continuations of an object transaction that is started but not yet finished.
This can be represented by means of preconditions on different possible object transactions in the
simplified representation.

4.2.4 Separating local behavior from object communications

We now assume that each state transition of an object is a transaction of the object. For each object
transaction, the following things are specified:

e the event(s) that trigger the object transaction;
e the precondition of the object transaction;

e the change of local state of the object caused by the object transaction (such as a change in
value of value of the current_state attribute);

o the actions that are generated by the transition.

Note that the first and last items are part of the communication structure of the system. Events and
actions are messages received from or sent to the environment of the object (i.e. other objects in the
system or the environment of the system). On the other hand, the preconditions and local effects of
a transition are part of the local behavior of the object. The preconditions may be global (they may
test the state of any object in the system), but they guard a transition that is local to the object. We
therefore split the specification into a local part, containing preconditions and a local state transition,
and into a communication part, containing events and actions. Removing the communication part
from the transitions in the account state model, we get the diagram is shown in figure 4.5.

The life cycle diagram must be supplemented with a CRD (figure 4.6) and a data dictionary entry
for the class, that defines the attributes and state transitions of account objects (figure 4.7). The data
dictionary defines the meaning of the attributes, gives any constraints on the states of the object, and
defines the transitions. Each state transition of an object is assumed to be an object transaction. For
each transition, the effect is defined (which must be local) and the precondition is defined (which may
be global). Note that the preconditions of accept_check and refuse_check are mutually exclusive.
Note also that the effect of refuse_check depends upon the state of the account. The preconditions
and effects of the events are examples of transition constraints.

4.2.5 System transactions

In order to specify the events and actions, we should specify the possible communications between the
objects in the system, and between the objects and the system environment. This is done in TCM
by specifying system transactions. In TCM, a system transaction consists of a set of one or more
local transitions of different objects. A system transaction has two important properties:

e If a system transaction consists of more than one local object transaction, then there is a partial
ordering between these object transactions that represents causality. In this ordering, one object
transaction may be an action generated by some object, that plays the role of event with respect
to another object.
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Figure 4.5: Life cycle diagram of account objects.
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Figure 4.6: Fragment of a class-relationship diagram containing the ACCOUNT class.
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ACCOUNT object class.
Attributes:

e account_ID is an external identifier of ACCOUNT objects.

e balance holds the current balance of an account object.

e customer_ID is the external identifier of the owner of the account.

e current_state indicates whether the account is in the OK state or in the KO state.
State constraints:

e The customer of an existing account must exist.
Transitions:

e create(a; account ID: aid, customer ID: cid). Create an ACCOUNT object with a fresh
internal identifier a, an account ID = aid, customer ID = cid, balance = 0 and current
state = 0OK.

e increase_balance(a; m).

e decrease_balance(a; m). Subtract m from the balance of a. This happens only if the result
of subtraction is non-negative.

e accept_check(a; m). Subtractm from the balance. This is done only if the result is non-negative.

e refuse _check(a; m). Subtract the fee for handling a refused check from the balance of a. If
the result is negative, go to the KO state, otherwise go to the OK state. refuse_check(a; m) can
happen only if m is larger than the current balance of a.

Figure 4.7: Data dictionary entries for the ACCOUNT transitions.
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ACCOUNT create

Figure 4.8: Transaction decomposition table of ACCOUNT transactions.

e Conceptually, all object transitions in a system transaction occur synchronously. This means
that there is not intermediary state of the system transaction. The objects participating in
the system transaction may read the states of other objects at the beginning of the system
transaction, but they cannot observe a system state in which some object transactions have
occurred and others have not.

These two properties jointly form the synchronicity assumption, which is known from ESTEREL [4]
and Statemate [24, 20] and which is also made by real-time methods such as the Ward-Mellor
method [41, 42, 29] and the Hatley-Pirbhai method [21]. In the Shlaer-Mellor notation, commu-
nication is asynchronous. The synchronicity assumption is therefore a considerable departure from
the treatment of communication in the Shlaer-Mellor notation. We discuss the issue of asynchronous
versus synchronous communication in more detail in chapter 6. Here, we illustrate the specification
of system transactions for the bank account example.

System transactions can be represented semi-formally by a transaction decomposition table
such as the one shown in figure 4.8. This transaction decomposition table is extremely simple because
each system transaction is decomposed into exactly one object transaction. To get the effect of the
system transaction, one simple reads the effect of this object transaction in the data dictionary. (An
intelligent CASE tool should be able to compose the system transaction from the data dictionary
definitions of the object transactions.)

The submit_check event in the account example is nondeterministic in the sense that its effect
depends upon the state of the account object. If we would draw the Mealy automaton of the account
object, labeling the transitions with events only, we would get a nondeterministic automaton. The
nondeterminism has the following features:

e Depending upon the event parameters and the state of the account object, submit_check may
generate actions accept_check or refuse_check. Since an action is a message sent to the
environment of the object (to other objects in the system or to the environment of the system),
this nondeterminism is visible to the environment.

e Depending upon the event parameters and the state of the account object, submit_check may
have different local effects on the account object. For example, it may cause a transition to the
0K or to the KO state.

These two forms of nondeterminism can occur separately or jointly.

The transaction decomposition table shows which object transactions occur (synchronously) within
a system transaction, but does not show a causal chain within the system transaction. It may enhance
our understanding of the system transactions of we represent the causal ordering of transaction com-
ponents. Figure 4.9 shows two transaction communication flow diagrams (CFDs) of the bank
account system. A transaction CFD is a rooted directed graph that represents the causal chain of
object transactions within a system transaction.

e The root of the graph is an invisible node that represents initiative in the environment of the
system.

e The nodes represent (arbitrary) objects that participate in the transaction.
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open account (acount: a, acgount ID: i, customer ID: c)

a: ACCOUNT

create(a; account ID: i, customer ID: c¢)

subm t check(a,

m

accept check(a; m refuse check(a, m

Figure 4.9: Transaction communication flow diagrams of the bank account system.
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balance ﬂ/«mcount ID, m>
ACCOUNTS __ " withdraw CUSTOMER
balance U

e decrease_balance(a; m). Subtract m from the balance of a. This happens only if the result of sub-
traction is non-negative.

Figure 4.10: Transaction data flow diagram of an ACCOUNT transaction.

e The edges represent events (from the viewpoint of the node mpointed at) and actions (from the
viewpoint of the node at the start of the arrow). An edge must be labeled by a local transition
participating in the transaction. The root arrow is labeled by the name of the transaction, all
other edges are labeled by the name of local transitions of the object at the start of the arrow.

o Multiple edges that leave a node represent multiple actions, sent to the environment of the node
conjunctively. If two actions are mutually exclusive, they must be joined by an arc marked with

an “x” .

e An edge that points to an invisible node represents a response by the system to the transaction.

Note that we cannot merge transaction CFDs into one CFD, because the flow of control would then
be lost.

A system transaction can be documented in a third way, that illustrates the flow of data during
the transaction. A transaction data flow diagram (DFD) is a DFD that satisfies the following
rules:

e It contains one bubble, that has the name of the transaction (without parameters).

e It contains one data store for every object or link class that participates in the system transaction.
A class participates in a system transaction if one of the preconditions of the transaction must
read the state of an instance of the class, or if an instance of the class participates in the
transaction.

¢ Each data flow is labeled by the data that flows through it, using as names either object attributes
or the names of transaction parameters. If a parameter is nameless, a formal parameter name
can be used.

Figures 4.10 and 4.11 show two transaction DFDs of the bank account system. Each DFD is annotated
with the entry of the data dictionary that describes the transaction. This entry is is the conjunction
or disjunction of the descriptions of the object transactions participating in the system transaction,
where conjunctions and disjunctions are indicated by the transaction decomposition table.

The useful information that a TFDF gives is where the parameters of the transaction comes from
and where they go to. There is a simple relationship between the TDFD of a transaction and the
decomposition of the transaction shown in the transaction decomposition table: The TDFD shows a
write access to the data store of each class that participates with a local event in the transaction, and
it contains a read access to each data store that contains instances whose state must be read to check
a precondition of the transaction.

If needed, TDFDs can be merged in higher-level DFDs by grouping transactions into functions
as indicated by the function decomposition tree. In no circumstance should the data transformation
that represents a transaction be decomposed in lower-level transformations, because we then descend
to the operational level and would be writing a kind of program to implement the transaction.
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ACCOUNTS

<a; account ID, balance, customer ID, current state>

customer ID customer ID

open
account

CUSTOMERS CUSTOMER

e create(a; account ID: aid, customer ID: cid). Create an ACCOUNT object with a fresh internal
identifier a, an account ID = aid, customer ID = cid, balance = 0 and current state = OK.

Figure 4.11: Transaction data flow diagrams of two ACCOUNT transactions.

begin object class CUSTOMER
attributes
customer_ID : NATURAL inverse;
identifiers
customer_ID;

end object class CUSTOMER;

Figure 4.12: The CUSTOMER class has customer_ID attributes, that is unique on existing customers and
that has an inverse attribute.

4.2.6 Formal specification in LCM

The life cycle of an object can be specified in dynamic logic if we introduce for each object an attribute
current_state that indicates the current stable state of the automaton (just as is done in the Shlaer-
Mellor notation). We then use dynamic logic to specify the precondition and postcondition of each
transition. Figure 4.13 shows the result for the account state model; this specification presupposes
the customer_ID attribute of CUSTOMER objects (figure 4.12).

e We assume a value type ACCOUNT_STATE has been defined, containing the values 0K and XO.

e We added the attribute current_state of type ACCOUNT_STATE; normally, this would be left
implicit.

e All possible actions of ACCOUNT objects are declared in the transitions section of the specifi-
cation.

e The axioms use dynamic logic to express preconditions and effects. The formula [a]¢ means
that after every possible execution of the action a, the formula ¢ evaluates to true. Note that
the formula [a]¢ is true for any ¢ if « is nonterminating (does not lead to a next state). Its dual
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begin object class ACCOUNT
functions
fee : MONEY;
attributes
account_ID : NATURAL;
balance : MONEY initially O;
customer_ID : NATURAL;
current_state : ACCOUNT_STATE initially OK;
identifier
account_ID;
transitions
create (ACCOUNT; account_ID: NATURAL,
customer_ID: NATURAL) creation;
increase_balance(ACCOUNT; MONEY);
decrease_balance (ACCOUNT; MONEY);
accept_check (ACCOUNT; MONEY);
refuse_check (ACCOUNT; MONEY);
state axioms
——- Static constraint: the customer must exist
forall a : ACCOUNT::
Exists(a) -> Exists(inv_customer_ID(customer_ID(a)));

transition axioms
——- effect axiom for increase_balance
forall a : ACCOUNT , b, m : MONEY ::
balance(a) = b and B+m >= 0 -> [increase_balance(a; m)] balance(a) = b+m;

-—- precondition axiom for decrease balance
forall a : ACCOUNT , m : MONEY ::
<decrease_balance(a; m)>true -> current_state=0K and m <= balance(a);
——- effect axiom for decrease balance
forall a : ACCOUNT , b, m : MONEY ::
balance(a) = b -> [decrease_balance(a; m)] balance(a) = b-m;

--- precondition axiom for accept_check
forall a : ACCOUNT , m : MONEY ::
<accept_check(a; m)>true -> current_state=0K and m <= balance(a);
--- effect axiom for accept_check
forall a : ACCOUNT , b, m : MONEY ::
balance(a) = b -> [accept_check(a; m)] balance(a) = b-m;

—--- precondition axiom for refuse_check
forall a : ACCOUNT , m : MONEY ::
<refuse_check(a; m)>true -> m > balance(a);
——- effect axioms for refuse_check
forall a : ACCOUNT , b, m : MONEY ::
balance(a) = b and fee > b ->
[refuse_check(a; m)] balance(a) = b-fee and current_state(a)=K0;
end object class ACCOUNT;

Figure 4.13: Specification of the ACCOUNT object class in LCM, using the current_state attribute.
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(a)¢ means that there is a possible execution of « that terminates and leads to a state where ¢
is true. An axiom of the form {a)true — ¢ says that a only leads to a next state if (currently)
¢ is true. We call ¢ a necessary precondition for success of a.

e There are two kinds of axioms, state axioms and transition axioms. A state axiom is a sentence,
not containing modal operators, that must be true in all states of the system. There is a state
axiom in the account specification that says that the customer of an existing account must exist.
Note that the customer_ID attribute of CUSTOMER is overloaded. inv_customer_ID is the inverse
of the customer_ID attribute of CUSTOMER. State axioms may be hidden in keywords, such as
flags (e.g. inverse) or in identifier declarations, etc. The declarations that customer_ID and
account_ID are external identifiers of CUSTOMER and ACCOUNT, respectively, are syntactic sugar
for certain state axioms.

e There are two kinds of transition axioms, viz. precondition and effect axioms. A precondi-
tion axiom has the form
(a)true — ¢.

This means that if « leads to a next state, then (currently), ¢ is true. This means that ¢ is
a precondition for «, i.e. if ¢ is false, then a does not lead to a next state. If o is an atomic
action, as it is in the specification, this means that a cannot occur if ¢ is false. Effect axioms
have the form

¢ — [a]y.

This means that if ¢ is currently true, then after execution of a, 1 is true.

e Each action except the action labeled creation has as implicit precondition that the object
in whose life it occurs exists, i.e. the Exist predicate must evaluate to true for the object.
The action labeled creation has implicit axioms which state as precondition that the object in
whose life it occurs does not exist, and as effect that the object exists. These axioms are not
shown in the specification. The details of this are straightforward [13].

e The precondition and effect definitions of refuse_check entail that refuse_check causes the
account object to stay in the KO state once it is there.

The specification as it stands is incomplete, for it must be supplemented with a frame assumption
which says that everything that cannot be proved to change, remains invariant during an action. For
example, because nothing is said about the effect of increase balance on current _state, the frame
assumption allows us to conclude that this attribute does not change. In addition, the specification
must be supplemented with a qualification assumption which says that the conjunction of all
necessary preconditions of success for a particular action is also a sufficient precondition for success
of the action. For example, the necessary precondition of success for refuse_check(a; m) is m >
balance(a). Since there is no other precondition for the success of refuse_check(a; m), this is also
a sufficient precondition for success.

These assumptions are not expressible as first-order axioms. One way around this is to generate
frame and qualification axioms for each individual specification automatically [47]. Other ways of
dealing with this are currently under study [12].

Figure 4.14 specifies the transactions of the account system. The following remarks are in order:

e The LCM specification formalizes the transaction decomposition table. Transaction CFDs and
transaction DFDs are not formalized, because the flow of initiative and the flow of data are not
represented in LCM.

e Because all events of account objects come from the environment of the system, they all appear
as system transactions. Each transaction consists of one local transition only.
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begin system function AccountTransactions
transactions
open_account(account: ACCOUNT, account_ID: NATURAL, customer_ID: NATURAL);
deposit (ACCOUNT, MONEY);
withdraw(ACCOUNT, MONEY);
submit_check (ACCOUNT, MONEY);

decompositions
forall a: ACCOUNT, aid, cid: NATURAL::
open_account(account: a, account_ID: aid, customer_ID: cid) =
create(a; account_ID: aid, customer_ID: cid);

forall a : ACCOUNT, m: MONEY::
deposit(a, m) = increase_balance(a; m);

forall a: ACCOUNT, m :MONEY::
withdraw(a, m) = decrease_balance(a; m);

forall a: ACCOUNT, m : MONEY::
submit_check(a, m) = accept_check(a; m) + refuse_check(a; m);

end system function AccountTransactions

Figure 4.14: Transactions of the account system.

e The submit_check transaction is nondeterministic. The choice between accept_check and
refuse_check is made by the preconditions of the transitions in the state model of ACCOUNT.
Furthermore, the nondeterminism of the two possible local effects of refuse_check is note visible
in the transaction definition. This choice is made by the preconditions as well.

4.3 Analysis of the Temperature Ramp example

4.3.1 Analysis of the state model

Figure 6.2.2 from [39, page 114] contains a state model of a temperature ramp object class. This is
part of a model of a juice plant controller, which controls the processing of batches of fruit juice. The
juice is mixed in a cooking tank and put into cans. The entire model specifies the controller for the
cooking tank and the canning operation and is specified more fully in [38]. The temperature ramp
state model of figure 6.2.2 contains the following actions:

e Created. Upon creation of a cooking ramp, a timer is created for this ramp, the current time
and the current cooking tank temperature are stored in the attributes of the temperature ramp,
and the ramp sends an event to itself to transition to the controlling state.

e Controlling. Upon entry in the controlling state, and henceforth every time the timer expires,
the ramp compares the actual cooking tank temperature with the desired temperature and turns
the heater on or off accordingly. If the temperature is not high enough, the time is set to 10
seconds. If the temperature is high enough, the ramp sends an event to itself to transition to
the complete state.
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e Complete. Upon entry in this state, the ramp sends an event to its environment that it is
complete, turns off the heater, deletes the timer and deletes itself.

The actions to be performed in the controlling state thus depend upon the current state.

Note that the heater is turned on every time that the time expires, which is redundant (since it is
turned on already upon entry in the controlling state). Note also that the start temperature, which
is an attribute of Temperature Ramp, is never used.

Figure 4.15 shows a Mealy automaton that corresponds to the Moore automaton in figure [39, page
114]. The term actual _temperature (tank(bid)) represents the actual temperature of the tank of the
current batch, where bid identifies the batch to be mixed. The values bid and desired_temperature
are given as actual parameters of the event do_temperature ramp. Note that the term actual tem-
perature(tank(bid)) can only be written down after we declare the attributes of HEATING_TANK and
BATCH, as shown in figure 4.16. When those attribute are not yet declared, we should use an informal
description of the test.

Upon creation, the Mealy automaton in figure 4.15 enters a transitory state that it leaves immedi-
ately (in the same object transaction). Depending upon the actual temperature, the heater is turned
on or off and the Temperature Ramp continues monitoring the temperature or goes to the completion
state. The transitory state allows us to enforce a sequence between a single triggering event (Do
Temperature Ramp) and a test that determines which action is generated by the event. It also allows
is to hide the nondeterminism of the automaton: there are external events (do_temperature_ramp and
timer_expires) each of which causes a transition to one out of two possible next states. This is made
more visible if we eliminate the transitory state, as shown in figure 4.17. In this Mealy automaton,
each transition represents a single transaction of a Temperature Ramp object. The nondeterministic
representation in figure 4.17 is simpler than the representation with the transitory state. In particular,
some of the actions generated when do_temperature ramp enters the state CONTROLLING need not be
done when do_temperature_ramp enters the state COMPLETE.

As in the case of the account life cycle, removal of transitory states increases the nondeterminism
of the state model. For example, the event do_temperature_ramp is nondeterministic, since it may
lead to the state CONTROLLING or to COMPLETE. The choice depends upon a test on the state of the
environment of the object. If actual temperature(tank(bid)) < desired temperature then the
temperature ramp is created, a timer is created, the heater is turned on and the ramp periodically
checks whether this condition still holds. Again, the nondeterminism concerns two things:

e which the state transition is triggered by the nondeterministic event and
e which action is generated by the transition.
There is are two conceptual problems with the automaton in figure 4.17, which are related:

¢ First, the Mealy automaton has two initial states, as shown by the two arrows entering from
nowhere.

e Ifactual temperature(tank(bid)) >= desired temperature upon entry of the diagram, then
the temperature ramp need not be created. But then there is no object to send the response
temperature ramp_complete!. It is not possible to create the ramp, send the temperature ramp_complete
message, and delete the ramp in one transition.

These problems should have been avoided by testing the creation condition for the temperature ramp
before the temperature ramp state model is entered. Thus, the batch that sends the do temperature
ramp message should not do this when the temperature in the tank is already high enough. This would
also reduce the number of initial states of the temperature ramp to one, which is as it should be. We
assume henceforth that the batch checks the precondition before sending a do temperature ramp
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TRO0: do tenperature ranp(batch ID, end tine, desjired tenperature)

create tenperature ranp(ranp ID, batch ID, end tijme, desired tenperature)
create tiner(TID, 10)

actual tenperature(tank(bid) < desired tenperature
turn on heater

timer expires
TIML: set timer(tid, |10)

CONTRCLLI NG

actual tenperature(tank(bid)) >= desired tenperature
or

current time >= end tine

H21: turn off heater

delete timer(tid)

del ete tenmperature ranp

B91: tenperature ranp conplete

COWPLETE

Figure 4.15: Nondeterministic Mealy automaton with a transitory state.

BATCH tank HEATING TANK

actual temperature

Figure 4.16: Part of a class-relationship diagram of the juice plant controller.
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actual tenperature(tank(batch(bid))) <desired tenperature}
TRO0: do tenpenature ranp(batch ID, end tine, desired tenperature)

create tenperature ranp(ranp ID, batch ID, end time, desired tenperature)
create tinmer(TID, 10)
turn on heater

CONTROLLI NG

actu tenperature(tank(batch(bid))) <desired tenperature}
timer expires

set ti

{actual tenperature(tank(batch(t))) >= desired tenperature(t)
or current tine(clock >= end tine(t)}

tiner expires

H21: turn off heater

delete tinmer(tid)

del ete tenperature ranp

B91: tenperature ranp conplete

COWPLETE

{actual tenperature(tank(batch(t))) >= desired tenperature(t)
TRI0: do tenperature ranp(batch ID, end tinme, desired tenperature)

B91: tenperature ramp conplete

Figure 4.17: Nondeterministic Mealy automaton.
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TRO0: do tenpefature ranp(batch ID, end tine, desired tenperature)

create tenperature ranp(ranp ID, batch ID, end tinme, desired tenperature)
create tiner(TID, 10)
turn on heater

CONTROLLI NG

actu tenperature(tank(batch(bid))) <desired tenperature}
timer ‘\expires

set ti

{actual tenperature(tank(batch(t))) >= desired tenperature(t)
or current time(clock >= end tine(t)}

timer expires

H21: turn off heater

delete tinmer(tid)

del ete tenperature ranp

B91l: tenperature ranp conplete

COWPLETE

Figure 4.18: State model of the temperature ramp, assuming that the precondition for creation has already
been checked when do_temperature ramp is sent.
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create(rid; b, t, T, tim

actual tenperature(tank(batch(rid))) <

ROLLING desired tenperature(rid)}

continue(rid)

{actual tenperature(tank(batch(rid))) >= desired tenperature(rid)
del ete(rid)

COWPLETE

Figure 4.19: Preconditions and local state transitions of the temperature ramp.

message to create a temperature ramp. This further simplifies the temperature ramp state model to
the one shown in figure 4.18.

We finally separate communication information (events and actions) from local information (pre-
conditions and local state change). Figure 4.19 shows the resulting life cycle diagram of the tem-
perature ramp state model. Figures 4.20 and 4.21 give a fragment of the relevant class-relationship
diagram and of the data dictionary, respectively. We assume that there is one heater for the entire
system. This probably wrong (more likely, there is one heater for each heating tank), but there is
nothing in the Shlaer-Mellor case study that indicates how many heaters there are.

4.3.2 System transactions

Figure 4.22 gives the decomposition table of some of the juice plant controller transactions. To find a
description of the transactions in informal terms, that can be understood by domain specialists, one
can simply conjoin the descriptions of the preconditions and local effects of the local events in each
transaction.

Figure 4.23 contains a transaction CFD for the start_controlling temperature transaction and
figure 4.24 contains a transaction DFD. The DFD raises a methodological issue, i.e. when a class
appears in a DFD as data store and when it appears as external entity. The rule is simple: If the
instances of the class are created, manipulated and deleted in the store of the computer system,
then they should appear as data stores; if they are entities in the environment of the controller, that
must communicate with the controller, then they should appear as external entities. The issue is
nevertheless subtle and can give rise to misunderstandings:

e ACCOUNT instances may be records in a database or objects in a UoD. As objects in the UoD, they
are invisible, for a bank account is a social construction, a legal entity that fixes an agreement
between a bank and a customer, consisting of a system of mutual rights and obligations. In the
bank account example, we only represent the data store and not the external entity, because
the only way that the bank and its customers interact with the UoD bank account object is by
manipulating the data store.
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TEMPERATURE RAMP
TIMER

start time BATCH
time remaining start temperature

end time ammount
create timer desired temperature batch recipe name

current state
countdown
expire do temperature ramp
set timer create temperature ramp complete
delete timer continue

delete

tank

HEATER HEATING TANK

actual temperature
turn on heater
turn off heater

Figure 4.20: Fragment of a class-relationship diagram containing the TEMPERATURE RAMP object class.

A temperature ramp is an object created in the store of the controller and used for controlling
the period of time that a heater must be turned on.

A heater is an object in the environment of the controller. The controller does not need to
represent a heater as a data store; it merely communicates with it by sending turn_on and
turn_off messages to it.

A timer is an object created by the controller and updated periodically.

The clock is an entity in the environment of the controller. The controller does not need
remember the state of a clock; when it needs to know the state of the clock, it interrogates it by
asking its current time.

Batches exist in the environment of the controller, but this is not relevant for the controller. For
each batch, the controller must remember that it exists and to which tank it is assigned. Hence,
it maintains a data store of batch surrogates.

Following Fusion, we may want to indicate on the CRD the separation of classes whose instances exist
in the UoD and classes whose instances exist in the system. Note however that some objects may
exist in both (e.g. CUSTOMER in the bank account system). It may be wiser to show this separation
as the difference between data stores and external entities in a transaction DFD (the customer class
would appear as external entity and as a data store).

4.3.3 Specification in LCM

Figures 4.25 and 4.26 give an LCM specification of the relevant classes. Some remarks about this
formalization are needed:
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TEMPERATURE_RAMP object class.
Attributes

batch. The batch of cans to be filled.
start_time. The time at which heating starts.

start_temperature. Temperature of the fluid in the heating tank assigned to the batch at the
start time.

end_time. maximum heating time of the fluid.
desired_temperature. Desired temperature of the fluid.

timer. Timer object that counts the time remaining to the next instant that the fluid temperature
must be checked.

current_state. The temperature ramp can be in states CONTROLLING or COMPLETE.

Transitions.

create_temperature_ramp(r; b, t, T, tim) creates a fresh temperature ramp r, sets the
start time of r to the current time of the clock, sets the start temperature to the current
temperature of the heating tank assigned to the batch b, sets the end time to t and desired
temperature to T. The timer identifier tim is remembered in attribute tt timer and the temper-
ature ramp goes into state CONTROLLING.

continue checks the current temperature of the heating tank assigned to the batch. It only
occurs if the current temperature is lower than the desired temperature and the end time has not
yet past.

delete kills the temperature ramp. It occurs only if the desired temperature has been reached
or the end time has past.

Figure 4.21: Sample data dictionary entries of the TEMPERATURE_RAMP.

start_controlling_ . . .
continue_heating stop_heating
temperature
temperature_ramp_
BATCH do_temperature_ramp
complete
TEMPERATURE- create continue delete
RAMP
TIMER create. timer timer-_expires & timer_exrfires &
set_timer delete_timer
HEATER turn_on

Figure 4.22: Transaction decomposition table of some juice controller transactions.
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start controlling tenperature(b, t, T, r, h, tim

@ATCH

create(r; b, t, T) & do tenperature ranmp(b;, t, T)

TEMPERATURE RAMP

r:

create timer(tim turn on heater(h)

Figure 4.23: Communication flow diagram of the start_controlling temperature transaction of the
juice plant controller.
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TEMPERATURE RAMPS

<r; b, t, T, tim>

<tim; 10>

start
controlling
temperature

<h>

h: HEATER TIMERS

<b, t, T>

OPERATOR

e do temperature ramp(b; t, T) is a transition of batch b to create a temperature ramp with end time
t and desired temperature T.

e create(r; b, t, T, tim) creates a fresh temperature ramp r, sets the start time of r to the current
time of the clock, sets the start temperature to the current temperature of the heating tank assigned
to the batch b, sets the end time to t and desired temperature to T. The timer identifier tim is
remembered in attribute tt timer and the temperature ramp goes into state CONTROLLING.

e create timer(tim, 10) creates a timer with a fresh identifier tim and sets the deadline to 10 time
units.

e turn on heater(h)

Figure 4.24: Data flow diagram of the start_controlling temperature transaction of the juice plant
controller.
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begin object class BATCH

attributes
tank : HEATING_TANK;
amount : NATURAL;
recipe_name : STRING;

actions
do_temperature_ramp(BATCH; TIME, RATIONAL);
temperature_ramp_complete (BATCH) ;

end object class BATCH;

begin object class HEATING_TANK
specialization of TANK;
attributes
actual_temperature : RATIONAL;

end object class;
begin object class HEATER

transitions
turn_on_heater (HEATER) ;
turn_off_heater (HEATER);

end object class HEATER;

begin object class TIMER
attributes
time_remaining : TIME;
transitions
create(TIMER, TIME) creation;
countdown (TIMER) ;
expires(TIMER);
set_timer (TIMER);
delete_timer (TIMER) deletion;
axioms
forall tim: TIMER, t : TIME::
[create(tim, t] deadline(tim) = t;

forall tim: TIMER, t : TIME::
time_remaining(tim) = t ->

[countdown(tim)] time_remaining = t-1;

forall tim: TIMER::
<expires(tim)> time_remaining(tim) = 0;

forall tim: TIMER, t: TIME::
[set_timer(tim, t)] time_remaining(tim) = t;

end object class TIMER;

Figure 4.25: Auxiliary specifications for the TEMPERATURE RAMP object class specification in LCM.
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begin object class TEMPERATURE_RAMP
attributes
batch : BATCH;
start_time :TIME;
start_temperature : RATIONAL;
end_time : TIME;
desired_temperature : RATIONAL;
timer : TIMER;
current_state : STATES; --- this is superfluous
transitions
create (TEMPERATURE_RAMP; BATCH, TIME, RATIONAL, TIMER) creation;
continue (TEMPERATURE_RAMP) ;

delete (TEMPERATURE_RAMP) deletion;
axioms

forall r : TEMPERATURE_RAMP, b : BATCH, t : TIME, T: RATIONAL,

tim : TIMER::

[create_temperature_ramp(r; b, t, T, tim)]
start_time(r) = current_time(clock) and
start_temperature(r) = actual_temperature(tank(b)) and
end_time(r) = t and
desired_temperature = T and
timer(r) = tim and
current_state = CONTROLLING;

forall r : TEMPERATURE_RAMP
<continue(r)>true ->
current_state(r) = CONTROLLING and
actual_temperature(tank(batch(r))) < desired_temperature(r)
and timer(r) - 10 > 0;

——- The time is checked before it is decremented
forall r : TEMPERATURE_RAMP, t: TIME ::
end_time(r) = t -> [continue(r)] end_time(r) = t-10;

forall r : TEMPERATURE_RAMP, b : BATCH ::
<delete(r; b)>true ->
current_state(r) = CONTROLLING and
b = batch(r) and
(actual_temperature(tank(batch(r))) >= desired_temperature(r)
or timer(r) - 10 <= 0);

end object class TEMPERATURE_RAMP;

Figure 4.26: Specification of the TEMPERATURE RAMP object class in LCM.
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e Some names have been changed compared. Shlaer and Mellor use alternatively desired _temperature

and end_temperature for the same attribute; we use desired _temperature at all places. Shlaer
and Mellor use COOKING_TANK and HEATING TANK for the same object class at different places in
their book; we use HEATING_TANK for this class.

e The tank attribute of BATCH has HEATING_TANK as codomain instead of TANK, as it has in the
example given by Shlaer and Mellor. The reason for this is that actual temperature is not an
attribute of TANK in general but of HEATING_TANK.

e The attributes ending in _id have been dropped, because, as explained earlier, in LCM a variable
ranging over a class really ranges over the internal identifiers of the class. If needed, the external
identifiers can be added though.

e We assumed an object with identifier clock and attribute current_time. It has not been
specified that the countdown transition in instances of the TIMER class occurs at every tick of
the clock. We could do this, but then it cannot be specified that every tick of the clock actually
really happens every time step.

e The value types RATIONAL and TIME are assumed. The value type STATES is not declared, but
assumed to contain the values CONTROLLING and COMPLETE.

e The precondition b = batch(r) is needed to show the batch identifier b to the system transac-
tion of which delete is a part.

Figure 4.27 shows some transaction specifications of the juice plant control system.

4.4 Intended semantics

The intended semantics of an LCM specification with action declarations and dynamic logic axioms
consists of a process algebra and a Kripke structure. The process algebra P is a set of processes
that serves as interpretation structure for process terms. A process term is a term built from the
following ingredients:

e Closed or open action terms.
e Process operators for sequence (.), choice (+) and synchronization (&).

Only finite action terms are interpreted in the process algebra. These represent terminating processes.
Variables in open action terms are treated as constants. We assume the graph model of processes,
but other models could also be used. The advantage of the graph model is that Mealy machines
can be used as graphical representations of the processes. The process algebra interprets equality
relations between process terms that hold regardless of the assignment of values to variables. For
example, a;&a2 and as&a; are interpreted as the same process, because synchronous composition is
commutative.

The Kripke structure K is a set of possible states, where each state has the same domain, viz.
the abstract data type(s) defined in the value specifications. Let X be the set of all possible value
assignments to variables in the abstract data type(s). There is a function p: ¥ — A — (K x K) that
for each value assignment assigns a binary relation on K to each process in P, called the accessibility
relation of the process. The accessibility relation must respect the dynamic logic axioms, and the
axioms in the specification, in the usual way. This is worked out in detail in [49]. In addition, there are
two minimality properties in the intended semantics, that correspond to the frame and qualification
assumptions.
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begin system function TemperatureRampTransactions
transactions
start_controlling_temperature(BATCH, TIME, RATIONAL,
TEMPERATURE_RAMP,
HEATING_TANK, TIMER);
continue_heating(TIMER, TEMPERATURE_RAMP)
stop_heating(TIMER, TEMPERATURE_RAMP)
decompositions

forall b : BATCH,

t : time,

T: RATIONAL,

r : TEMPERATURE_RAMP,

h : HEATER,

tim : TIMER ::

start_controlling_temperature(b, t, T, r, h, tim) =

do_temperature_ramp(b; t, T) &
create(r; b, t, T) &
create_timer(tim; 10) &
turn_on_heater(h);

forall r : TEMPERATURE_RAMP,
tim : TIMER ::
continue_heating(tim, r) =
continue(r) &
timer_expires(tim) &
set_timer(tim, 10);

forall r : TEMPERATURE_RAMP,
tim : TIMER ::
stop_heating(tim, r) =
delete(r; b) &
timer_expires(tim) &
delete_timer(tim) &
temperature_ramp_complete(b)

end system function TemperatureRampTransactions

Figure 4.27: Specification of two transactions of the juice controller.
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4.5 Discussion

4.5.1 Extensions and variations of dynamic logic

LCM 3.0 only allows actions explicitly declared in some class specification. The utility of the language
would be enhanced if we would add the following actions:

e For each formula ¢ we allow the test ¢?. This is already done to a limited extent in the account
example. Full dynamic logic allows modal tests such as ([a]¢)?, which tests if after a, ¢ would
be true. In most specifications, non-modal tests would probably suffice.

e For each predicate, the actions IP(t) and DP(t) could be defined to stand for “insert/delete
tuple ¢ in/from the extension of P”. This has exactly the same formal semantics as the actions
Q@T'(P(t)) and @QF(P(t)) in Parnas’ Software Cost Reduction (CSR) method [11]. These actions
are used in real time system specification to stand for the events that P(¢) becomes true/false.
Where IP and DP are appropriate for updates to a data store, @QT'P(t) and QF P(t) are ap-
propriate for events in external entities. The axiomatization in both cases is the same. We can
use the axiomatization by Spruit [40]. These axioms could be added to the next version of LCM
without problems.

¢ In addition, Spruit defined a bulk update action &X : T'(¢ — a), where X : T is a set of variable
declarations. The meaning of the action is that « is performed for all bindings of X for which
currently ¢ is true. This is one atomic state transition. Spruit formalized this for the actions
IP and DP but we would like to generalize this to arbitrary atomic actions.

Another addition worth considering is the ability to define actions in terms of simpler actions. This has
the advantage that frame axioms need not be generated: an operational definition of the meaning of an
action does not need frame assumptions over and above those for the elementary actions. Ultimately,
only Spruit’s elementary actions are needed and the frame assumption for these has been axiomatized.
A difficult point here is the process definition language. Spruit uses a regular process definition
language, but this may not be powerful enough. Unrestricted use of recursion in process terms however
is notoriously difficult. If we would use a transaction definition language that allows recursion, then
we come close to the way transactions are defined as macrosteps in Statemate [24, 20, 30, 31]. This
deserves further investigation.

4.5.2 Life cycle inheritance

Since object life cycles can be defined for object classes as well as mode classes, each mode can have
its own behavior. However, there are consistency constraints on life cycles of a class and its mode
classes. If a supertype and a subtype both have significant state models, then OOA distinguishes the
static subclass from the mode case.

e If instances cannot migrate between subtypes, then OOA recommends defining state models for
each subtype and factoring out the common part of these state models as state model of the
supertype.

e If instances can migrate between subtypes, then OOA suggests two ways to specify this.

— Define one state model for the supertype, that contains the state models of all subtypes
and shows how an object moves from one subtype to another subtype.

— Define state models for each of the subtypes, that start and end with type migration events.
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This is not illustrated by Shlaer and Mellor. These heuristics agree with the suggestion given elsewhere
that life cycle inheritance for static subclasses is downward, and that it is upward for modes [47]. Life
cycle inheritance is an active research topic that deserves extra investigation in the context of TCM.

4.5.3 The synchronicity assumption

The synchronicity assumption in TCM/LCM consists of two elements:
e system transactions take no time and
e the system produces the response to an event instantly (in no time).

Because a system transaction consists of object transactions, these satisfy the synchronicity assump-
tion as well.

The synchronicity assumption is called the synchrony hypothesis by Berry [4] and Harel [19]. We
will call it the synchronicity assumption, because it is not a hypothesis to be tested but a simplifying
assumption about the system being specified. The assumption is justified as long as the implemented
system responds sufficiently fast to incoming events as compared to its environment, that we can
neglect the reaction speed. The synchronicity assumption is satisfied by any abstract system whose
actions take no time. Assuming that events and responses are incidents that take no time, we can
maintain the statement that the event causes the response but that yet the response occurs simul-
taneously with the response. The synchronicity assumption is adopted in the semantics of formal
languages ESTEREL [4] and Statemate [24, 20], as well as by semiformal methods such as the Ward-
Mellor method [41, 42, 29] and the Hatley-Pirbhai method [21].

4.5.4 Formal specification in LCM — dynamic logic and process algebra

An alternative formalization in LCM is to use process algebra to define the state model of a class
by means of a recursive process specification. The transitions section of a specification declares
constants of sort ACTION, which denote elementary actions. A process term is a term built from
action constants using operators for sequence (.), choice (+) and parallel composition (&). A term
without parallel composition is called a basic process term. A recursive process specification
is a set of equations that must be solved in a particular model. Under certain conditions and in
certain models, recursive process specifications have a unique solution [2]. Following the synchronicity
assumption, we formalize an object transaction as a synchronous composition:

Pr&e&a.

Again, causality is not represented here. This gives us the specification in figure 4.28.

It is still unclear in this representation how the variables in the process equations are bound. If all
variables in one equation are bound by a universal quantifier, then every occurrence of each variable
in that equation refers to the same value. If there is one quantifier for all equations, this should hold
for all equations. This is correct in the case of a, which should refer to the same account identifier
through the equations. However, it is incorrect in the case of the variable b, which can be changed
by the actions. It is also incorrect for the variables aid and cid, which may be different at every
occurrence of the events. However, once these two variables are bound in a transaction, they should
have the same value in the test and the action of this transaction. This is not represented in the
process equations. Until these problems are solved, the dynamic logic representation seems the better
option to pursue.
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begin object class ACCOUNT
functions
fee : MONEY;
attributes
account_ID : NATURAL:
balance : MONEY initially O;
customer_ID :NATURAL;
identifier
account_ID;
transitions
create (ACCOUNT; NATURAL, NATURAL) creation;
increase_balance (ACCOUNT; MONEY);
decrease_balance (ACCOUNT; MONEY);
accept_check(ACCOUNT; MONEY);
refuse_check (ACCOUNT; MONEY);
life cycle
forall a : ACCOUNT ::
ACCOUNT(a) = open_account(a; cid, aid) & create(a; aid, cid)
0K(a; aid, cid, b);
0K(a; aid, cid, b) =
deposit(a; m) & increase_balance(a; m) . 0K(a; aid, cid, b) +
withdraw(a; m) & (m <= balance(a))? & decrease_balance(a, m)
0K(a; aid, cid, b) +
submit_check(a; m) & (m <= balance(a))? & accept_check(a, m)
0K(a; aid, cid, b) +
submit_check(a; m) & (m > balance(a) and fee <= balance(a))? & refuse_check .
0K(a; aid, cid, b) +
submit_check(a; m) & (m > balance(a) and fee < balance(a))? & refuse_check .
K0(a; aid, cid, b);
K0(a; aid, cid, b) =
deposit(a; m) & (m
0K(a; aid, cid, b)
deposit(a; m) & (m
K0(a; aid, cid, m)
submit_check(a; m)

balance(a) >=0)? & increase_balance(a, m)

balance(a) < 0))? & increase_balance(a, m)

g+ + + +

refuse_check(a, m) . KO(a; aid, cid, b);

axioms
-- effect axioms
forall a : ACCOUNT , aid, cid : NATURAL ::
[create(a; aid, cid)] customer_ID(a) = cid and
account_ID(a) = aid and
balance(a) = 0;
forall a : ACCOUNT , b, m : MONEY ::
balance(a) = b -> [increase_balance(a; m)] balance(a) = b+m;
forall a : ACCOUNT , b, m : MONEY ::
balance(a) = b -> [decrease_balance(a; m)] balance(a)
forall a : ACCOUNT , b, m : MONEY ::
balance(a) = b -> [accept_check(a; m)] balance(a) = b-m;
forall a : ACCOUNT , b, m : MONEY ::
balance(a) = b => [refuse_check(a; m)] balance(a) = b-fee;

1
g
g

end object class ACCOUNT;

Figure 4.28: Specification of the ACCOUNT object class in LCM, using process algebra extended with tests.
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Chapter 5

The process model

5.1 The OOA notation

An OOA process model consists of the following components:

e Action Data Flow diagrams (ADFDs) that represent the processing performed during one
action.

e For each process in an ADFD, a process descriptions must be produced.

e From all ADFDs, an object access model (OAM) can be constructed. This does not add
new information, but it explicitly shows the accesses made by an ADFD to data stores of other
object types.

e More summary information can be produced: State process tables show which processes are
used in which actions. This does not contain new information.

We discuss ADFDs and the OAM in more detail.

5.1.1 Action data flow diagrams

An ADFD is a network of data stores and processes connected by directed arcs. It specifies the work
done by the system when the action is executed. There is one ADFD for each action (and hence for
each state in the Moore convention). Figure 6.2.4 [39, page 116] contains an ADFD for the Created
state of figure 6.2.2 from [39, page 114]. An ADFD has the following components:

e Data stores, represented by two parallel lines. There are three kinds of data stores.

— An object data store contains all (currently existing) instances of one object class.
— A timer data store contains the current state of a timer object.
— The current time data store contains the current time.

For typographical convenience, a data store may be repeated at different places in an ADFD.
Figure 6.2.4 [39, page 116] contains object data stores for three object classes.

e Processes represent separate units of computation. They are represented by bubbles. Each
process is assigned to an object class. This assignment is reflected in the process identifier.
In figure 6.2.4 [39, page 116], the following identifiers have been chosen’: TR for Temperature
ramp, CT for Cooking Tank, and B for Batch. There are four types of processes.
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— An accessor process is a process whose sole purpose is to create, read, update or delete
an instance of an object in an object data store. TR.1, TR.4, B.1, CT.1 and TIM.3 in
figure 6.2.4 [39, page 116] are accessor processes.

— An event generator is a process that produces exactly one event as output. TR.3 in
figure 6.2.4 [39, page 116] is an event generator.

— A transformation is a process whose purpose is one of communication or transfer of data.

— A test is a process that performs a test and makes the result available to a conditional
control flow.

e Data flows represent the flow of information in the action, and are represented by arrows.
There are three kinds of data flows.

— An event data flow points into a process from nowhere or points from a process to
nowhere. In the first case, it is an input event data flow and it must be labeled by attributes
of the event that triggered the action and needed by the process. For example, the event
data flow into process TR.1 is labeled by all event attributes of the triggering event (those
attributes are shown in the state model of figure 6.2.2 from [39, page 114] The event data
flow into process B.1 is labeled with only one attribute. If an event data flow points out
of a process to nowhere, it is an event generated by the action corresponding to the entire
ADFD, and it must be labeled by the same event as the generated event in the state model.
For example, the event data flow out of process TR.3 is labeled by the generated event of
the state model in figure 6.2.2 from [39, page 114].

— A data flow between two processes is labeled by the names of the attributes that it carries.
An attribute may have two names, one that takes the perspective of the sending process
and one that takes the perspective of the receiving process (e.g. the flow from process CT.1
to TR.4). If only one name is given, as in the flow from B.1 to CT.1, then the attribute
is shared between the two objects. This, the flow from B.1 to CT.1 is equivalent to the
annotation Batch.Tank ID = Cooking Tank . Tank ID

— Control flows are represented by dashed lines and are used to specified precedence of
process execution, and choice between process executions. Control flows that indicate
choice are called conditional. Control flows are not shown in figure 6.2.4 [39, page 116].

5.1.2 Object access model

The object access model shows accesses between objects performed by accessor processes. If the
ADFD of an action in the state model of one class accesses the object data store of another class, then
the object access model shows an arrow from the first to the second class. For example, figure 6.8.1 [39,
page 131] shows an object access model generated from the ADFD of figure 6.2.4 [39, page 116]. Object
classes are represented by ovals. An arrow points from the accessing class to the accessed class. each
arrow is labeled by the accessor process. Note that the arrow does not say anything about the
direction of the flow of information. Rather, it indicates the direction of initiative, i.e. it points from
the initiator of the access to the class who suffers the access.

5.2 Specifying the process model in TCM
The process model specifies the preconditions and effects of actions and specifies events generated

by the action. These are already specified in TCM semi-formally by the data dictionary entries and
transaction decomposition tables and formally by the LCM specification. We have seen that it is
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instructive to add transaction data flow diagram to the semi-formal documentation, which shows
the data flows in an entire system transaction. One such transaction DFD can be drawn for each
transaction.

5.3 Discussion

The process model can be dispensed with because it gives an operational way to perform the com-
putations necessary to perform a system transaction. The reasons for the simplification as we move
from ADFDs to TDFDs are the following;:

The Shlaer-Mellor method does not use the transaction concept as a structuring principle.
Transactions are modeled in TCM using the synchronicity assumption.

The effect of a transaction is defined by defining the effect of the local events within the transac-
tion. Since these local effects must be local, and different local events in one transaction belong
to different objects, these can be conjoined without problems. Note however that local events
may have global preconditions. This is not a problem, for all these local preconditions are tested
in the initial state of the transaction, and testing them does not update the state of any object.

Note that the representation of synchronous communication by the OAM in OOA is incomplete:

Shlaer and Mellor ignore the possibility of communicating with another instance of the same
object class. For them, communication is communication with an instance of a different object
class. For example, the OAM only represents accesses to data stores of other classes.

Each process in an ADFD is allocated to an object. This means that an action executed by
an instance of C' may involve processes allocated to objects of different instances of C, or to
instances of different classes. Shlaer and Mellor forget to mention that data flows between
processes in one ADFD that are allocated to different classes are synchronous communications
too.
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Chapter 6

The object communication model

6.1 The OOA notation

The object communication model (OCM) shows message sending between objects (figure 5.1.1
from [39, page 86]). The OCM is represented as a directed graph in which the nodes are external
entities or individual objects (instances), and the arrows are events sent by one node to another. The
graph can be constructed from the state models and summarizes information already present in the
state models.

In OOA, events are assumed to arrive at the object to which they are directed at the instant
in which they are generated [39, page 107]. Actions are atomic in the sense that they cannot be
broken down in subactions [39, pages 45, 105], but they are not atomic in time. That is, actions are
assumed to take time. Now, if the receiver is ready to process the event, the event will be processed
immediately; but as we have just seen, this takes time, and during this time, the receiver cannot
process other events. If the receiver is not ready to process an event, the event will wait. Events do
not get lost [39, page 107], i.e. they are always received. However, there is no explicit mention of a
fairness assumption: an event may wait to be processed for an indefinitely long time. OOA assumes
partial arrival order nondeterminism: multiple events generated by the same object will be processed
in the order in which they are sent, but events sent by different objects may be processed in any order.

6.2 Specifying the communication model in TCM

The communication model in TCM is simpler, because only synchronous communication is assumed,
and because system and object transactions are modeled using the synchronicity assumption: transi-
tions take no time, and actions occur simultaneous with the events that trigger them. The event/action
pairs that occur in the Mealy state models, and that give rise to the OCM, thus appear as part of the
transaction decomposition tables. We have seen that these can also be depicted graphically in a kind of
simplified object communication diagram, that we called a transaction communication flow diagram,
that shows the flow of initiative during a transaction. Figure 4.23 gives a transaction communication
flow diagram of the start_controlling temperature transaction of the juice plant controller. A
transaction CFD does not add any formal information to the specification, but is a useful supplement
to the transaction decomposition table.

Note that the synchronous communications shown in the object access model (OAM) appear as
either read actions in the transaction DFD or must appear as local events inside a transaction, in
which case they will appear in the transaction CFD.
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6.3 Discussion

Asynchronous communication can be modeled in TCM by introducing a postbox object for each
asynchronous communication. The postbox process communicates synchronously with senders and
receivers, and it should implement arrival order nondeterminism. However, the assumption of partial
arrival order nondeterminism causes problems: If two timers send a timeout to an object simultane-
ously, one of these must wait, which defeats the purpose of the timeout. Timeouts have the essential
and annoying property that you cannot postpone them. Furthermore, if two timers send timouts to
the same object at different moments, then these may be processed in a reverse order! This seems
fundamentally wrong too. These problems can be avoided by adopting the synchronicity assumption
and doing away with postboxes altogether.
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Chapter 7

Results and conclusions

7.1 Summary of results

Our comparison of OOA with TCM has yielded the following results:

e The information model has about the same modeling power as the class model in TCM, except
that mode classes and roles are not represented in the information model, and the cardinality
constraints are very limited in the information model. OOA does not allow relationships to be
specialized, as TCM does.

e OOA uses the Moore convention to represent state models. This can be transformed into a
Mealy representation. All transitory states can be removed from the Mealy representation, at
the price of introducing nondeterminism. The Mealy machines can be represented in TCM by
separating the local behavior (preconditions and local transitions), which are represented by life
cycles, from communication information, which is represented by transaction decomposition. In
this move, asynchronous communication is replaced by the synchronicity assumption.

e The process model can be simplified to transaction DFDs. These give some useful information
about transactions.

e The communication model can be simplified to transaction CFDs. These give some useful
information about transactions. TCM uses the synchronous model of communication, where
OOA uses asynchronous communication.

7.2 Extensions of TCM

Our analysis of OOA has led to a number of possible extensions of TCM:

e Complexity reduction by means of domains and subsystem is useful. TCM should contain some
such technique, although it is still too early to decide upon a particular technique.

e Documenting transactions by means of transaction DFDs and CFDs is a useful extension of
TCM.

7.3 Changes to LCM

Our analysis has also suggested a number of changes to LCM, that should make the gap between
LCM and traditional, well-known methods less wide:
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e Terminological changes:

old | new

surjection mandatory
injection unique
relationship link

relationship class link class
relationship class relationship
events transitions
service system functions
static constraints state axioms
dynamic constraints | transition axioms

e There are no life cycle definitions in the suggested new version of LCM. Life cycles are defined
diagrammatically and by means of dynamic logic axioms using the current_state attribute.

7.4 Further research

Our analysis has also yielded some topics for further research:

e Transaction definition could be made more powerful by introducing tests ¢?, choice, bulk updates
X :T :: ¢ — o and defined actions, using atomic inserts and deletes.

e The inheritance of life cycles for static partitions and for modes should be investigated. An
intriguing possibility is to use the substates of state charts to represent modes. Mode changing
transitions would then be transitions among superstates, that each have their own life cycle.
There is existing research in this area on which we can build [10, 28, 33, 35, 47].

e The specification of actions to be performed upon entering or leaving a state should be investi-
gated.

e The semantics of state charts should be raided for proposals for macrostep semantics, to see if
these can be used for transaction semantics in LCM. The assumption that each microstep in a
macrostep is executed by a different object could make the macrostep semantics trivial.

We have not discussed methodological issues in this report. The major methodological issue is the
concept of thread of control and its use in the simulation of system behavior in OOA [39, pages 94—
104]. Some of the representations used in OOA simulations could be useful for the representation of
the results of reachability analysis of TCM specifications.
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