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Abstract. Database structuring is well understood since decades. The
operating of databases has been based in the past on temporal logics
and did not yet get an easy to understand formal underpinning. There-
fore, conceptions like transaction and recovery are mainly discussed at
the logical or operational level. This paper shows that database struc-
turing and functionality can be defined within a uniform language. We
base database semantical on the operational semantics of abstract state
machines (ASM). This uniform mechanism allows to define the structur-
ing, the functionality, the distribution and the interactivity of a database
system in a way that supports abstract consideration at various layers of
abstraction, that supports refinement of specifications to more detailed
ones and that support proof of properties.

1 Adequacy and Deficiencies of Database Technology

1.1 Strength and Weaknesses of Database Technology

Database systems are currently broadly used for support of data-intensive ser-
vices. These broad usage is based on advantages such as the following:

Consistent storage of data: Data are uniquely stored in the most actual version.
Each user gets the same data. Inconsistency can be avoided. Furthermore,
redundancy can be reduced and standards can be enforced.

Multi-user support: Data can be consistently shared among different users. Also,
conflicting requirements can be balanced. Security is enforced by restricting
and managing access to data. Data can be consistently distributed within a
network.

Integration into component-ware: Currently, database systems are turned into
middle-ware components in information-intensive applications. Database op-
erating is based on the transaction paradigm. A transaction is a logical unit
of work. Database systems are designed to support transactions.

Nevertheless, database engines do not completely support complex applications
such as internet services, real-time applications, stream information systems and
web information systems.
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Content and information instead of data: With the development of more complex
application sophisticated support for various abstraction levels on data is
required. Instead of raw or micro-data users want to retrieve condensed data
or macro-data and to work on them.

Transaction semantics: The transaction approach is based on atomicity, consis-
tency, isolation and durability requirements on transaction application. User
action are sometimes not atomic and require sophisticated support for in-
termediate actions. The isolation level may vary over time. The are different
degrees for durability.

View support: Each object in the database needs to be identifiable. Query lan-
guages allow to construct macro-data from the micro-data of the objects
contained in the database. These macro-data may be composed into com-
plex derived objects. Due to the query language some of them may be not
identifiable. Further, their connection to the micro-data may be not injec-
tive. Therefore, data manipulation on macro-data cannot translated to data
manipulation on micro-data.

Missing operational semantics: Semantical treatment of structuring is based on
the predicate logic since the advent of the relational database model. Entity-
relationship modelling can be based on a generalized predicate logic. Object-
oriented models are often defined in a fuzzy manner without existing models.
Moreover, database operation is still not well based.

In this section we show now that the weaknesses of database models and tech-
nology for internet application can be reduced by the ASM approach.

1.2 Well-Founded Structuring and Operating Transparency

Database systems are typically specified through a specification of database
structuring and the assumption of canonical database operating. Structuring
of databases is given by a signature of the database and a set of static integrity
constraints. They form the schema of the database. The signature is used as
an alphabet of a canonical first-order (or first-order hierarchical [I3]) predicate
logic. Static integrity constraints may be expressed as formulas of this logic. The
functionality of a database system is defined on the basis of an algebra that
is generically defined over the signature. This algebra is extended to a query
algebra and to modification operations for the database system. Database man-
agement systems provide services that are assumed to be given whenever we are
talking on database operating. Their behaviour and their operating is assumed
to be canonically given.

This assumption might be appropriate for the predesign or business user layer
[BUT3] of specification. The implementation independence of the business user
layer and the operating transparency supports concentration application specific
aspects of a database system. It is not appropriate for the conceptual layer since
we need to consider database behaviour as well. This inappropriateness causes
many problems for database programming and operating. This paper shows how
the ASM approach can be used to overcome this gap.



320 B. Thalheim and K.-D. Schewe

Information systems extend database systems by a support for users, by in-
terface systems and by content management. Web information systems [912]
augment classical information systems by modern web technologies. They aim
in supporting a wide variety of users with a large diversity of utilisation stories,
within different environments and with desires for personal web-enhanced work
spaces. The development of WIS is therefore adding the user, story and interac-
tion dimension to information systems development. So far information systems
development could concentrate on the development of sophisticated structuring
and functionality. Distributed work [I0]has already partially been supported.

1.3 Necessities for Specification of Interactive Information Systems

Despite the presence of an active research community that studies conceptual
models for information systems, interaction still lacks precise formal underpin-
nings. There are several approaches which can be generalized for development
of a formal basis of interactive information services:

Workflow and pattern: Workflow approaches allow to combine dataflow and com-
putation. Workflows can be constructed on the basis of basic processes by
application of basic control constructors such as sequence, parallel split, ex-
clusive choice, synchronization, and simple merge, by application of advanced
branching and synchronization control constructors such as multiple choice,
multiple merge, discriminator, n-out-of-m join, and synchronizing join and
by application of structural control and state-based control constructors.

Wegner's interaction machines: The approach is based on four assumptions: User
rather observe machine behavior instead of having a complete understanding
of machines I/O behavior. Modelling of systems cannot be entirely inductive.
Instead of that co-induction needs to be used, at least for the earlier design
phases. Users compete for resources. Thus, modelling includes an explicit
specification of cooperation and competition. Interactive behavior cannot
be entirely modelled on the basis of I/O behavior but rather in term of
interaction streams.

We use the interaction machine approach[6] in order to reason formally on
information services. An interaction machine[I5] can be understood as Tur-
ing machine with multi-user dynamic oracles (MIM) or with single-user dy-
namic oracles (SIM). An interaction machine can be specified as follows [3]:

if condition
then state = Neatstate(state, database, input)
database = Modification(state, database, input)
output = output o Out(state, database, input)

Statechart diagrams: The statechart approach has been proved to be useful for
state-oriented modelling of database applications and more generally for use-
case diagrams. Despite its usage in UML it has a precise semantics which
can be easily integrated into ER modelling approaches[13].
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User interaction modelling: Interaction involves several partners (grouped acc-
ording to characteristics; group representatives are called ‘actors’), manifests
itself in diverse activities and creates an interplay between these activities.
In order to develop usable websites the story of the application has to be
neatly supported [QII2IT0T4]. Interaction modelling include modelling of en-
vironments, tasks and actors beside modelling of interaction flow, interaction
content and interaction form [7].

1.4 Achievements of the ASM Approach

The abstract state machine (ASM) method nicely supports high-level design,
analysis, validation and verification of computing systems:

— ASM-based specification improves industrial practice by proper orchestra-
tion of all phases of software development, by supporting a high-level
modelling at any level of abstraction, and by providing a scientific and for-
mal foundation for systems engineering. All other specification frameworks
known so far only provide a loose coupling of notions, techniques, and nota-
tions used at various levels of abstraction.

By using the ASM method, a system engineer can derive a general applicat-
ion-oriented understanding, can base the specification on a uniform algorith-
mic view, and can refine the model until the implementation level is achieved.
The three ingredients to achieve this generality are the notion of the ASM it-
self, the ground model techniques, and the proper treatment of refinement.

— Abstract state machines entirely capture the four principles [16] of computer
science: structuring, evolution, collaboration, and abstraction.

communication

cooperation > collaboration ~ interactio. agents
coordination distribution systems
ot temporal development
state struc- ) it pe
> turing evolutiorr<ZT evolvemen tegration
architecture rules migration
conservative component abstraction

mrgggg;ﬁé > abstraction < abstraction localisation abstraction
refinement approximation = implementation abstraction

Fig. 1. The four principles of Computer Science

This coverage of all principles has not been achieved in any other approach
of any other discipline of computer science. Due to this coverage, the ASM
method underpins computer science as a whole. We observe the following by
comparing current techniques and technologies and ASM methods: ASM are
running in parallel. Collaboration is currently mainly discussed at the logi-
cal or physical level. Evolution of systems is currently considered to be a hot
but difficult topic. Architecture of systems has not yet been systematically
developed.
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— The ASM method is clearly based on a number of postulates restricting
evolution of systems. For instance, sequential computation is based on the
postulate of sequential time, the postulate of abstract state, and the pos-
tulate of bounded exploration of the state space. These postulates may be
extended to postulates for parallel and concurrent computation, e.g., by ex-
tending the last postulate to the postulate of finite exploration.

2 ASM Specification of Database Systems

Database systems are designed to operate in parallel. Operating of databases
systems can be understood in a state-based approach.

2.1 ASM Specification of Databases and Database Structuring

The abstract state machine approach allows simple and refinable specification
of parallel processes based on states and transitions.
The ASM signature S is a finite collection of function names.

— Each function name f has an arity, a non-negative integer.

— Nullary function names are called constants.

— Function names can be static or dynamic.

— Every ASM signature contains the static constants undef, true, false.

A database schema may be based on a collection of (predicative) functions rep-
resenting the structures of the database. Typically such functions are dynamic.
Static functions are those functions that do not change over time. Most generic
database computation functions such as the aggregation functions can considered
to be static. They are defined as static higher-order functions. Their concreti-
sation to database functions may lead to a dynamic functions or may still be
static. Database state functions are however dynamic.

The signature S is the main component of alphabet for the logical language Ls.
We assume that this language is specified in the canonical way used in predicate
logics. An ASM database schema § is given by a signature S and by a finite set
X of formulas from Ls.

We restrict the consideration in this paper to the tuple (or product) construc-
tor. The set, list, multiset, disjoint union, labelling and naming constructors can
be treated in a similar way.

A database state DB (or database instance) for the signature S is a non-empty
set Val called the superuniverse of DB, together with an interpretation fP% of
each function name f in S.

— If f is an n-ary function name of S, then fPB: Val® — Val.
— If ¢ is a constant of S, then ¢PB € Val.
— The superuniverse Val of the state DB is denoted by Val(DB).
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Relations are functions that have the value true, false, undef

(@e R iff R(a)=true).
dom(fPB) = {(ay,...,an) € Val(DB)" | fPB(ay,...,an) # undef}
rel(fPB) = {(ai,...,an) € Val(DB)" | fPB(ay,...,a,) = true}

The superuniverse can be divided into subuniverses represented by unary rela-
tions. These unary relations form the basic data types under consideration. A
data type is typically given by a set of values and a set of (static) functions
defined over these values.

A database state DB is a model of ¥ (DB = X)) (or is called consistent database
state) if [[E]]CDB = true for all variable assignments ( for Y. We typically consider
only models. Since transactions may have intermediate database states that are
not models we distinguish the two notions. The distinction between undefand false
allows to separate for relational functions the case that an object does not belong
to the database from the case that an object is known to be false.

2.2 Specification of Database Operating

Database state modifications can be described as changes to the dynamic func-
tions. Changes we need to consider are either assigning a value undef, true, false
to a relational function or changes of the functions themselves. We thus may
consider that a change can be given through a set of changes to the functions for
the values of the domain of a function. This detailed view on the content of the
database allows the introduction of database dynamics. Roughly speaking, we
introduce memory cell abstractions (called locations) and consider the database
to consist of those objects which locations evaluate to true. The functions of the
database system can also be treated on the basis of locations.
A database location of DB is a pair

L= (f(a1,..,am)) ((relational) function, object).

The value DB(l) = fPB(ay,...,a,) is the content of the location [ in DB.

The tuple (aq, ..., an) represents a potential object. The current value is given
by a location DB(Il) of the database system. The database consists of those
objects (a1, ..., a,) for which a relational function f(ay,...,a,) evaluates to true.

An modification (I, u) to DB is the assignment of a value u to a location . For
instance, an insert changes the value DB(1) at alocation to true. The delete opera-
tion changes the value at a location [ to undef. A basic database update assigns v to
another location and changes the value of original location to undef. A modification
is called trivial if v = DB(l). A modification set consists of a set of modifications.

A modification set U is consistent, if it has no clashing modifications, i.e., if
for any location [ and all elements v, w if (I,v), (I, w) € U then v = w.

The result of firing a consistent modification set U is a new database state
DB+ U

v if (I,v) e U

(PB+U)(I) = {DB(Z) if there is no v with (,0) € U

for all | of DB.
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For value-based types we define generic functions beyond insert, delete, update
and evaluation functions such as average, min, max, sum. Additional functions
(Fr)rer are defined in the same manner on the type system. These functions
can be used to construct a S-algebra (e.g., operations such as projection, join,
selection, union, difference, intersection). We combine these functions into an
S-algebra.

Databases change over time, We may represent the change history of a
database by a sequence of database states. The changes are defined by an ap-
plication of database systems operations to the current database state. We may
require that any change applied to a model shall either transform the model to
a new model or shall not be considered otherwise. This operating requirement
leads to transaction semantics of database operating. We can use the logic Lg
for the definition of transition constraints.

A transition constraint consists of a pair of formulas ({pre, ¥post) from Ls. The
transition constraint is valid for a database modification from DB to DB’ if
DB E pre and DB’ |= t,0t. Static integrity constraints from a finite set X
can be mapped to transition constraints (A, cy @, Aney @). Let Zgynamic be
the set of transition constraints.

A sequence of database states DBy, DBy, ..., DB;y1 = 74(DB;), ... satisfying
Ydynamic s called a run of the database system. The run can be defined though
S-algorithms A or transformation rules that impose a one-step transformation
7P of a database state to its successor in the run.

A database program is given by a rule name r of arity n is an expression
r(z1,...,x,) = P where P is a database transition operation and the free vari-
ables of P are contained in the list x1, ..., z,.

Database transition operations are either basic operations from the S-algebra
or are constructed by inductively applying the following construction rules:

— Skip rule: skip
— Update rule: f(s1,08n) = ¢t
— Parallel execution rule: P par @
— Conditional rule: if ¢ then P else ()
— Let rule: letz =t in P
— For all rule: forall x with ¢ do P
— Choose rule: choose = with ¢ do P
— Sequence rule: P seq

— Call rule: r(t1, .y b

A database system consists of a database management system and of a number
of databases. Let us consider only one database.
An abstract database system M consists of a
— a signature Sy of the database system that embodies the signature S of the
database,

— a set of initial states for Sy,
a set of database programs,
a distinguished program of arity zero called main program of the system.

We denote the current state of the database system by DBS and by DB the
current state of the database. The transition operation P yields the modification
set U in a state DBS under the variable assignment (: +yields+(P,DBS,(,U).
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Semantics of transition operations defined in a calculus by rules:

Premisey, ..., Premise,,
o Condition

Conclusion

A query is an (open) S-formula. Moreover, a view is a query adorned by names
(labels) for free variables. Due to our definitions, views are hierarchical too.

2.3 ASM Specification of Database System Behaviour

The database system state DBS' is structured into four state spaces:
(input states Z, output states O, DBMS states £, database states DB).
The input states Z accommodate the database input to the database systems, i.e.
queries and data. The output space O allows to model the output data and error
messages. The internal state space £ of the DBMS represents the DBMS states.
The database content of the database system is represented in the database states
DB. The four state spaces are typically structured. This structuring is reflected
in all four state spaces. For instance, if the database states are structured by a
database schema then the input states can be structured accordingly.
The main database functions are modelled by modification, retrieval or inter-
nal control programs that are run in parallel:
Modification programs allow to modify the database state if is enabled:
if Z(req) # A N E(modify) = enabled N I (req) € Update
then Z(req) := X, O(errMsg) := ..., D := ... , & := ...
Retrieval rules allow to retrieve the content of the database:
if Z(req) # A N E(retrieve) = enabled N I (req) € Update
then Z(req) := XA , O(errMsg) := ..., O(answer) := ..
DBMS control rules allow to change the database state and the internal state of
the database:
if £ (DBMSstateChange) and & (modify) = disabled
then D := ..., £ := ...

The description can be extended in a similar fashion to sets of inputs instead of
a singleton input.

The ASM programs are based on ASM rules
MoDIFYINPUT(request, DBMS_state, DB_state),
MobpiryOuTPUT(request, DBMS state, DB_state),
MobpIrYDB(request, DBMS_state, DB_state),
MobIFY CONTROL (request, DBMS _state, DB_state),
RETRIEVEOUTPUT(request, DBMS _state, DB_state),
RETRIEVED B(request, DBMS_state, DB_state),
RETRIEVECONTROL(request, DBMS _state, DB_state),
CoNTROLLERDBMS(DBMS_state, DB_state), and

CoNTROLLERD B(DBMS _state, DB_state).
These rules run in parallel. They express general DBMS functions for state mod-
ification:
modify : (req,-,s,d) —  (_errMsg,s’,d’)
retrieve : (req,-,s,d) — (_,answUerrMsg,s,d)
controller : (Los,d) — (_,-,8,d’)
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Modifications may cause deadlock. In order to overcome them the controller
enables scheduling, recovery, and optimization. An modification can be imposed
completely to the database for support of transaction semantics.

Summarizing we observe that ASM’s can be used for definition of operational
semantics of database systems.

2.4 Co-design of Structuring, Interaction and Behavior

Information systems design starts with database structuring and bases function-
ality on structuring. Typically, it uses various abstraction layers [I3]: application
domain layer for a rough specification of the application domain and its influence
on the information system, requirements acquisition layer for the description of
requirements such as main business data and business processes, business user
layer or the predesign layer [5I13] for the specification of business user objects and
business workflows, conceptual layer for the conceptual description of structur-
ing and functionality and implementation layer describing the implementation,
i.e. code, SQL structures, interfaces and user views. Nowadays application tend
to be distributed and components collaborate with each other [I0]. Information
systems provide services to users depending on their application tasks, portfolio,
user stories and context [ITJI2]. Therefore, we represent the four dimensions of
information systems specification and their layers in Figure 2

Application domain
layer

Scoping
Requirement
acquisition
layer
Vari-
ating
Business user

layer
De-
signing

Conceptual

C,o].la_bé)'ra'bi
__-'sp_)_e'cificatic

Implel-a €T Str _C'El.JI’ing

menting| SP€ tion
Implementation
layer

Functionality
specification

Fig. 2. The abstraction layer model for information systems specification

The structuring and functionality can be described as an abstract state ma-
chine. The stories of users, their profile, context and portfolio can be combined
into an ASM-based description of the story space [2]. Interaction description can
be based on notions developed in linguistics and in movie business [9].
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According to the co-design approach we can distinguish two levels of consid-
eration:

Database system development layers: The specification of database systems can
be of different granularity and levels of detail. Typical development layers
are motivation and requirements layers. A development layer (which is at
the same time a database system run layer) is the conceptual layer. These
layers display a database specification on different levels of detail and should
be refinements of each other.

Database systems operating layers: Database operating is observed, maintained
and administrated at various levels of detail: Business users have their own
view onto the database application. These views may be different from each
other. They are considered to be external views on the conceptual layer.
The conceptual layer integrates all different aspects of database systems
specification. The implementation layer is based on the logical and physical
database schemata. Additionally, database systems functionality is added to
the application on the basis of programs etc.

The ASM specification should match all different layers:

Level 1 (Point of view of business users): Database system defined by three
state space: input state, database state, output state. The input state is
based on algebraic structure with ground terms defined on the values and the
names. The database state is based on the (object-)relational structure with
well-defined composition operators. The output state is a general database
defined on the values and names.

Level 2 (Conceptual point of view): Database systems are defined as an exten-
sion of level 1 by transactions, constraints, views and integrity maintenance.

Level 3-1 (Logical point of view): The logical database system defined as an ex-
tension of level 2 by states of the database management system by the trans-
action and recovery engine, by the synchronization engine, the logging engine
and the query translating engine.

Level 3-2 (Physical point of view): The physical database system is defined as
an extension of level 3-1 by specific functions of the DBMS.

Level 4 (DBMS point of view): On level 4, the storage engine is modelled in
detail with the buffers and the access engine.

This separation allows to model database systems at different levels of detail.
Each higher level should be a refinement of the lower levels.

3 Faithful Refinement of Database Systems Specification

The co-design approach can be based on the abstraction layer model. We need
a correctness criterion for the faithfulness of specifications among these different
layers. We may distinguish between specifications at the requirements acquisition
layer, at the business user layer and at the conceptual layer. (Static) integrity
constraints typically limit the state space for the instances of database schema.
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Functionality can be provided within a framework for specifying the functions.
The database system development process aims in stepwise refinement of struc-
turing and functionality of a database system. This refinement process needs
a formal underpinning. We can develop a theory of specification refinement for
database applications based on ASM.

3.1 Refinements of Database Systems

Given two abstract database systems M and M™*. The refinement of Mppg to
M* is based on

a refinement of signatures Spq to Sy« that associates functions and values of
Sa with those on S+

a states of interest correspondence between the states of interest DBS and DBS*
defined over Sy and S+ correspondingly,

abstract computation segments DBS,,...., DBS,, on M and DBS],..... DBS},
on M and M*,

locations of interest (DB, DB") defined on S x S* and

an equivalence relation = on locations of interest.

M* is a correct refinement of M if there for each M-run DBSJ,...., DBS}, ...
there is an M-run and sequences 9 < 71 < .... and jg < j1 < ... such that
io = jo = 0 DB;, = DBj, for each k and either

— both runs terminate and their final states are the last pair of equivalent
states, or
— both runs and both sequences are infinite.

A refinement is called complete refinement if Mpp is a correct refinement of
M g and M7, 5. is a correct refinement of Mpp.
We distinguish between

— structure refinement that is based on a notion of schema equivalence and
state equivalence,

— functionality refinement that is based on a notion of schema equivalence and
a notion of coherence, and

— state refinement that uses the notion of equivalence and coherence.

3.2 Deriving Plans and Primitives for Refinement

The perspectives and styles of modelling rule the kind of refinement styles. As
an example we consider structure-oriented strategies of development:

Inside-out refinement: Inside-out refinement uses the current ASM machine
for extending it by additional part. These parts are hocked onto the current
specification without changing it.

Top-down refinement: Top-down refinement uses decomposition of functions
in the vocabulary and refinement of rules. Additionally, the ASM may be
extended by functions and rules that are not yet considered.
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Bottom-up refinement: Bottom-up refinement uses composition and gener-
alisation of functions and of rules to more general or complex. Bottom-up
refinement also uses generation of new functions and rules that are not yet
considered.

Modular refinement: Modular refinement is based on parqueting of applica-
tions and separation of concern. Refinement is only applied to one module
and does not affect others. Modules may also be decomposed.

Mixed skeleton-driven refinement: Mixed refinement is a combination of
refinement techniques. It uses a skeleton of the application or a draft of
the architecture. This draft is used for deriving plans for refinement. Each
component or module is developed on its own based on top-down or bottom-
up refinement.

These different kinds of refinement styles allow to derive plans for refinement
and and primitives for refinement.

3.3 Generic Refinement Steps and Their Correctness

An engineering approach is based on a general methodology, operations for spec-
ification evolution, and a specification of restrictions to the modelling itself. Each
evolution step must either be correct according to some correctness criterion or
must lead to obligations that can be used for later correction of the specification.
The correctness of a refinement step is defined in terms of two given ASM to-
gether with the equivalence relations. Already [8] has observed that refinement
steps can be governed by contracts. We may consider a number of governments
[1]. We should however take into account the choices for style and perspectives.

Given a refinement pattern, perspectives, styles and contract, we may derive
generic refinement steps such as data refinement, purely incremental refinement,

Refinement pattern

. Derivation of
Perspectives generic Development
and styles reﬁr%ement contract
steps

l

Generic refinement step

Derivation of ) )
Consistency specific DBMS specification
conditions reﬁr%ement assumptions
steps

l

Refinement step

Fig. 3. The derivation of correct refinement steps
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submachine refinement, and (m,n) refinement. The generic refinement is adapted
to the assumptions made for the given application and to consistency conditions.
Typical such consistency are binding conditions of rules to state and vocabulary
through the scope of rules. The general approach is depicted in Figure Bl

4 Conclusion

The ASM approach allows the development of a theory of database system op-
erating. It has the following advantages:

— The signature of object-relational databases can be specified based on hier-
archical predicate logic. Therefore, the theory of static integrity constraints
can be entirely embedded into the theory of sequential abstract-state ma-
chines [4].

— The run of a database system is parallel. As an example that is not covered
in this paper we elaborated transaction semantics that handles conflicts in
concurrency. Parallel runs of transactions must behave in the same manner
as a sequential run of the transactions. This concept is entirely covered by
partially ordered runs.

— Interaction of database systems with user or information systems can be
handled by ASM as discussed above.

— Database systems are considered on a variety of abstractions layers. Users
consider a database system as an input-output engine with a powerful mem-
ory. At the conceptual layer, a database system is far more complex. The im-
plementation is even more complex. Therefore, the consideration of database
systems semantics requires also a powerful theory of refinement as provided
by ASM.

Our main aim in this paper is to develop a theory of database systems at the user
layer. The other abstraction layers may be seen as refinements of the business
user layer. We omitted all examples to the space limitations.

The next abstraction level must consider specifical approaches of database
engines at the implementation layer. In this case, we need a general notion
of database semantics. Database dynamics has not yet been well understood.
Transactions may serve as an example. So far we have only used sequential ASM.
We might however use power ASM that allow to abstract from intermediate
computational steps.
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SYNONYMS
EERM, HERM; higher-order entity-relationship model; hierarchical entity-relationship model

DEFINITION

The extended entity-relationship (EER) model is a language for defining the structure (and functionality) of
database or information systems. Its structure is developed inductively. Basic attributes are assigned to base data
types. Complex attributes can be constructed by applying constructors such as tuple, list or set constructors to
attributes that have already been constructed. Entity types conceptualise structuring of things of reality through
attributes. Cluster types generalise types or combine types into singleton types. Relationship types associate
types that have already been constructed into an association type. The types may be restricted by integrity
constraints and by specification of identification of objects defined for a type. Typical integrity constraints of
the extended entity-relationship model are participation, look-across, and general cardinality constraints. Entity,
cluster, and relationship classes contain a finite set of objects defined on these types. The types of an EER schema
are typically depicted by an EER diagram.

HISTORICAL BACKGROUND

The entity-relationship (ER) model was introduced by P.P. Chen in 1976 [1]. The model conceptualises and
graphically represents the structure of the relational model. It is currently used as the main conceptual model for
database and information system development. Due to its extensive usage a large number of extensions to this
model were proposed in the 80’s and 90’s. Cardinality constraints [1, 3, 4, 8] are the most important generalisation
of relational database constraints [7]. These proposals have been evaluated, integrated or explicitly discarded in an
intensive research discussion. The semantic foundations proposed in [2, 5, 8] and the various generalisations and
extensions of the entity-relationship model have led to the introduction of the higher-order or hierarchical entity-
relationship model [8] which integrates most of the extensions and also supports conceptualisation of functionality,
distribution [9], and interactivity [6] for information systems. Class diagrams of the UML standard are a special
variant of extended entity-relationship models.

The ER conferences (annually; since 1996: International Conference on Conceptual Modeling,
http://www.conceptualmodeling.org/) are the main forum for conceptual models and modelling.

SCIENTIFIC FUNDAMENTALS

The extended entity-relationship model is mainly used as a language for conceptualisation of the structure of
information systems applications. Conceptualisation of database or information systems aims to represent the
logical and physical structure of an information system. It should contain all the information required by the
user and required for the efficient behavior of the whole information system for all users. Conceptualisation may
further target the specification of database application processes and the user interaction. Structure description
are currently the main use of the extended ER model.

An example of an EER diagram.
The EER model uses a formal language for schema definition and diagrams for graphical representation of the



schema. Let us consider a small university application for management of Courses. Proposed courses are based
on courses and taught by a docent or an external docent within a certain semester and for a set of programs.
Proposals typically include a request for a room and for a time and a categorisation of the kind of the course.
Theses proposals are the basis for course planning. Planning may change time, room and kind. Planned courses
are held at the university. Rooms may be changed. The example is represented by the EER diagram in Figure 1.

CourselD Term Date(Starts,Ends) Name Company Contact Chair DateOfBirth Contact Address
| | | PersNo |
Title — .
Course Semester Collgaboratlon Professor Person
URL — artner

ternal
Docent

Name Login URL
DepartmentResponsible

URL |

Building
b od Request
Name — Program ropose Room — Number
Set2{}
ID Time(Proposal, Capacity
Propo SideCondition) Reassigned
[SpecSchedule] Regulations Reassigred (]
| (] StartDate
EndDate
ID — Kind Planned AssistedBy
Course

TimeFrame TermCourseIlD

Figure 1: Extended Entity-Relationship Diagram for Course Management

Entity types are represented graphically by rectangles. Attribute types are associated with the corresponding
entity or relationship type. Attributes primarily identifying a type are underlined. Relationship types are repre-
sented graphically by diamonds and associated by directed arcs to their components. A cluster type is represented
by a diamond, is labelled by the disjoint union sign, and has directed arcs from the diamond to its component
types. Alternatively, the disjoint union representation & is attached to the relationship type that uses the cluster
type. In this case directed arcs associate the @ sign with component types. An arc may be annotated with a label.

The definition scheme for structures.

The extended entity-relationship model uses a data type system for its attribute types. It allows the construction
of entity types E = (attr(E), X g) where E is the entity type defined as a pair — the set attr(E) of attribute types
and the set X of integrity constraints that apply to E. The definition def of a type T is denoted by T = def.
The EER model lets users inductively build relationship types R = (T4, ..., Ty, attr(R),Xg) of order i (i > 1)
through a set of (labelled) types of order less than i, a set of attribute types, and a set of integrity constraints
that apply to R. The types 11, ..., T}, are the components of the relationship type. Entity types are of order 0.
Relationship types are of order 1 if they have only entity types as component types. Relationship types are of
order i if all component types are of order less than i and if one of the component types is of order i — 1.
Additionally, cluster types C' = Ty U ... U T, of order i can be defined through a disjoint union U of relationship
types of order less than ¢ or of entity types.

Entity /relationship/cluster classes TC contain a set of objects of the entity/relationship/cluster type T. The EER
model mainly uses set semantics, but (multi-)list or multiset semantics can also be used. Integrity constraints
apply to their type and restrict the classes. Only those classes are considered for which the constraints of their
types are valid. The notions of a class and of a type are distinguished. Types describe the structure and
constraints. Classes contain objects.

The data type system is typically inductively constructed on a base type B by application of constructors such as
the tuple or products constructor (..), set constructor {..}, and the list constructor < .. >. Types may be optional
component types and are denoted by [..].

The types T can be labelled [ : T. The label is used as an alias name for the type. Labels denote roles of the type.
Labels must be used if the same type is used several times as a component type in the definition of a relationship
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or cluster type. In this case they must be unique.
An entity-relationship schema consists of a set of data, attribute, entity, relationship, and cluster types which
types are inductively built on the basis of the base types.
Given a base type system B. The types of the ER schema are defined through the type equation:
T = B| (:T,.,l,:T) | {T}y| <T> | [T) | TUT | 1:T | N=T

Structures in detalil.

The classical four-layered approach is used for inductive specification of database structures. The first
layer is the data environment, called the basic data type scheme, which is defined by the system or is the
assumed set of available basic data types. The second layer is the schema of a database. The third layer
is the database itself representing a state of the application’s data often called micro-data. The fourth layer
consists of the macro-data that are generated from the micro-data by application of view queries to the micro-data.

Attribute types and attribute values.

The classical ER model uses basic (first normal form) attributes. Complex attributes are inductively constructed
by application of type constructors such as the tuple constructor (..), set constructor {..}, and the list constructor
< .. >. Typical base types are integers, real numbers, strings, and time. Given a set of names A and a set of
base types B, a basic attribute type A :: B is given by an (attribute) name A € A and a base type B. The
association between the attribute name and the underlying type is denoted by ::. The base type B is often
called the domain of A, i.e. dom(A) = B. Complex attributes are constructed on base attributes by application
of the type constructors. The notion of a domain is extended to complex attributes, i.e. the domain of the
complex attribute A is given by dom(A). Components of complex attributes may be optional, e.g., the Title in
the attribute Name.

Typical examples of complex and basic attributes in Figure 1 are
Name = (FirstNames <FirstName>, FamName, [AcadTitles], [FamilyTitle]) ,
PersNo = EmplNo U SocSecNo
AcadTitles = { AcadTitle}
Contact = (Phone({PhoneAtWork}, private), Email, URL, WebContact, [Fax({PhoneAtWork})] ) ,
PostalAddress = (Zip, City, Street, HouseNumber)
for DateOfBirth :: date, AcadTitle :: acadTitleType, FamilyTitle :: familyTitleAcronym, Zip :: string?,
SocSecNo :: string9, EmplNo :: int, City :: varString, Street :: varString, HouseNumber :: smalllnt.
The complex attribute Name is structured into a sequence of first names, a family name, an optional complex
set-valued attribute for academic titles, and an optional basic attribute for family titles. Academic titles and
family titles can be distinguished from each other.

Entity types and entity classes.
Entity types are characterized by their attributes and their integrity constraints. Entity types have a subset K
of the set of attributes which serve to identify the objects of the class of the type. This concept is similar to the
concept of key known for relational databases. The key is denoted by ID(K). The set of integrity constraints X g
consists of the keys and other integrity constraints. Identifying attributes may be underlined instead of having
explicit specification.
Formally, an entity type is given by a name E, a set of attributes attr(E), a subset id(E) of attr(E), and a set
Y g of integrity constraints, i.e.

E = (attr(E), Xg) .
The following types are examples of entity types in Figure 1:

Person = ( { Name, Login, URL, Address, Contact, DateOfBirth, PersNo } )

Course = ( { CourselD, Title, URL } , { ID( { CourselD }) } ),

Room = ( {Building, Number, Capacity } , { ID({Building, Number }) } ),

Semester = ({ Term, Date(Starts, Ends) }, { ID({ Term }) } ).
An ER schema may use the same attribute name with different entity types. For instance, the attribute URL in

Figure 1 is used for characterising additional information for the type Person and the type Course. If they need

to be distinguished, then complex names such as CourseURL and PersonURL are used.

Objects on type E are tuples with the components specified by a type. For instance, the object (or entity)
(HRS3, 408A, 15) represents data for the Room entity type in Figure 1.
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An entity class E¢ of type E consists of a finite set of objects on type E for which the set X of integrity
constraints is valid.

Cluster types and cluster classes.
A disjoint union U of types whose identification type is domain compatible is called a cluster. Types are domain
compatible if they are subtypes of a common more general type. The union operation is restricted to disjoint
unions since identification must be preserved. Otherwise, objects in a cluster class cannot be related to the
component classes of the cluster type. Cluster types can be considered as a generalisation of their component
types.
A cluster type (or “category”)

CéllleUlngQU...Ulk:Rk
is the (labelled) disjoint union of types Ry, ..., Ri. Labels can be omitted if the types can be distinguished.
The following type is an example of a cluster type:

Teacher = ExternalDocent : CollaborationPartner U Docent : Professor .
The cluster class C¢ is the ‘disjoint’ union of the sets RY, ..., R{. Tt is defined if R{,...R{ are disjoint on their
identification components. If the sets R, ...,ch are not disjoint then labels are used for differentiating the
objects of clusters. In this case, an object uses a pair representation (I;,0;) for objects o; from RY.

Relationship types and relationship classes.
First order relationship types are defined as associations between entity types or clusters of entity types.
Relationship types can also be defined on the basis of relationship types that are already defined. This construction
must be inductive and cannot be cyclic. Therefore, an order is introduced for relationship types. Types can only
be defined on the basis of types which have a lower order. For instance, the type Professor in Figure 1 is of order
1. The type ProposedCourse is of order 2 since all its component types are either entity types or types of order
1. A relationship type of order i is defined as an association of relationship types of order less than i or of entity
types. It is additionally required that at least one of the component types is of order 7 — 1 if 4 > 1. Relationship
types can also be characterized by attributes. Relationship types with one component type express a subtype or
an Is-A relationship type. For instance, the type Professor is a subtype of the type Person.
Component types of a relationship type may be labelled. Label names typically provide an understanding of
the role of a component type in the relationship type. Labelling uses the definition scheme Label : Type. For
instance, the Kind entity type is labelled by Proposal for the relationship type ProposedCourse in in Figure 1.
Cluster types have the maximal order of their component types. Relationship types also may have cluster type
components. The order of cluster type components of a relationship type of order ¢ must be less than .
Component types that are not used for identification within the relationship type can be optional. For instance,
the Room component in Figure 1 is optional for the type PlannedCourse. If the relationship object in the
PlannedCourse class does not have a room then the proposal for rooms in ProposedCourse is accepted. A specific
extension for translation of optional components may be used. For instance, Room in Figure 1 is inherited to
PlannedCourse from ProposedCourse if the Room component for a PlannedCourse is missing.
Higher order types allow a convenient description of types that are based on other types. For example, consider
the course planning application in Figure 1. Lectures are courses given by a professor or a collaboration partner
within a semester for a number of programs. Proposed courses extend lectures by describing which room is
requested and which time proposals and which restrictions are made. Planing of courses assigns a room to a
course that has been proposed and assigns a time frame for scheduling. The kind of the course may be changed.
Courses that are held are based on courses planned. The room may be changed for a course. The following types
specify these assertions.

ProposedCourse = ( Teacher, Course, Proposal : Kind, Request : Room, Semester, Set2 : { Program },

{ Time(Proposal, SideCondition) }, X proposedCourse.);
PlannedCourse = (ProposedCourse, [Reassigned : Kind | , [ Reassigned : Room |,
{ TimeFrame, TermCourselD }, ¥ pjannedCourse)s
CourseHeld = (PlannedCourse, [ Reassigned : Room |, { StartDate, EndDate, AssistedBy },

ZC’ourseHeld)-
The second and third types use optional components in case a proposal or a planning of rooms or kinds is changed.

Typically, planned courses are identified by their own term-specific identification. Integrity constraints can be
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omitted until they have been defined.
Formally, a relationship type is given by a name R, a set compon(R) of labelled components, a set of attributes
attr(R), and a set X p of integrity constraints that includes the identification of the relationship type by a subset
id(R) of compon(R) U attr(R), i.e.

R = (compon(R), attr(R), ¥g) .
It is often assumed that the identification of relationship types is defined exclusively through their component
types. Relationship types that have only one component type are unary types. These relationship types define
subtypes. If subtypes need to be explicitly represented then binary relationship types named by IsA between the
subtype and the supertype are used. For instance, the type Professor in Figure 1 is a subtype of the type Person.
An object (or a “relationship”) on the relationship type R = (Ry, ..., Ry, {B1,..., Bk}, id(R), Xg) is an element
of the Cartesian product R{ x ... x R x dom(By) x ... x dom(By,). A relationship class RY consists of a finite
set RY C R x ... x RS x dom(By) x ... x dom(B},) of objects on R for which id(R) is a key of R® and which
obeys the constraints X g.

Integrity constraints.

Each database model also uses a set of implicit model-inherent integrity constraints. For instance, relationship
types are defined over their component types, and a (relationship) object presumes the existence of corresponding
component objects. Typically only finite classes are considered. The EER schema is acyclic. Often names or
labels are associated with a minimal semantics that can be derived from the meaning of the words used for names
or labels. This minimal semantics allows us to derive synonym, homonym, antonym, troponym, hypernym, and
holynym associations among the constructs used.

The most important class of integrity constraints of the EER model is the class of cardinality constraints. Other
classes of importance for the EER model are multivalued dependencies, inclusion and exclusion constraints
and existence dependencies|7]. Functional dependencies, keys and referential constraints (or key-based inclusion
dependencies) can be expressed through cardinality constraints.

Three main kinds of cardinality constraints are distinguished: participation constraints, look-across constraints,
and general cardinality constraints. Given a relationship type R = (compon(R),attr(R),Xg), a component R’
of R, the remaining substructure R’ = R\ R’ and the remaining substructure R = R"” Mg compon(R) without
attributes of R.

The participation constraint card(R,R’) = (m,n) restricts the number of occurrences of R’ objects in the
relationship class R¢ by the lower bound m and the upper bound n. It holds in a relationship class R if
for any object o' € R'C there are at least m and at most n objects o € R® with 7g/(0) = o for the projection
function 7gs that projects o to its R’ components.

Participation constraints relate objects of relationship classes to objects of their component classes. For instance,
the constraint card(ProposedCourse, SemesterCourse) = (0,3) restricts relationship classes for proposals
for courses per semester to at least 0 and at most 3, i.e. each course is proposed at most three times in
a semester. There are at most three objects o in ProposedCourse® with the same course and semester
objects. The integrity constraint card(ProposedCourse, DocentSemester) = (3,7) requires that each docent
is giving at least 3 courses and at most 7 courses. External docents may be obliged by other restrictions, e.g.,
card(ProposedCourse, External DocentSemester) = (0,1).

Formally, the integrity constraint card(R, R') = (m,n) is valid in R¢ if m < [{o0€ R® : ri(0)=0'}| < n
for any o' € Tr/(RY) and the projection g (RY) of R® to R'.

If card(R,R’) = (0,1) then R’ forms an identification or a key of R, i.e. ID(R’) for R. This identification can
also be expressed by a functional dependency R : R — R”.

The lookup or look-across constraint look(R,R') = m..n describes how many objects o' from R"C may
potentially ‘see’ an object o' from R'C. It holds in a relationship class R® if for any object o’ € dom(R'")
there are at least m and at most n related objects o/ with 7z (0) = o/, i.e. m < |[{o € mp/(R®) : 0 €
RE A7gri(0) = 0 Amgm(o) = 0" }| < n for any o' € Dom(R"). Typically, look-across constraints are used
for components consisting of one type. Look-across constraints are not defined for relationship types with one
component type.

Look-across constraints are less intuitive for relationship types with more than 2 component types or with attribute
types. For instance, the look-across constraint look(ProposedCourse, DocentSemester) = 0..7 specifies that for
any combination of Teacher, Room, Kind, and Program objects there are between 0 and 7 Docent and Semester
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combinations. The lower bound expresses that there are Teacher, Room, Kind, and Program which do not have
a Docent and Semester combination.
Look-across constraints for a binary relationship type which component types form a key of the relationship
type can equivalently expressed by participation constraints, i.e. look(R,R;) = mj..n; if and only if
card(R,Ry) = (mq,n1). Similarly, look(R,Rz) = ma.ny if and only if card(R,R1) = (ma,n2). This
equivalence is neither valid for binary relationship types which cannot by identified by their components and nor
for relationship types with more than 2 components.
Participation and look-across constraints can be extended to substructures and intervals and to other types
such as entity and cluster types. Given a relationship type R, a substructure R’ of R, R” and R’ as above.
Given furthermore an interval I C Ny of natural numbers including 0. The (general) cardinality constraint
card(R, R') = I holds in a relationship class R® if for any object o' € mg/(R®) there are i € I objects o with
nri(0) =0, ie. |[{o€ RY : mp(0)=0"}| € I for any o’ € mp/(R®).
The following participation, look-across and general cardinality constraints are examples in Figure 1:

For any R’ € { Semester, Course, Kind} card(ProposedCourse, R') = (0,n),

card(ProposedCourse, Semester Course Teacher) = (0,1),

card(CourseHeld, PlannedCourse) = (1,1),

card(PlannedCourse, ProposedCourse[Semester| Room TimeFrame) = (0,1),

card(ProposedCourse, Docent Semester) = {0,3,4,5,6,7}.
The first constraint does not restrict the database. The second constraint expresses a key or functional

dependency. The types Semester Course Teacher identify any of the other types in the type ProposedCourse, i.e.
ProposedCourse: { Semester, Course, Teacher} —— { Request, Time, Proposal, Set2 } .

The third constraint requires that any planned course must be given. The fourth constraint requires that rooms

are not overbooked. The fifth constraint allows that docents may not teach in a semester, i.e. have a sabbatical.

If a docent is teaching in a semester then at least 3 and at most 7 courses are given by the docent.

Look-across constraints were originally introduced by P.P. Chen [1] as cardinality constraints. UML uses look-

across constraints. Participation and look-across constraints cannot be axiomatised through a Hilbert- or Gentzen-

type logical calculus. If only upper bounds are of interest then an axiomatisation can be found in [3] and

[4]. General cardinality constraints combine equality-generating and object-generating constraints such as keys,

functional dependencies and referential integrity constraints into a singleton construct.

Logical operators can be defined for each type. A set of logical formulas using these operators can define the

integrity constraints which are valid for each object of the type.

Schemata.

The schema is based on a set of base (data) types which are used as value types for attribute types.

A set {E4,...E,,C1,....,C}, Ry, ..., R, } of entity, cluster and (higher-order) relationship types on a data scheme
DD is called schema if the relationship and cluster types use only the types from {F1, ..., E,,,C1, ....,C;, Ry, ..., Rin }
as components and cluster and relationship types are properly layered.

An EER schema is defined by the pair D = (S, ¥) where S is a schema and ¥ is a set of constraints. A database
DY on D consists of classes for each type in D such that the constraints ¥ are valid.

The classes of the extended ER model have been defined through sets of objects on the types. In addition to sets,
lists, multi-sets or other collections of objects may be used. In this case, the definitions used above can easily be
extended [8].

A number of domain-specific extensions have been introduced to the ER model. One of the most important is
the extension of the base types by spatial data types such as: point, line, oriented line, surface, complex surface,
oriented surface, line bunch, and surface bunch. These types are supported by a large variety of functions such
as: meets, intersects, overlaps, contains, adjacent, planar operations, and a variety of equality predicates.

The translation of the schema to (object-)relational or XML schemata can be based on a profile [8]. Profiles
define which translation choice is preferred over other choices, how hierarchies are treated, which redundancy and
null-value support must be provided, which kind of constraint enforcement is preferred, which naming conventions
are chosen, which alternative for representation of complex attributes is preferred for which types, and whether
weak types can be used. The treatment of optional components is also specified through the translation profile
of the types of the schema. A profile may require the introduction of identifier types and base the identification
on the identifier. Attribute types may be translated into data formats that are supported by the target system.



The EER schema can be used to define views. The generic functions insert, delete, update, projection, union,
join, selection and renaming can be defined in a way similarly to the relational model. Additionally, nesting and
unnesting functions are used. These functions form the algebra of functions of the schema and are the basis for
defining queries. A singleton view is defined by a query that maps the EER schema to new types. Combined
views also may be considered which consist of singleton views which together form another EER schema.

A view schema is specified over an EER schema D by a schema V = {51, ..., Sn}, an auxiliary schema A and a
(complex) query ¢ : D x A — V defined on D and A. Given a database D and the auxiliary database A°.
The view is defined by ¢(D¢ x AY).

Graphical representation.

The schema in Figure 1 consists of entity, cluster and relationship types. The style of drawing diagrams is
one of many variants that have been considered in the literature. The main difference of representation is the
style of drawing unary types. Unary relationship types are often represented by rectangles with rounded corners
or by (directed) binary IsA-relationship types which associate by arcs the supertype with the subtype. Tools
often do not allow cluster types and relationship types of order higher than 1. In this case, those types can be
objectified, i.e. represented by a new (abstract) entity type that is associated through binary relationship types
to the components of the original type. In this case, identification of objects of the new type is either inherited
from the component types or is provided through a new (surrogate) attribute. The first option results in the
introduction of so-called weak types. The direct translation of these weak types to object-relational models must
be combined with the introduction of rather complex constraint sets. Typically, this complexity can be avoided if
the abstract entity type is mapped together with the new relationship types to a singleton object-relational type.
This singleton type is also the result of a direct mapping of the original higher-order relationship type.

The diagram can be enhanced by an explicit representation of cardinality and other constraints. If participation
constraints card(R, R') = (m,n) are used for component consisting of one type R’ then the arc from R to R’ is
labelled by (m,n). If look-across constraints look(R, R') = m..n are used for binary relationship types then the
arc from R to R’ is labelled by m..n.

KEY APPLICATIONS

The main application area for extended ER models is the conceptualisation of database applications.

Database schemata can be translated to relational, XML or other schemata based on transformation profiles that
incorporate properties of the target systems.

FUTURE DIRECTIONS

The ER model has had a deep impact on the development of diagramming techniques in the past and is still
influencing extensions of the unified modelling language UML. UML started with binary relationship types with
look-across constraints and without relationship type attributes. Class diagrams currently allow n-ary relationship
types with attributes. Relationship types may be layered. Cluster types and unary relationship types allow for
distinguishing generalisation from specialisation.

ER models are not supported by native database management systems and are mainly used for modelling of
applications at the conceptual or requirements level. ER schemata are translated to logical models such as XML
schemata or relational schemata or object-relational schemata. Some of the specifics of the target models are not
well supported by ER models and must be added after translating ER schemata to target schemata, e.g., specific
type semantics such as list semantics (XML) or as special ordering or aggregation treatment of online analytical
processing (OLAP) applications.

The ER model has attracted a lot of research over the last 30 years. Due to novel applications and to evolution
of technology old problems and novel problems are challenging the research on this model. Typical old problems
that are still not solved in a satisfactory manner are: development of a science of modelling, quality of ER
schemata, consistent refinement of schemata, complex constraints, normalisation of ER schemata, normalisation
of schemata in the presence of incomplete constraint sets. Novel topics for ER research are for instance: evolving
schema architectures, collaboration of databases based on collaboration schemata, layered information systems
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and their structuring, schemata with redundant types, ER schemata for OLAP applications.

Structures of database applications are often represented through ER models. Due to the complexity of
applications, a large number of extensions have recently been proposed, e.g., temporal data types, spatial data
types, OLAP types and stream types. Additionally, database applications must be integrated and cooperate in
a consistent form. The harmonisation of extensions and the integration of schemata is therefore a never ending
task for database research.

ER models are currently extended for support of (web) content management that is based on structuring of
data, on aggregation of data, on extending data by concepts and on annotating data sets for simple reference
and usage. These applications require novel modelling facilities and separation of syntactical, semantical and
pragmatic issues. The ER model can be extended to cope with these applications.

The ER model is mainly used for conceptual specification of database structuring. It can be enhanced by
operations and a query algebra. Operations and the queries can also be displayed in a graphical form, e.g. on
the basis of VisualSQL. Most tools supporting ER models do not currently use this option. Enhancement of
ER models by functionality is necessary if the conceptualisation is used for database development. Based on
functionality enhancement, view management facilities can easily be incorporated into these tools.

ER models are becoming a basis for workflow systems data. The standards that have been developed for the
specification of workflows have not yet been integrated into sophisticated data and application management tools.

URL TO CODE
http://www.informatik.uni-kiel.de/~thalheim/HERM.htm
http://www.is.informatik.uni-kiel.de/~thalheim /indeeerm.htm
Readings on the RADD project (Rapid Application and Database Development)
Authors: M. Albrecht, M. Altus, E. Buchholz, H. Cyriaks, A. Diisterhoft, J. Lewerenz, H. Mehlan,
M. Steeg, K.-D. Schewe, and B. Thalheim.

CROSS REFERENCE
I. DATABASE FUNDAMENTALS
a. Data models (including semantic data models)
b. Entity-Relationship (ER) model
c. Unified modelling language (UML)
III. THEORETICAL ASPECTS
b. Relational Theory

RECOMMENDED READING
Between 3 and 15 citations to important literature, e.g., in journals, conference proceedings, and websites.

[1] P. P. Chen. The entity-relationship model: Toward a unified view of data. ACM TODS, 1(1):9-36, 1976.

[2] M. Gogolla. An extended entity-relationship model - fundamentals and pragmatics. LNCS 767. Springer, Berlin, 1994.

[3] S. Hartmann. Reasoning about participation constraints and Chen’s constraints. In ADC, volume 17 of CRPIT,
pages 105-113. Australian Computer Society, 2003.

[4] S. Hartmann, A. Hoffmann, S. Link, and K.-D. Schewe. Axiomatizing functional dependencies in the higher-order
entity-relationship model. Inf. Process. Lett., 87(3):133-137, 2003.

[5] U. Hohenstein. Formale Semantik eines erweiterten Entity-Relationship-Modells. Teubner, Stuttgart, 1993.

[6] K.-D. Schewe and B. Thalheim. Conceptual modelling of web information systems. Data and Knowledge Engineering,
54:147-188, 2005.

[7] B. Thalheim. Dependencies in relational databases. Teubner, Leipzig, 1991.

[8] B. Thalheim. FEntity-relationship modeling — Foundations of database technology. Springer, Berlin, 2000.

[9] B. Thalheim. Codesign of structuring, functionality, distribution and interactivity. Australian Computer Science
Comm. 31, 6 (2004), 3-12. Proc. APCCM’2004.



Specialisation and Generalisation

Bernhard Thalheim
Christian-Albrechts University Kiel, http://www.informatik.uni-kiel. de/~thalheim/HERM.htm

SYNONYMS
refinement, abstraction, hierarchies;
clustering, grouping, inheritance

DEFINITION

Generalisation and specialisation are main principles of database modelling. Generalisation maps or groups types
or classes to more abstract or combined ones. It is used to combine common features, attributes, or methods.
Specialisation is based on a refinement of types or classes to more specific ones. It allows developers to avoid
null values and to hide details from non-authorised users. Typically, generalisations and specialisations form a
hierarchy of types and classes. The more specialised classes may inherit attributes and methods from more general
ones. In database modelling and implementation clusters of types to a type that represents common properties
and abstractions from a type are the main kinds of generalisations. Is-A associations that specialise a type to a
more specific one and Is-A-Role-Of associations that considers a specific behaviour of objects are the main kinds
of specialisations.

MAIN TEXT

Specialisation introduces a new entity type by adding specific properties belonging to that type which are different
from the general properties of its more general type. Generalisation introduces the Role-Of relationship or the Is-
A relationship between a subtype and its general type. Therefore, the application, implementation, and processes
are different. For generalisation the general type must be the union of its subtypes. The subtypes can be virtually
clustered by the general type. This tends not to be the case for specialisation. Specialisation is a refinement or
restriction of a type to more special ones. Typical specialisations are Is-A and Has-Role associations. Exceptions
can be modelled by specialisations.

Different kinds of specialisation may be distinguished: structural specialisation which extends the structure,
semantic specialisation which strengthens type restrictions, pragmatical specialisation which allows to separate
the different usage of objects in contexts, operational specialisation which introduces additional operations, and
hybrid specialisations. Is-A specialisation requires structural and strong semantic specialisation. Is-A-Role-Of
specialisation requires structural, pragmatical and strong semantic specialisation.

Generalisation is based either on abstraction or on grouping. The cluster construct of the extended ER model
is used to represent generalisations. Generalisation tends to be an abstraction in which a more general type is
defined by extracting common properties of one or more types while suppressing the differences between them.
These types are subtypes of the generic type. New types are created by generalizing classes that already exist.
Structural combination typically assumes the existence of a unifiable identification of all types. Semantical
combination allows the disjunction of types through the linear sum of semantics. Pragmatical generalisation is
based on building collections whenever applications require a consideration of commonalties.

CROSS REFERENCE
I. DATABASE FUNDAMENTALS
a. Data models (including semantic data models)

REFERENCES
B. Thalheim. FEntity-relationship modeling — Foundations of database technology. Springer, Berlin, 2000.
J. H. Ter Bekke. Semantic data modelling. Prentice-Hall, London, 1992.
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Abstraction

Bernhard Thalheim
Christian-Albrechts University Kiel, http://www.informatik.uni-kiel. de/~thalheim/HERM.htm

SYNONYMS
component abstraction, localisation abstraction, implementation abstraction;
association, aggregation, composition, grouping, specialisation, generalisation, classification

DEFINITION

Abstraction allows developers to concentrate on the essential, relevant or important parts of an application. It
uses a mapping to a model from things in reality or from virtual things. The model has the truncation property,
i.e. it lacks some of the details in the original, and a pragmatic property, i.e. the model use is only justified
for particular model users, tools of investigation, and periods of time. Database engineering uses construction
abstraction, context abstraction and refinement abstraction. Construction abstraction is based on the principles
of hierarchical structuring, constructor composition, and generalisation. Context abstraction assumes that the
surroundings of a concept are commonly assumed by a community or within a culture and focuses on the concept,
turning away attention from its surroundings such as the environment and setting. Refinement abstraction uses
the principle of modularisation and information hiding. Developers typically use conceptual models or languages
for representing and conceptualising abstractions. The enhanced entity-relationship model schema are typically
depicted by an EER diagram.

MAIN TEXT

Database engineering distinguishes three kinds of abstraction: construction abstraction, context abstraction and
refinement abstraction.

Constructor composition depends on the constructors as originally introduced by J. M. Smith and D.C.W. Smith.
Composition constructors must be well founded and their semantics must be derivable by inductive construction.
There are three main methods for construction: development of ordered structures on the basis of hierarchies,
construction by combination or association, and construction by classification into groups or collections. The
set constructors C (subset), x (product) and P (powerset) for subset, product and nesting are complete for the
construction of sets.

Subset constructors support hierarchies of object sets in which one set of objects is a subset of some other set of
objects. Subset hierarchies are usually a rooted tree. Product constructors support associations between object
sets. The schema is decomposed into object sets related to each other by association or relationship types. Power
set constructors support a classification of object sets into clusters or groups of sets - typically according to their
properties.

Context abstraction allows developers to commonly concentrate on those parts of an application that are essential
for some viewpoints during development and deployment of systems. Typical kinds of context abstraction are
component abstraction, separation of concern, interaction abstraction, summarisation, scoping, and focusing on
typical application cases.

Component abstraction factors out repeating, shared or local patterns of components or functions from individual
concepts. It allows developers to concentrate on structural or behavioral aspects of similar elements of components.
Separation of concern allows developers to concentrate on those concepts that are a matter of development
and to neglect all other concepts that are stable or not under consideration. Interaction abstraction allows
developers to concentrate on those parts of the model that are essential for interaction with other systems or
users. Summarisation maps the conceptualisations within the scope to more abstract concepts. Scoping is
typically used to select those concepts that are necessary for current development and removes those concepts
that do not have an impact on the necessary concepts.

Database models may cover a large variety of different application cases. Some of them reflect exceptional,
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abnormal, infrequent and untypical application situations. Focusing on typical application cases explicitly
separates models for the normal or typical application case from those that are atypical. Atypical application
cases are not neglected but can be folded into the model whenever atypical situations are considered.

The context abstraction concept is the main concept behind federated databases. Context of databases can be
characterized by schemata, version, time, and security requirements. Sub-schemata, types of the schemata or views
on the schemata, are associated by explicit import/export bindings based on a name space. Parametrisation lets
developers to consider collections of objects. Objects are identifiable under certain assumptions and completely
identifiable after instantiation of all parameters.

Interaction abstraction allows developers to display the same set of objects in different forms. The view concept
supports this visibility concept. Data is abstracted and displayed in various levels of granularity. Summarisation
abstraction allows developers to abstract from details that are irrelevant at a certain step. Scope abstraction
allows developers to concentrate on a number of aspects. Names or aliases can be multiply used with varying
structure, functionality and semantics.

Refinement abstraction is mainly about implementation and modularisation. It allows developers to selectively
retain information about structures. Refinement abstraction is defined on the basis of the development cycle
(refinement of implementations). It refines, summarises and views conceptualizations, hides or encapsulates details
or manages collections of versions. Each refinement step transforms a schema to a schema of finer granularity.
Refinement abstraction may be modelled by refinement theory and infomorphisms.

Encapsulation removes internal aspects and concentrates on interface components. Blackbox or graybox
approaches hide all aspects of the objects under consideration. Partial visibility may be supported by
modularisation concepts. Hiding supports differentiation of concepts into public, private (with the possibility to
be visible to ‘friends’) and protected (with visibility to subconcepts). It is possible to define a number of visibility
conceptualizations based in inflection. Inflection is used for the injection of combinable views into the given
view, for tailoring, ordering and restructuring of views, and for enhancement of views by database functionality.
Behavioral transparency is supported by the glassbox approach. Security views are based on hiding. Versioning
allows developers to manage a number of concepts which can be considered to be versions of each other.

CROSS REFERENCE
I. DATABASE FUNDAMENTALS
a. Entity-Relationship Model, Extended Entity-Relationship Model, Object Data Models,
Object Role Modeling, Unified Modeling Language

REFERENCES

B. Thalheim. FEntity-relationship modeling — Foundations of database technology. Springer, Berlin, 2000.

J. M. Smith and D.C.W. Smith. Data base abstractions: Aggregation and generalization. ACM Transactions
of Database Systems, 2, 1977, 2, 2.

E. Borger. The ASM Refinement Method. Formal Aspects of Computing, 15, 2003, 237-257





