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Abstract. Collections play an important part in everyday life. There-
fore, conceptual data models should support collection types to make
data modeling as natural as possible for its users. Based on the funda-
mental properties of endorsing order and multiplicity of its elements we
introduce the collection types of rankings, lists, sets and bags into the
framework of Entity-Relationship modeling. This provides users with
easy-to-use constructors that naturally model different kinds of collec-
tions. Moreover, we propose a transformation of extended ER schemata
into relational database schemata. The transformation is intuitive and
invertable introducing surrogate attributes that preserve the semantics
of the collection. Furthermore, it is a proper extension to previous trans-
formations, and results in a relational database schema that is in Inclu-
sion Dependency Normal Form. In addition, we introduce a uniqueness
constraint that identifies collections uniquely and guarantees referential
integrity at the same time.

1 Introduction

The Entity-Relationship (ER) model has evolved into one of the most popular
conceptual data models since its introduction in the late 1970s [5]. It is estab-
lished as an excellent communication tool between systems analysts, database
designers, managers and potential database users during the crucial process of
identifying user information requirements. The ER model provides a well-defined
semantics that is vital for a successful implementation of the information system
under consideration, and offers modeling features that very much resemble the
structure of natural languages [8].

Complex application domains, such as CAD/CAM, meta-modeling, hyper-
media, office automation and life sciences, have resulted in the introduction of
extended ER features [16,18]. These aim at providing natural modeling capabil-
ities that adequately reflect complex object types that are inherent in everyday
life activities. The most popular of these modeling constructors are the tuple and
cluster constructor that represent aggregation and disjoint union [6,18]. Other
kinds of very common complex objects are collections such as lists, sets, and
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bags. Such constructors are present in many other data models including se-
mantic data models [9], the nested relational data model [13], object-oriented
data models [2], semi-structured data models [1] and XML [4], as well as sequence
data models [11] and spatio-temporal data models [15]. In order to serve as a
conceptual data model for these various approaches it is essential that the ER
model supports these constructors in such a way that users are able to naturally
take advantage of these extended capabilities. A further motivation to incorpo-
rate collection types into the framework of ER modeling is that they represent
very often the modeling counterpart of plurals in natural languages [8].

Contributions. Since different types of collections do occur in everyday life
conceptual data models should directly support the modeling of collections.
Therefore, we introduce collection type constructors into the formal framework
of Entity-Relationship modeling. Our constructors have a well-defined seman-
tics and are very simple to utilise. Indeed, a collection type U has just a single
object type component C that can model either finite lists, sets or bags of ob-
jects over C. The popularity of the ER model in the conceptual design phase is
mainly due to its well-defined, intuitive and simple-to-use features. We strongly
believe that our collection type constructors extend and enhance these charac-
teristics further. In order to implement the conceptual design the conceptual
database schema is usually mapped to a logical schema. The question is then
how to map collection types and collections to object types and objects, respec-
tively, of the logical data model. Our second objective is to address this question
for the relational model of data which is still the de-facto standard model for
most commercial database systems. While there are many different ways of im-
plementing such a transformation our choice has several distinctive features: i)
it extends the standard transformation of ER schemata [3,6,18] to relational
database schemata to encompass collection types; ii) it is invertable preserv-
ing the semantics inherent in the collections at hand by introducing surrogate
attributes that describe the membership relation of objects and collections, the
position of an object within a list, and the multiplicity of an object within a bag;
iii) the resulting relational database schema is in Inclusion Dependency Normal
Form with respect to its functional and inclusion dependencies [10]. Finally, we
propose an additional constraint that uniquely identifies collections within the
relational database, and guarantees referential integrity at the same time.

Related Work. Complex-value databases have been studied extensively in the
database literature [13], and we do not attempt to cite every work. It is there-
fore surprising that relatively little work has been done on extending the ER
approach in this direction. Although nested attributes (multivalued attributes)
have been introduced on the attribute level [14,16,18] the term collection type
usually refers only to set-valued attributes. While tuple and cluster construc-
tors are well-known features of ER modeling [18] collection constructors have
not been properly investigated yet. This restricts the modeling capabilities un-
necessarily, as we will demonstrate in this paper. Modeling collections has been
discussed in other data models such as UML and ORM [7] but there is no provi-
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sion of direct constructors for different collections. Instead, an annotation of the
conceptual schema is proposed that guides the mapping process from conceptual
to lower levels. In sharp contrast, our approach provides constructors for directly
modeling collections, and our invertable transformation automatically encodes
the structural properties of these collections into the relational database schema.
It is therefore different from a simple flattening of complex structures. An alter-
native approach to modeling collections [17] encodes the structural properties
of collections within an extensional uniqueness constraint. Our proposed trans-
formation automatically derives a single constraint that identifies collections
uniquely and guarantees referential integrity at the same time. Thus, the struc-
tural properties of collections are directly modeled on the conceptual model, and
our transformation automatically encodes their distinctive properties on the log-
ical level. It is therefore our strong belief that collection type constructors are
very natural and useful features that increase the modeling capabilities of the
ER approach without complicating the underlying theory.

2 Entity-Relationship Modeling

Since we intend to introduce new constructors into the ER framework, and since
many different ER models do exist we will use this section to provide a common
framework and to fix the semantics of the basic ER data model [5] and many of
its extensions [3,6,18].

Entity Types. An entity type E = (attr(E), id(E)) consists of a name E, a finite
and non-empty set of attributes attr(E) such that each attribute A ∈ attr(E)
has a domain dom(A), and a key id(E) ⊆ attr(E) whose elements are called
key attributes. An entity over E is a mapping e : attr(E) →

⋃

A∈attr(E)
dom(A)

such that e(A) ∈ dom(A) holds for all A ∈ attr(E). An entity set Et over E is a
finite set of entities over E that satisfy the unique key value property, i.e., for all
e1, e2 ∈ Et with e1(A) = e2(A) for all A ∈ id(E) we must have e1 = e2. We use
ent(E) to denote the set of all entities of an entity type E. We do not consider
weak entity types due to their lack of a formal foundation and the problems
caused by the identification of weak entities [18, pp.34-38].

Example 2.1. We can specify an entity type Client as follows: its attribute
set is attr(Client) = {Name, Birthday, Address, Phone} with domain assign-
ment dom(Name)=STRING, dom(Birthday)=DATE, dom(Address)=STRING,
and dom(PHONE)=NUMBER. The key attributes of Client are id(Client) =
{Name, Birthday}. An entity set may consist of the following three clients:

(John Fox, 08/08/1980, 88 Main Street, 3508888),
(John Fox, 02/12/1967, 23 Te Awe Awe, 3539465), and

(Lisa Hunter, 02/12/1967, 7 Park Ave, 356 1154).

Note that none of these clients has the same values on all key attributes. ��
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Relationship Types. A relationship type R = (comp(R), attr(R), id(R)) con-
sists of a name R, a finite, non-empty set of components comp(R), a finite
set of attributes attr(R) such that each attribute A ∈ attr(R) has a domain
dom(A), and a key id(R) ⊆ comp(R) ∪ attr(R) whose elements are called key
components and key attributes, respectively. A relationship over R is a map-
ping r : comp(R) ∪ attr(R) →

⋃

E∈comp(R)
ent(E) ∪

⋃

A∈attr(E)
dom(A) such that

r(E) ∈ ent(E) for all E ∈ comp(R) and r(A) ∈ dom(A) for all A ∈ attr(E).
A relationship set Rt over R is a finite set of relationships over R that satisfy
the unique key value property, i.e., for all r1, r2 ∈ Rt with r1(X) = r2(X) for
all X ∈ id(R) we must have r1 = r2. We refer to entity and relationship types
jointly as object types. Note that we use set semantics to describe relationships
[18]. At the moment, comp(R) consists of entity types only. However, we will
discuss other options for components shortly.

Example 2.2. Let Copy=({CopyNo,Title,Year,Director},{CopyNo}) be an en-
tity type and let Rental=({Client,Copy}, {RentalDay, DueDay},{Copy,
RentalDay}) be a relationship type. The two relationships

((John Fox,08/08/1980,88 Main Street,3508888),(001.001,The
Godfather,F.F.Coppola, 1972),04/01/2007,06/01/2007),

((John Fox,02/12/1967,23 Te Awe Awe,3539465),(001.002,The
Godfather,F.F.Coppola, 1972),05/01/2007,06/01/2007).

form a relationship set over Rental. ��

Relationship Types with Role Names. It may well occur that a relation-
ship type must be used to model relationships between objects of the same
component. In order to avoid confusion we associate distinct role names with
the components. Role names can also be utilised to improve the readability of the
ER diagram. As an example, we may specify the relationship type Descendant

with components comp(Descendant) = {Child : Client, Parent : Client},
an empty attribute set and key id(Descendant) = comp(Descendant).

Specialisation and Generalisation. Sometimes, objects in the target of the
database can be represented by more than just a single abstract concept. The
idea to derive a subtype from a more general supertype is known as specialisa-
tion. A subtype inherits all features of its supertype, but often adds some new
properties. A subtype U may be modelled as a unary relationship type whose
single component is just its supertype C. Clearly, U may have some additional
attributes, and we may use C as the key for U , i.e. U = ({C}, attr(U), {C}).
Note that every object of type C gives rise to at most one object of type U .

Occasionally, it is desirable to model alternatives, e.g., having a relationship to
various kinds of objects. The idea to derive a new abstract concept that is more
general than several other abstract concepts is known as generalisation. A cluster
type U consists of a finite, non-empty set comp(U) of components C1, . . . , Cn,
normally n ≥ 2. We denote this cluster type by C1 ⊕ · · · ⊕ Cn. Clusters model
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disjoint unions, i.e., an object set I(U) associated with a cluster type U is the

disjoint union of its component’s object sets I(U) =
n⋃

i=1
{(i, o) | o ∈ I(Ci)}.

Higher-Order Relationship Types. So far, we have only allowed entity types
to occur as components of relationship types. However, best practice suggests to
allow also relationship types and cluster types to occur as components of another
relationship type. For convenience, we call these kinds of types jointly object
types. Entity types are object types without components while all other object
types have at least one component. We need to ensure that the components of
an object type are well-defined. For that we assign an order to each object type.
Let U be an object type with component set comp(U). The order of U is 0 if
U is an entity type, and k if all components of U have order less than k and at
least one of its components has order k −1. It is simple to extend the definitions
of relationship and relationship set, correspondingly [18].

An Entity-Relationship schema (ER schema) is a finite set S of object types
such that for each object type U in S and each of its components C or p : C in
comp(U) we have that the object type C belongs to S as well. An instance I of
an ER schema S assigns each object type U in S an object set I(U) such that
for each relationship type or cluster type U in S, for each of its components C
or p : C, and for each object o ∈ I(U) we have that o(C) or o(p : C) belongs
to I(C). An Entity-Relationship diagram (ER diagram) of an ER schema S is
a directed graph with the elements of S as nodes, and with edges from a node
U to a node C for all components C ∈ comp(U), and edges from node U to
node C labelled with p for all components p : C ∈ comp(U). An example of an
ER-diagram is given in Figure 1.

Nested Attributes. Due to lack of space we will not go into details concerning
the treatment of nested attributes [14,16,18].

3 Syntax, Semantics and Examples of Collection Types

In database practice it becomes often desirable to model collections of objects.
For example, a course might be taught by more than a single lecturer and the
readings of this course may consist of a ranking of books. In such cases it is
advantageous to have an abstract concept modeling a finite collection of objects
of the same type. That is, we would like to derive a new object type from a given
one by applying some kind of collection constructor. On the basis of endorsing
an order between elements of a collection and/or multiplicity of elements within
a collection we can naturally distinguish between four kinds of collections:

1. lists in which duplicates are allowed and order matters,
2. sets in which duplicates are not allowed and order does not matter,
3. bags in which duplicates are allowed and order does not matter, and
4. rankings (also known as ordered sets) in which duplicates are not allowed

and order does matter.
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A list-,set-,bag- or ranking-type U has a single component C, i.e. comp(U) =
{C}. We use the following notation for collection types: double brackets allow
duplicates while single brackets disallow duplicates. We write {·} to represent
the absence of order, and [·] to represent its presence. Consequently, we denote
a list type by U [[C]], a set type by U{C}, a bag type by U{{C}} and a ranking
type by U [C], respectively. We write U(C) to refer to a collection type without
emphasising its particular type, i.e., (·) denotes one of the four collection brack-
ets. The object set I(U) associated with a collection type U(C) is just a set of
finite lists (sets, bags, or rankings, respectively) of objects in I(C). The key of
a collection type U(C) is the collection type U(C) itself: to identify any collec-
tion within a set I(U) of collections we need to know the collection. Collection
types are visualised using a circle around the corresponding bracket and draw-
ing a (labelled) edge to its component. Figure 1 shows an example. An object
type may now refer to an entity, relationship, cluster or collection type, and an
object to an entity, relationship or a collection. The definitions of higher-order
relationship type, ER schema and ER diagram carry over. For an instance I of
an ER schema S we add the requirement that for each collection type U in S,
and for its single component C or p : C, for each collection O ∈ I(U) we have
that every o ∈ O belongs to I(C). Note that this does not add any additional
requirement for the empty collection in I(U).

Examples of Rankings. An object of a ranking type U [C] is a finite ranking
of C-objects, i.e., the C-objects in the ranking are totally orderded and the
same C-object cannot occur more than once in the same ranking. Examples in
which ranking types are useful modeling constructs can be found in everyday life.
As a simple example consider an entity type Website with attributes Name,
Contents, URL and Size. The key of Website is simply URL. The result of a
web-search can then be modelled by a ranking of websites, i.e., we define the
ranking type WebSearch[Website].

Examples of Lists. An object of a list type U [[C]] is a finite list of C-objects, i.e.,
the C-objects in the list are totally orderded and the same C-object may occur
repeatedly in the same list. A very simple example is a bit sequence in which we
have an entity type Bit with a single (key) attribute value with domain {0, 1}.
The list type Sequence[[Bit]] models all finite lists of bits, i.e., 0, 1-values.

Examples of Sets. An object of a set type U{C} is a finite set of C-objects,
i.e., the C-objects in the set occur precisely once and there is no order be-
tween them. The set type is significant whenever there is no preference be-
tween the elements and only the occurrences of distinct elements matter. For
instance, one may be interested in the collection of all distinct articles a cus-
tomer bought, or the collection of all students a professor has supervised. As
a simple example we look at profiles of customers that purchase MP3s. In this
particular case customers will not buy the same MP3 more than once (since
they can copy it afterwards). Moreover, the order in which the customer se-
lects the MP3s of a single purchase is not of interest. We may obtain the en-
tity type MP3=({song,artist,album,genre},{song,artist}), and the relationship
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type Player with component set {Customer,Order{MP3}}, attribute set
{day,price} and key {Customer,Order{MP3},day}.

Examples of Bags. An object of a bag type U{{C}} is a finite bag of C-objects,
i.e., a C-object in the bag may occur repeatedly but there is no order between
them. A simple example for using bag types are shopping profiles in which cus-
tomers buy articles. The emphasis in this example is on the total price of the
purchase. It therefore matters how many times the same article is purchased.
We may use an entity type Product with attributes p-ID, name, description
and price where p-ID forms the key, and a relationship type Shopping with
components Customer and bag type Bag{{Product}}, attributes time and
type-of-payment, and key {Customer,time}.

An Example. Consider the following ER schema of a university example:

– Academic=({Name, Phone, Office}, {Name}),
– Book=({ISBN, Price, Title}, {ISBN}),
– Course=({No, Title}, {No}),
– Staff{Academic}, Readings[Book]
– Teaching=({Course,Lecturers:Staff,Tutors:Staff,Readings},{Year},

{Course,Lecturers:Staff,Year})

Note that the key on Teaching says that in every year the same course can-
not be taught by the same set of lecturers. The corresponding ER diagram is
illustrated in Figure 1.

EACHINGT
READINGS

OOKBCOURSE

PhoneOffice
No Title

ISBN

TitleName

{ }
STAFF

[  ]

Year

Price

ACADEMIC

Tutors

Lecturers

Fig. 1. ER diagram

4 Transformation to the Relational Model

An ER schema is the result of the conceptual design phase and serves as input for
the following design steps, in particular the logical design phase. The framework
of the latter is the relational model of data (RDM). Therefore, one needs to
transform an ER schema with its abstract concepts into an RDM schema that
uses flat relation schemata only. While the collection type constructors provide
simple-to-use modeling features the transformation will actually reveal how these
features can be implemented in relational tables. Our transformation does not
simply flatten any nested structures but preserves the structural properties of
collections, and makes therefore the mapping invertable.
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4.1 Notions from the Relational Model of Data

In order to describe our transformation for collection types we will repeat fun-
damental notions from the RDM and summarise the transformation of object
types different from collection types. This will also illustrate how neatly our
extension fits into the current framework, and how the modeling capabilities
extend without changing much of the underlying theory.

Let D denote a set of domains, i.e., a set of countably infinite sets. A relation
schema R consists of a finite set attr(R) of attributes and a domain assignment
dom : attr(R) → D. A tuple over a relation schema R (for short: an R-tuple)
is a mapping t : attr(R) →

⋃

D∈D
D with t(A) ∈ dom(A) for all A ∈ attr(R). A

relation over a relation schema R is a finite set r of R-tuples. For X ⊆ R let
t[X ] denote the projection of t on X . A relational database schema is a finite,
non-empty set S of relation schemata. An instance I of a relational database
schema S assigns to each R ∈ S a relation I(R) over R. A key on a relation
schema R is a subset K ⊆ attr(R) restricting relations r over R to satisfy
t1[K] 
= t2[K] for all t1, t2 ∈ r. A key K is called minimal if and only if no
proper subset of K is a key. A foreign key on a relation schema R in a schema
S is a sequence of attributes A1, . . . , An ∈ attr(R) together with a minimal key
K = {B1, . . . , Bn} of some relation schema S ∈ S with dom(Ai) = dom(Bi)
(i = 1, . . . , n) restricting instances I of S to satisfy the inclusion dependency
R[A1, . . . , An] ⊆ S[B1, . . . , Bn], i.e., for each tuple t ∈ I(R) there must exist
a tuple t′ ∈ I(S) with t[Ai] = t′[Bi] for all i = 1, . . . , n. We use the notation
[A1, . . . , An] ⊆ S[B1, . . . , Bn] for a foreign key on R.

4.2 Transformation of Entity and Relationship Types

The transformation starts with entity types, and then continues with relationship
types of order 1, then 2 and so on.

An entity type is simply just a different notation of a relation schema. The
transformation is therefore very simple. The entity type E = (attr(E), id(E))
leads to a relation schema E′ with attr(E′) = attr(E). The domain assignment
for the attributes of E and E′ is the same. Furthermore, E leads to a minimal
key id(E) on E′. Consider entity types as relationship types of order 0. For the
entity types of the university example from Figure 1 we obtain

– Academic
′ = {Name, Phone, Office} with minimal key {Name},

– Book
′ = {ISBN, Price, Title} with minimal key {ISBN},

– Course
′ = {No, Title} with minimal key {No}.

Suppose that we have transformed all relationship types of order n, and let
R = (comp(R), attr(R), id(R)) be a relationship type of order n + 1. For each
component S ∈ comp(R) we choose pairwise disjoint sets

k attr(S) = {S.A | A key attribute of S′}
of new attribute names not occurring in attr(R). Similarly, for a component
r : S ∈ comp(R) we choose k attr(r : S) = {r.A | A key attribute of S′}. The
relationship type R results in the new relation schema R′ with



Collection Type Constructors in Entity-Relationship Modeling 315

attr(R′) =
⋃

X∈comp(R)
k attr(X) ∪ attr(R).

For the domain assignment we have dom(S.A) = dom(A), dom(r.A) = dom(A),
and dom(A) remains unchanged for A ∈ attr(R). Furthermore, R leads to the
minimal key

⋃

X∈id(R)∩comp(R)

k attr(X) ∪ (id(R) ∩ attr(R)) on R′

and each component S ∈ comp(R) defines a foreign key

[S.A1, . . . , S.An] ⊆ S′[A1, . . . , An]

on R′. In case of role names each component r : S ∈ comp(R) defines a for-
eign key [r.A1, . . . , r.An] ⊆ S′[A1, . . . , An] on R′. The transformation of an ER
instance into its corresponding relational database instance is straightforward.

4.3 Transformation of Cluster Types

Clusters are used in conceptual design to model alternatives. The RDM does
not provide a similar concept and one therefore transforms ER schemata with
clusters into equivalent ER schemata without clusters [18]. This is only necessary
as a pre-processing step before the actual transformation takes place. In general,
clusters provide a convenient way to model objects in the target of the database.
We do not recommend to avoid clusters as the size of an ER schema increases
dramatically, and will therefore become much harder to comprehend.

4.4 Transformation of Collection Types

In the following we use U ′ to denote the name of the relation schema that
corresponds to U(C). For each collection type U(C) the set attr(U ′) of attributes
of U ′ contains the set

k attr(C) =
{

{C.A | A is key attribute of C′}, if C is not a collection type
{C′

ID}, otherwise.

and an additional surrogate attribute U ′
ID. The attribute U ′

ID identifies col-
lections and, therefore, enables us to associate objects with collections in flat
relations. The domain dom(U ′

ID) is a set of surrogates.
Elements of bags may occur multiple times. Thus, a bag type U{{C}} defines

an additional attribute U ′
Mul in attr(U ′). It accommodates the information on

the multiplicity of a bag’s elements, and its domain is the set of positive integers.
Elements of rankings and lists have a position. Thus, a ranking or list type

U(C) defines an additional attribute U ′
Pos in attr(U ′). It accommodates the

information on the position of an ordered collection’s elements, and its domain
is the set of non-negative integers.

In summary, for each collection type U(C) in the ER schema, a relation
schema U ′ with attributes k attr(C)∪{U ′

ID} is generated. For ordered collection
types this relation schema will also contain an attribute U ′

Pos, and for a bag type
also U ′

Mul. For the collection types of the example from Figure 1 we obtain
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– Staff
′ = {Academic.Name, Staff′

ID}, and
– Readings

′ = {Book.ISBN, Readings′ID, Readings′Pos}.

Keys. An ordered collection type U(C) defines the minimal key {U ′
ID, U ′

Pos} on
U ′. That is, a tuple over U ′ is uniquely identified by the collection (the value
in the U ′

ID-column) and the position in this collection (the value in the U ′
Pos-

column). The difference between rankings and lists is that elements in a ranking
uniquely determine the position within the ranking. In a list, however, the same
element may occur in different positions. Thus, ranking types U [C] result in the
specification of a further minimal key, namely k attr(C) ∪ {U ′

ID} on U ′.
A bag type U{{C}} defines the minimal key k attr(C)∪{U ′

ID}. That is, a tuple
over U ′ is uniquely identified by the bag (the value in the U ′

ID-column) and the
values that identify the element of the bag (the values in the k attr(C)-columns).
In other words, every element of every bag has a fixed multiplicity.

A set type U{C} defines the minimal key attr(U ′). That is, a tuple over U ′

can only be uniquely identified by the set (the value in the U ′
ID-column) and the

values that identify the element of the set (the values in the k attr(C)-columns).
This is a consequence of the fact that the same element may occur in different
sets, and different sets may have different elements.

In the university example, the minimal key on Staff
′ is Staff

′ itself, and
the minimal keys on Readings

′ are

{Readings′ID, Readings′Pos} and {Book.ISBN, Readings′ID}.

Foreign Keys. Let U(C) denote an arbitrary collection type. If the object type
C is not a collection type, then C defines a foreign key [C.A1, . . . , C.An] ⊆
C′[A1, . . . , An] on U ′. In the university example, the foreign key on Staff

′ is
[Academic.Name] ⊆ Academic

′[Name], and the foreign key on Readings
′ is

[Book.ISBN] ⊆ Book
′[ISBN].

If C is the collection type V (D), then k attr(C) = {V ′
ID} and V ′

ID uniquely
identifies the collection but not the V ′-tuple since the same V ′

ID-value may be
associated with different D-objects in the V ′-relation (namely with all the ele-
ments of the collection V ′

ID denotes). Consequently, we do not obtain a foreign
key in this case. It is important to note at this point that we also do not specify
the inclusion dependency U ′[V ′

ID] ⊆ V ′[V ′
ID]. The reason for this is the empty

collection. Without the use of null values an empty collection of type U(C)
cannot be modelled in the U ′-relation since empty collections do not have any
elements. However, in the V ′

ID-column of a U ′-relation we may use a surrogate
value to represent the empty collection. This surrogate value cannot occur in the
V ′

ID-column of the V ′-relation. On the other hand, the use of the null value not
exists for k attr(C)-values permits the introduction of a U ′

ID-value for the empty
collection in the U ′-relation. However, no attributes in k attr(C) can then be
used as key attributes, and we would have to deal with incomplete information.
Therefore, we prefer not to represent the empty collection in the U ′-relation.

A Uniqueness Constraint. We will now introduce an additional constraint for
those relation schemata that result from the transformation of collection types.
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The purpose of the U ′
ID attribute is to define the membership of elements in col-

lections and to uniquely identify collections in the relational database instance.
That is, any two U ′

ID-entries in the database instance are the same precisely
when they denote the same collection. In fact, if two different surrogate values
from dom(U ′

ID) occur in any relation, then these surrogate values denote differ-
ent collections of type U(C). That is, there must be a C-object t which separates
the two collections in the U ′-relation. Let S′ denote the relational database
schema obtained from transforming all object types of the ER schema S. The
active domain adomS′(U ′

ID) is the union of all those values from dom(U ′
ID) that

occur in any U ′
ID-column of an R-relation for any R ∈ S′.

∀id1, id2 ∈ adomS′(U ′
ID).(id1 
= id2 ⇒ ∃t ∈

∏

A∈k attr(C)
dom(A).

((id1, t) ∈ U ′[UID, k attr(C)] ∧ (id2, t) /∈ U ′[UID, k attr(C)])∨
((id1, t) /∈ U ′[UID, k attr(C)] ∧ (id2, t) ∈ U ′[UID, k attr(C)])).

By abuse of notation U ′[X ] denotes the projection of the U ′-relation to the
attributes in X ⊆ U ′. Our uniqueness constraint really serves two purposes.
Firstly, it guarantees that each collection can be identified uniquely by its sur-
rogate from dom(U ′

ID). Note that this is similar to the extensional uniqueness
constraint, introduced by ter Hofstede et al. [17], which says that two sets are
equal if and only if they have the same extension (i.e. the same elements). Sec-
ondly, our uniqueness constraint guarantees referential integrity over the RDM
schema, i.e., it is a weak inclusion dependency saying that every element from
adomS′(U ′

ID) must also occur in the U ′
ID-column of the U ′-relation or denotes

the empty collection. Notice that the constraint also eliminates the possibility
that the empty collection is denoted by different surrogates. The uniqueness
constraint is specified on the active domain of the U ′

ID attribute in those U ′

that result from a collection type U(C). In the university example we obtain the
following uniqueness constraint on the active domain of Staff′

ID:

∀id1, id2 ∈ adom(Staff′
ID).(id1 
= id2 ⇒ ∃t ∈ dom(Academic.Name).

((id1, t) ∈ Staff
′ ∧ (id2, t) /∈ Staff

′) ∨ ((id1, t) /∈ Staff
′ ∧ (id2, t) ∈ Staff

′)).

Accordingly, we can define the uniqueness constraint for the active domain of
Readings′ID.

4.5 Object Types with Collection Type Components

The transformation described in Section 4.2 remains the same in the presence
of collection types in the ER schema S taking into consideration the definition
of k attr(X) from Section 4.4. The only difference is now that a collection type
component U of the relationship type R does not define an inclusion dependency
R′[U ′

ID] ⊆ U ′[U ′
ID] on R′. In fact, the unique surrogate value from adomS′(U ′

ID)
that may violate such an inclusion dependency is treated as if it denotes the
corresponding empty collection. The relationship type Teaching from the uni-
versity example in Figure 1 results in the relation schema Teaching

′ with
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– attributes Course.No, Lecturers:Staff′
ID, Tutors:Staff′

ID, Readings′ID, Year,
– minimal key {Course.No, Lecturers:Staff′

ID, Year}, and
– foreign key [Course.No] ⊆ Course

′[No].

Notice that we cannot specify any of the following inclusion dependencies:

– Teaching
′[Lecturers:Staff′

ID] ⊆ Staff
′[Staff′

ID],
– Teaching

′[Tutors:Staff′
ID] ⊆ Staff

′[Staff′
ID],

– Teaching
′[Readings′ID] ⊆ Readings

′[Readings′ID].

Rather than formalising the transformation of collections from the ER in-
stance into flat relations we will use this section to illustrate this mapping by
some examples. Therefore, consider the following, artificially small, ER database
over our university schema.

Course

No Title
157266 Data Modeling
157357 IS Security

Book

Title ISBN Price
ER Modeling 3540654704 138.-
DB Design 0201565234 90.-

Cryptography 0130914290 87.-
Viruses 0471007684 123.-

Academic

Name Office Phone
Sven 2.09 7308

Sebastian 2.10 2717
Ernie 2.33 0077
Bert 2.33 0077

Readings

[3540654704, 0201565234]
[0130914290, 0471007684]

Staff

{Sven, Sebastian}
{Sebastian}
{Ernie,Bert}

∅

Teaching

Course Year Readings Lecturers:Staff Tutors:Staff

157266 2007 [3540654704, 0201565234] {Sven, Sebastian} {Ernie, Bert}
157357 2007 [0130914290, 0471007684] {Sebastian} ∅

This database will be transformed into the following relational database. We omit
the representations of Course

′,Book
′ and Academic

′ since these are just the
same relations as the ones over Course, Book and Academic, respectively.

Readings
′

ISBN Readings′
ID Readings′

Pos

3540654704 1 1
0201565234 1 2
0130914290 2 1
0471007684 2 2

Staff
′

Name Staff′
ID

Sven 2
Sebastian 2
Sebastian 1

Ernie 3
Bert 3

Teaching
′

CourseNo Year Readings′
ID Lecturers:Staff′

ID Tutors:Staff′
ID

157266 2007 1 2 3
157357 2007 2 1 0
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Notice how the nested Staff-relation is represented as Staff
′-relation: every

non-empty set S in the Staff-relation is represented by a unique surrogate nS ∈
dom(Staff′

ID), and for every element e ∈ S the tuple (e, nS) ∈ dom(Name) ×
dom(Staff′

ID) represents this membership in the Staff
′-relation.

Notice that the active domain of Staff′
ID consists of 0, 1, 2, 3 where 0 denotes

the empty set. In fact, the value 0 is the unique surrogate that violates the
inclusion dependency Teaching

′[Tutors:Staff′
ID] ⊆ Staff

′[Staff′
ID].

4.6 Another Example for Mapping Collection Types and Collections

In order to illustrate the transformation for ER schemata in which collection
types are nested we consider the following simple example of an ER schema:

Website=({URL,Name,Size},{URL}), and the two collection types
Search[Website] and Monitor{{Search}}.

Our transformation yields the following relational database schema

– Website
′={URL,Name,Size} with minimal key {URL},

– Search
′ = {Website.URL,Search

′
ID,Search

′
Pos} with

minimal keys {Search
′
ID,Search

′
Pos} and {Website.URL,Search

′
ID},

and foreign key [Website.URL] ⊆ Website
′[URL]

– Monitor
′ = {Search

′
ID,Monitor

′
ID,Monitor

′
Mul} with

minimal key {Search
′
ID,Monitor

′
ID}.

For the database instance level we consider the following ER instance.

Website

URL Name Size
http://www.sigmod.org/ SIGMOD Website 27.9 KB
http://www.acm.org/ ACM Website 26.75 KB

http://www.westwardlook.com/ Westward Website Unknown

Search

[http://www.sigmod.org/,http://www.acm.org/,http://www.westwardlook.com/]
[http://www.sigmod.org/,http://www.westwardlook.com/]

[ ]

Monitor

{{ [http://www.sigmod.org/,http://www.acm.org/,http://www.westwardlook.com/],
[ ], [ ], [ ], [http://www.sigmod.org/, http://www.westwardlook.com/],

[http://www.sigmod.org/,http://www.westwardlook.com/] }}
{{ [http://www.sigmod.org/,http://www.westwardlook.com/],
[http://www.sigmod.org/,http://www.westwardlook.com/],

[http://www.sigmod.org/,http://www.westwardlook.com/] }}

This ER database can be represented as the following relational database. We
omit the representation of Website

′ since this is just the same relation as the
one over Website.
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Search
′

Website.URL Search
′
ID Search

′
Pos

http://www.sigmod.org/ 1 1
http://www.acm.org/ 1 2

http://www.westwardlook.com/ 1 3
http://www.sigmod.org/ 2 1

http://www.westwardlook.com/ 2 2

Monitor
′

Monitor
′
ID Search

′
ID Monitor

′
Mul

1 0 3
1 1 1
1 2 2
2 2 3

Note that the value 0 in the Search
′
ID-column of the Monitor

′-relation de-
notes the empty ranking [ ] since it is not present in the Search

′
ID-column of

the Search
′-relation. The active domain of Search

′
ID is {0, 1, 2}.

5 Properties of the Transformation

Our transformation enjoys several nice properties. Firstly, it is a proper extension
of the standard transformation for ER schemata that only include relationship
types and cluster types of any order [18].

Secondly, it preserves the semantics of its collection types, i.e., the values
stored on the surrogate attributes that occur in a relation schema permit the
reconstruction of the original collection in a straightforward manner. Basically,
two objects belong to the same collection over I(U) precisely when they have
been assigned the same U ′

ID-value in the U ′-relation. Moreover, the U ′
Pos-value

determines the position of an object in a ranking or a list. Finally, the U ′
Mul-

value denotes the multiplicity of an object within a bag. These properties make
the transformation invertable. However, for a collection type U(C) it cannot be
decided whether the empty collection was an element of I(U) given the corre-
sponding U ′-relation. If U(C) is the component of another object type O and a
surrogate violates the inclusion dependency O′[U ′

ID] ⊆ U ′[U ′
ID], then the unique-

ness constraint tells us that this surrogate represents the empty collection in the
corresponding O′-relation. According to the definition of an ER instance the
empty collection must have been an element of I(U). Mappings from relational
databases to ER databases without collections have been studied previously [12].

Thirdly, some of the semantics of collections is reflected by keys on relation
schemata that result from the transformation. For instance, since every C-object
in a ranking over U [C] determines its position within the ranking we obtain the
functional dependency {U ′

ID} ∪ k attr(C) → U ′
Pos, i.e., U ′

ID and k attr(C) form
a minimal key on U ′. In lists, however, a C-object may occur in several positions
of the list, but the list and the position within this list uniquely determine
the C-object in this position (this is also true for rankings), i.e., {U ′

ID, U ′
Pos}
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forms a minimal key on U ′. Moreover, a bag and its C-object element together
uniquely determine the multiplicity of the C-object, i.e., {U ′

ID}∪k attr(C) forms
a minimal key for U ′. In the special case of a set the multiplicity of an element is
fixed to 1, and therefore there is no need for the surrogate attribute U ′

Mul (this is
a good example for a non-standard functional dependency, namely ∅ → U ′

Mul).
Fourthly, the transformation results in a relational database schema that is

in Inclusion-Dependency Normal Form with respect to the set of functional and
inclusion dependencies obtained. Thus, it enjoys several desirable semantic prop-
erties [10] such as the absence of value and attribute redundancies and update
anomalies. In fact, the transformation shows that the only functional dependen-
cies defined on any of the resulting relation schemata are keys, and the inclusion
dependencies are non-circular (due to the strict hierarchy of ER schemata) and
key-based. It should be noted, however, that our uniqueness constraint implies
some kind of weak inclusion dependency that is not key-based. It is future work to
investigate the precise impact of the uniqueness constraints on design desiderata.

Finally, the transformation involving collection types does not result in a
unique database instance since there are several choices for the values on the
surrogate attributes. However, if the uniqueness constraint is satisfied, then it
does not matter what these values are. Collections can be uniquely identified,
and the relationship between different tables is guaranteed to be meaningful. In
fact, every value occurring within the active domain of U ′

ID either denotes the
empty collection or it occurs in the relation over U ′ and references a unique col-
lection. This results in a generalisation of the extensional uniqueness constraint
introduced by ter Hofstede et al. [17].

6 Conclusion and Future Work

Entity-Relationship models use tuple- (aggregation) and cluster constructors to
generate more complex object types from simpler ones. Collection types, how-
ever, have not been introduced into the formal framework of Entity-Relationship
modeling. Previous work on this subject has either suggested to encode proper-
ties of collections into constraints [17] or annotate conceptual schemata and leave
the burden of their implementation to lower design phases [7]. These solutions
make it unnecessarily difficult for the designer to model collections naturally,
and therefore to discuss the approximation of the target database with its users.
This, in turn, defeats the purpose of a conceptual data model. In order to over-
come these shortcomings we have introduced four collection type constructors
into the ER framework. These have a well-defined semantics, and are intuitive
and easy to use. The implementation of the collection types in relational ta-
bles can be done automatically by a transformation algorithm that enjoys many
desirable properties.

In the future we would like to investigate the applicability of collection types
to mappings into other data models such as XML [4] and sequence data models
[11]. Several relational database management systems are now object-relational.
It might be interesting to provide mapping algorithms that directly take into
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account the collection types supported by such systems. It seems also desirable to
provide query languages for the extended ER model, and to investigate integrity
constraints in the presence of collection types.
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15. Parent, C., Spaccapietra, S., Zimányi, E.: Spatio-temporal conceptual models: Data
structures + space + time. In: ACM-GIS, pp. 26–33 (1999)

16. Schek, H., Scholl, M.: The relational model with relation-valued attributes. Inf.
Syst. 11(2), 137–147 (1986)

17. ter Hofstede, A., van der Weide, T.: Deriving identity from extensionality. Interna-
tional Journal of Software Engineering and Knowledge Engineering 8(2), 189–221
(1998)

18. Thalheim, B.: Entity-Relationship Modeling: Foundations of Database Technology.
Springer, Heidelberg (2000)

http://www.w3.org/TR/2004/REC-xml-20040204/
http://www.orm.net/pdf/EMMSAD2000.pdf

	Introduction
	Entity-Relationship Modeling
	Syntax, Semantics and Examples of Collection Types
	Transformation to the Relational Model
	Notions from the Relational Model of Data
	Transformation of Entity and Relationship Types
	Transformation of Cluster Types
	Transformation of Collection Types
	Object Types with Collection Type Components
	-2 Another Example for Mapping Collection Types and Collections

	Properties of the Transformation
	Conclusion and Future Work


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 600
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.01667
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 600
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.01667
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 2.00000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /False

  /SyntheticBoldness 1.000000
  /Description <<
    /DEU ()
    /ENU ()
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.000 842.000]
>> setpagedevice


