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4

Context-Aware
Data Management
The necessity for context-aware computing is well documented by the
existence of numerous applications that exhibit adaptive behaviour and
by framework systems that attempt to provide comprehensive support
for the challenges encountered in the realisation of such applications.
Some examples of applications and systems in the domains of mobile,
ubiquitous and pervasive computing as well as web engineering have been
analysed in Chapter 2, in terms of their notion of context and their
adaptation capabilities. As demonstrated by these approaches, contextawareness has been tackled on a large scale and in very different ways.
Most solutions, however, focus on context representation or on enabling
adaptation at the level of the application logic. The impact contextawareness has on information systems in terms of data management and
querying is often neglected.
Many frameworks for context-awareness introduce the concepts of
variants for aspects of a system that need to show adaptive behaviour
under different context states. In contrast to context-aware data management in general, the management of alternative versions of data has
been addressed by many solutions in the past. As presented in the previous chapter, these approaches were originally designed to cope with
temporal and engineering data or with software configurations. Apart
117
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from alternative versions, most of these systems also provide revisional
versions to manage the evolution of applications. The same requirement
is also present in the domain of web engineering where keeping track
of the development process of web-based systems has repeatedly been
recognised as a key challenge. For example, in their paper introducing
OOHDM, Schwabe et al. [251] state the following.
“[. . . ] design decisions should be recorded and traced backward and forward in the development process.”
Instead of proposing revisional versions, however, OOHDM addresses
this requirement at a much coarser level by structuring the design process based on a sequence of models that build on each other and thus
enable developers to move back and forth in the process. Nevertheless,
documenting development and evolution is important in any complex
system, regardless of the proposed solution.
Both alternative and revisional versions have been introduced to address specific requirements. Therefore, they have quite different properties in terms of how they are used and perceived. To illustrate this,
assume that two kinds of actors interface with the data management system. Users with the developer role design the application and provide the
content. In contrast, users with the client role query the content managed by the system. While we do not claim that this simple role model is
of any relevance to real application scenarios, it is sufficient to exemplify
the different nature of revisional and alternative versions. As revisional
versions are intended to support the implementation of an application by
keeping track of its evolution, they are usually visible to the developer
only. Clients of an application are not aware of their existence as they
will simply see the most recent data. Alternative versions cater for the
management of variants of the same object. Therefore the definition of
such default behaviour in analogy to revisions is often not straightforward and the system has to rely on the client to specify which variant
they require. As a consequence, variants are not transparent to the users,
as potentially they can witness how such objects change according to the
specification they provide along with the query. Further, when users
having the client role are given permission to create and update data in
the system, the different perception of revisions and variants becomes
even more obvious. Whereas revisions can be created automatically and
behind-the-scenes, the creation of variants requires the client to specify
a description that will later be used for retrieval. Another way of looking
at the different characteristics of revisions and variants is the nature of
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queries that involve each kind of version. In contrast to revisions that
are most likely to be used off-line to analyse the development of an application, variants are used in an on-line fashion as an integral and active
part of the production system.
Many existing systems have managed to successfully integrate revisional and alternative versions and offer complete and comprehensive
support for the domain for which they were developed. However, none of
these systems have been developed to support context-aware data management based on alternative versions. As context-aware computing differs from existing domains in terms of the requirements in the area of
data representation and query processing, the application of these systems in this field is not straightforward. In this chapter we present our
approach to context-aware data management that builds on the existing
version models and extends them to cope with these new requirements.
As motivated earlier, object-oriented systems are better suited for the implementation of version models and our version model has therefore been
defined as a refinement of an object-oriented data model. To provide an
understanding of this object-oriented data model and its functionality,
it will be introduced based on a metamodel detailing how the objects
defined by it are represented. As a part of the work presented in this
thesis, this metamodel has been extended to allow revisional and alternative versions of objects to be managed. In combining revisional and
alternative versions into one model, our approach reflects the convictions
that we have set forth in Section 2.5. Even so, it has to be accepted that
revisional versioning is an already well researched area and little is to be
gained from a repeated discussion of this subject. Rather than expanding
these concepts that have been put forward in existing systems, our version model uses and integrates them. We have therefore decided to place
the emphasis of the following presentation and examples on the concept
of context-dependent variants and how they have been combined with
revisions. As a consequence, it is in this part of our version model for
context-aware data management where we see the original contribution
of our work.
In this chapter, we also introduce the notion and representation of
context that is assumed in the scope of this thesis. Based on this representation of context, we show how data objects are annotated to characterise
the situation in which they are appropriate. These characterisations are
then used by the query processor when evaluating queries in a given
context. For each object, the version graph is analysed and the variant that best matches the current context is used for subsequent query
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processing. The properties and functioning of this matching algorithm
are also be discussed in detail, as it is a major element of context-aware
data management. Finally, the implementation within the framework
of an object-oriented database management system is presented. The
chapter concludes with a discussion of our version model relating it to
the requirements of context-awareness and comparing it to previously
defined models.

4.1

Context, Context Space and Context State

In recent years, a multitude of models has been proposed that address
the management and representation of context. Typically, these systems
suffer from limitations that are rooted in either of two design decisions
in the development of the context model. On the one hand, many models have evolved from specific application domains and therefore assume
a notion of context that is relevant to that field. Targeting a context
model to a specific application domain often leads to a reduced generality, as such models tend to restrict themselves to a fixed set of context
dimensions. For example, a common characteristic of the models discussed in the preceding chapter is that most of them classify context into
user, device and environmental factors and predefine the dimensions that
are required for each of those classes. On the other hand, some models
dictate how context is represented and stored, as a consequence of the
technologies that have been used to implement them. Hence, representation of context is often tightly coupled to the platform that is used
to store and process contextual information. Solutions range from collections of simple attribute values to complex approaches that represent
context data in terms of database objects, or are based on class hierarchies in an object-oriented programming language. The integration of a
context model into a general-purpose database management system can
only be justified if the model is free from these two limitations. Therefore, it is our goal to establish a set of universal primitives that will serve
the purposes of several different usage scenarios.
The first challenge that has to be addressed when defining such a general context representation is taking care not to impose a specific notion
of context onto client applications. There have been many approaches
that have proposed models that are general in the sense that they can be
configured by the client application to use its notion of context, i.e. these
models expect the application to define what context is. While these
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models can be configured by the client, most of them still have some
built-in assumption about the meaning of certain context dimensions in
terms of context classifications or ontologies. Often these factors lead to
situations where different context dimensions are implicitly treated quite
differently. Clearly, this is not desirable for a general context representation which needs to refrain from any predefined assumption about the
notion of context used. Therefore, it is even necessary to go one step beyond the current approaches and completely abandon any presumptions
about the meaning of context.
As a consequence, context in our approach is defined in terms of its
effect rather than its meaning, to guarantee that the system built on top
of it is free from any hidden or implicit assumptions. Applied to the
situation of a data management system, this means that the effect of
context on query evaluation needs to be specified. Thus, in our system
context is seen as a set of additional parameters that in combination
with the set of parameters specified by the query determines the result
computed by the query processor. However, the roles of these two sets of
parameters are quite different. Query parameters are explicit parameters
in the sense that they were defined by the client of the data management
system. Therefore, these parameters constitute a specification that the
query processor has to follow exactly. In contrast, context parameters are
implicit parameters as they are not specified by the client as part of the
query but rather defined by the situation in which the query is sent to that
data management system. As an implication of this, the role of context
is not specification but rather a factor that is used to refine the results
of query evaluation. Due to this notion of context, implicit parameters
have to be considered as optional since they refine the functioning of
the query processor rather than providing a specification for it to follow.
Even in the absence of context information, query evaluation will return a
fully defined result that is computed using a previously specified default
representation of each object involved. An overview of this notion of
context and its impact on the database system is presented in Figure 4.1.
As shown, a query can be abstracted in terms of an n-ary function
q that is given as input to the query processor of the data management
system. In a traditional database system, the result r of the query evaluation only depends on the set of parameters {x1 , x2 , . . . , xn } that are
specified in the query. As an extension, a context-aware query processor
additionally considers a context c(c1 , c2 , . . . , cm ) during the evaluation of
the query. Later in this section, we will come back to how this notion of
context is represented exactly.
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Context c(c1,c2,…,cm)

Query q(x1,x2,…,xn)

r = eval[q(x1,x2,...,xn),c(c1,c2,…,cm)]

Result r

Figure 4.1: The role of context
The open notion of context introduced by our approach successfully
avoids the first of the two pitfalls discussed at the beginning of this section. As it defines context in terms of its effect rather than is meaning, it
is free from any assumptions that are specific to a given application domain. Nevertheless, it is important to establish a common understanding
between the client application and the data management systems which
context dimensions have to be handled in a given application domain.
Context data may come from a variety of sources such as direct sensor
access as well as context reasoning, inference or augmentation. As presented in Chapter 2, numerous powerful solutions for context processing
exist already and the data management system presented in this thesis
does therefore not offer any functionality to address these concerns. Instead, it is assumed that context processing is done outside the system
by a context component specific to the application in question. In the
following, we assume that a given set NAMES exists that contains the
names of all valid context dimensions. Based on this given set, the number of possible dimensions for context values is limited by the concept of
a context space as specified in Definition 1.
Definition 1 (Context Space). A context space represented by S denotes
which context dimensions are relevant to an application of the version
model for context-aware data management. It is defined as
S = {name1 , name2 , . . . , namen }
such that ∀ i : 1 ≤ i ≤ n ⇒ namei ∈ NAMES and therefore S ⊆ NAMES.
Note that a context space does not define a domain for the data value
of the corresponding context dimension. As we see later, the decision to
have a loosely typed context representation is motivated by the fact that
it permits more flexibility in query evaluation.
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Although a context space expresses a shared understanding about the
context dimensions that exist in an application domain, it is of equal importance to also share a common representation of context. There are
two possible solutions to address the problem of an application-specific
representation of context. The first solution would be to define a comprehensive representation of context that embraces all possible notions
of context that any current or future applications require. The other
solution would be to build such a context representation based on an
elementary approach that only provides the basic building blocks necessary to ensure that all existing solutions can be mapped to it. For
several reasons, we have decided to follow the latter approach and rely
on an elementary context representation. Our survey of existing contextaware applications has shown that most of these systems do not employ
sophisticated context models but rather rely on collections of attribute
values to capture context. Further, we believe that a basic yet flexible
context representation is a better candidate for integration into a database management system. While a comprehensive representation would
be constructed as a unification of existing approaches, an elementary
representation is defined based on a metamodel of the concepts that are
common to all known solutions. Hence, the comprehensive representation cannot cope with requirements that have not yet surfaced, whereas
the basic representation is better equipped to do so.
In our version model, we have decided to use a context representation
that is based on hname, valuei pairs. Even though such tuple values
constitute a very simple technique to capture context, most of the context
models presented in Chapters 2 and 3 use this representation. This simple
solution both fulfils the requirement of a basic representation and, at
the same time, is already widely used. Again, we assume the existence
of a given set VALUES that contains all possible values for the context
dimensions defined by the NAMES given set. Based on these given sets,
context values, as specified by Definition 2, form the basic building blocks.
Definition 2 (Context Value). A context value denoted by c is defined as
a tuple c = hname, valuei where name ∈ NAMES and value ∈ VALUES.
The equality of two context values ci and cj is defined as ci = cj ⇔
namei = namej ∧ valuei = valuej . Each context value captures one context dimension by associating it with a data point. A context as specified
in Definition 3 aggregates individual context values into a collection of
context values. Within a context, every dimension of the context space
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can be associated with at most one value, i.e. a context that contains
multiple context values for the same dimension is not valid.
Definition 3 (Context). C(S) denotes a context for a context space S
and is represented as a set of context values
C(S) = {hname1 , value1 i, hname2 , value2 i, . . . , hnamem , valuem i}
= {c1 , c2 , . . . , cm }
such that ∀ i : 1 ≤ i ≤ m ⇒ namei ∈ S and ∀ ci , cj ∈ C : ci 6= cj ⇒
namei 6= namej .
Based on this definition of context, it is now possible to revisit the
role of context illustrated in Figure 4.1 and specify how context is handled and represented in our approach. In contrast to traditional data
management systems that do not feature a system state to influence the
operation of the system, a context-aware data management system is not
stateless. As mentioned above, in such systems, context information is
considered during the evaluation of context-aware queries. In order to
fully support context-aware data management, it is therefore necessary to
extend the information system with the notion of a context state. From
a general point of view, this integration of context into the information
system itself represents a move away from the paradigm of a stateless
towards a stateful data management system. Definition 4 explains the
understanding of the term as used in our approach.
Definition 4 (Context State). A context state denoted by C? (S) is a
special context, where ∀ name ∈ S : ∃ hname, valuei ∈ C? (S).
In contrast to the concept of a context, a context state C? (S) requires
the presence of a context value for each dimension of S. However, if
the value of a context dimension is unknown this can be expressed by a
context value containing ⊥ as value. Later in this section, we discuss how
the context state can be influenced to reflect the current context of the
client application. However, before going into these details of dynamic
query processing, we continue with presenting the static organisation of
our version model first.

4.2

An Object-Oriented Version Model

The version model for context-aware data management has been developed based on OM [200, 201], an extended E/R model for object-oriented
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data management. Even though the concepts introduced by our version
model are universal and could also be applied to other data models such
as the relational model, we have chosen to base it on one concrete model.
The choice of the object-oriented OM model is motivated by the following reasons. OM has been designed to be semantically expressive,
making it a powerful tool for database development. In order to do so,
it features concepts that are absent in other models. Therefore, OM can
encompass less expressive models. Such models can either be represented
in OM based on their metamodels or by limiting OM to a subset of its
concepts to obtain a model with equivalent semantics. Finally, OM itself has been specified completely in terms of metamodels expressed in
OM. These metamodels constitute a firm basis for specification of the extension of OM for context-aware data management. Further, since most
data management systems that provide support for OM are implemented
based on these metamodels, they also serve as the starting point of the
integration of the version model into one of these systems. It is therefore
useful to give a brief overview of the main distinguishing features of OM
before presenting how it was extended to support both revisional and
alternative versions.

4.2.1

The OM Data Model

As the OM data model is an integration of object-oriented concepts into
the well-known E/R model, it also builds on the notions of application
entities and the relationships that exist between them. However, in contrast to the E/R model where there is some dispute whether entities
represent entity types or entity sets, OM introduces a clear separation
between the typing and the classification of entities. This distinction
is achieved using a two-layered model. On the lower level, types describe the representation of entities, whereas the upper level captures
the semantics of entities, based on the concept of collections. As OM is
an object-oriented data model, all data and metadata is represented in
terms of objects. Each object is defined by at least one object type that
specifies the attributes and methods that its instances will have. Object
types can form type hierarchies that are built using inheritance between
supertypes and subtypes. In contrast to most existing object-oriented
systems, OM supports the concept of multiple inheritance, i.e. a subtype may be defined as a specialisation of two or more direct supertypes.
Apart from multiple inheritance that is defined statically, OM also features multiple instantiation enabling objects to dynamically gain or lose
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types that have either been defined along parallel inheritance paths in a
type hierarchy or are not related through inheritance at all.
Based on the type model, a classification model uses collections to define flexible semantic groupings. Each collection has a member type that
governs which objects can be contained in the corresponding collection.
As it is not required to define a collection for each type, and it is possible to have multiple collections with the same member type, the typing
layer and the classification layer are almost independent of each other.
Similar to types, collections can build collection hierarchies based on the
notion of supercollections and subcollections, to represent specialisations
and generalisations of classification concepts. Again, a subcollection can
have multiple supercollections and, vice versa, a supercollection can have
multiple subcollections. Collections can either be sets, bags, rankings or
sequences, depending on whether they can contain duplicates and if they
are ordered or unordered. For example, a set is an unordered collection
with no duplicates in the algebraic sense, whereas a sequence is an ordered collection that can contain duplicates. In contrast to a ranking
that has an order but cannot contain duplicates, a bag is defined to be
unordered with duplicates. Similar to multiple instantiation on the typing level, multiple classification permits an object to be a member of any
collection that matches one of its types or a supertype of its types.
So far we have only described the concepts provided by the OM model
to represent and classify entities, so-called objects. However, OM also
features a relationship concept that is more powerful than the one known
from the classical E/R model. Relationships in OM are represented by
bi-directional associations defined in terms of a source and a target collection. Associations are a first-order concept and are defined as n-ary
collections with n > 1. Much of the expressiveness of OM stems from
the set of constraints it provides to control several aspects of a data
model. Some constraints such as the relationships between subtypes and
supertypes as well as subcollections and supercollections have already
been discussed. In addition, the OM model also features cardinality constraints that govern the participation of objects as the source or target
of an association. As in other extended E/R models, these cardinalities
are specified in terms of a minimum and maximum value that expresses
the number of objects to which an object can be linked. These so-called
integrity constraints are complemented by classification constraints that
control the membership of objects in collections. For example, the subcollection relationship between two collections can be declared to be either
equal, strict or total. An equal constraint ensures that both collections
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contain the same elements in the same number and order. To assure that
a sequence collection is a subsequence in terms of a segment of its supercollection it can be declared as a strict subcollection. Finally, when a bag
must contain all occurrences of elements contained in its supercollection,
it is defined to be a total subcollection. Additional classification constraints deal with collection families, i.e. a collection with either multiple
supercollections or subcollections. For example two or more subcollections of a collection can be defined to be disjoint or to form a cover or
a partition of their supercollection. Vice versa, if a collection has two or
more supercollections, it can be defined to be the intersection of those
collections. Finally, the last class of constraints, evolution constraints,
monitor how a database grows and changes over time. It is, for example,
possible to specify which types an object can gain and lose in the future,
to limit the scope of object evolution.
Data models are specified in OM either by using its graphical notation
or the textual data definition language. This data definition language is
a subset of the Object Model Language (OML) [182] which also contains
a data manipulation and a query language. The query language is based
on a collection algebra that defines a set of operators that manipulate and
process collections as well as associations. Apart from being used for data
definition, manipulation and querying, the union of the three languages
contained in OML also serves as a declarative object-oriented implementation language for object methods, triggers and database macros. While
many conceptual models have no direct platform support, a family of data
management systems [168, 296, 167] has been built that allow OM data
models to be implemented directly. These platforms cover a wide variety
of requirements, such as rapid prototyping, as well as productive operation both as light-weight in-memory and server databases. During its
existence, the OM model has been extended a number of times to address
the requirements of special application domains. These projects have led
to a temporal data management system [270], a next-generation file system [228], and an extension of the model that is capable of role-based
modelling of interactions in databases [219] to capture access control,
context-aware and proactive operations.
As mentioned before, one reason for choosing the OM data model
is the fact that it is capable of capturing its complete specification in
terms of metamodels. This level of expressiveness has been the reason
why most of the systems providing support for OM have been built based
on this metamodel. As a consequence, they also represent and manage
the entire metadata of a database in terms of objects, collections and
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associations. One advantage of this approach is the fact that the same
language can be used to define, manipulate and query both data and
metadata. Another benefit is that the implementation of extensions to
these systems is relatively straightforward, as new system objects can be
introduced at any time. An example of such a metamodel is given in
Figure 4.2 using the graphical notation of the OM data model.
object

instance

(1:*)

value

(1:1)

(1:1)

HasInstance

Objects
(1:*)

(1:1)

(0:*)

HasAttribute
(0:*)

(0:*)

type

attribute

(0:*)

Types

Values

(1:*)

(0:*)

Instance
Type

ObjectTypes

WithValue

Instances

(1:1)

Defines

Attributes

Figure 4.2: Metamodel of an object in OM
The model shows the definition of an object in OM. In the upper lefthand corner the collection Objects with member type object is depicted.
It contains all objects that exist in a database at any point in time. The
fact that OM supports multiple instantiation is captured by the fact that
each object is linked to one or more instances through the HasInstance association. Both objects and instances are related to the Types collection
through associations ObjectTypes and InstanceType, respectively. Whereas
an object can be linked to one or more types as expressed by the cardinality (1:*) as a consequence of multiple instantiation, an instance is bound
to exactly one type as indicated by the (1:1) constraint. However, not all
constraints that are required to ensure the validity of an object can be
expressed in the graphical notation. For instance, all types referenced by
the instances of an object have to be referenced by the object itself. Also,
an object has to be linked to an instance of each type with which it is
associated. Hence, the number of associated types and instances has to
be the same. These additional constraints are captured by the following
condition given in OM collection algebra.
ObjectTypes = HasInstance ◦ InstanceType

The left-hand side of the condition represents all links between objects
and their types as a set of pairs. Analogously, the expression given on
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the right-hand side is also a set of pairs consisting of an object and a
type. However, it relates objects to all types of the instances of these
objects. As bi-directional associations are relations in the mathematical
sense, this is achieved by using the composition (◦) of the HasInstance
and InstanceType association.
As can be seen in the figure, each type contained in collection Types
defines a set of zero or more attributes. Type attribute specifies how attributes are represented in the system. For each attribute defined by a
type, an instance of that type has to specify a value. This relationship
is captured by the HasAttribute association between collections Instances
and Attributes. While it is not possible in OM to attach attributes to
relationships, it is possible to define complex n-ary relationships by combining multiple binary associations. In contrast to other proposals for
relationships of a higher degree, this approach has the advantage that it
defines an order among the associations. In the given model, HasAttribute
is the primary relationship, while the WithValue association, that links a
value to a pair of an instance and an attribute, depends on it. As with
objects, instances and types, the constraints between instances, types
and attributes cannot be completely specified in the graphical model. To
express that an instance has to specify a value for each attribute defined
by its type, the condition given below is necessary.
HasAttribute = InstanceType ◦ Defines

Again, the condition is expressed using a composition of two associations.

4.2.2

Integrating Revisions and Variants

To support revisional and context-aware data, the metamodel presented
in Figure 4.2 has been extended with concepts that allow objects to be
versioned. Inspired by the version models discussed in the previous chapter, the notion of a version has been refined to be either a revision or a
variant of an object. Each of the new concepts represents one dimension
of our version model. Revisions capture the evolution of the database
over time. While they document how an object has been updated and revised, they are not intended to represent temporal data. From the three
notions of time—transaction, valid and user-defined time—presented earlier, only transaction time is supported. Each time a revision of an object is created, it is marked with a timestamp ts representing the current
logical or physical time. Therefore, revisions capture the time when a
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change has been recorded in the database. As the sequence of timestamps Tobj = {ts1 , ts2 , . . . , tsn } assigned to the revisions of an object
grows monotonically, it imposes a total order on the set of revisions.
Revisional versions of an object o can therefore be identified based on a
tuple hoid, tsi consisting of an object identifier and a timestamp that indicates when the corresponding version was created. The revision selected
by the given tuple is a revision of the object with identifier oido = oid
that has the timestamp satisfying max({tso |tso ∈ Tobj and tso ≤ ts}).
As most queries to a database management system will request current
data, a special revision is the one with the timestamp ts = max(Tobj ).
We will refer to this revision as the latest revision of an object. Note
that the status of latest version will be assigned to different revisions
over time as the database is updated. The concept of latest revision is
therefore only meaningful at a fixed point in time.
The second dimension of our version model provides support for
context-dependent data. Similar to the engineering databases and software configuration systems presented in the previous chapter, our model
relies on variants to represent context-dependent alternatives of the same
data. Different variants of an object are distinguished using the concept
of a variant context as given in Definition 5 that describes in which situation the corresponding variant is an appropriate representation of the
object.
Definition 5 (Variant Context). A variant context for the context space
S is a special context denoted by Cv (S).
In the following, the context values contained in Cv (S) are also called
either the properties or the characteristics of a variant. Whenever a
variant of an object is created, a set of context values characterising the
new variant has to be given explicitly by the creator. The context defined
by these properties has to be different from all variant contexts of existing
variants of the same object.
In contrast to revisions, addressing a specific variant of an object is
not straightforward. Not unlike revisions, variants are also identified by
a tuple hoid, C(S)i, but in this case, it consists of an object identifier
and a context. While the mathematical properties of the timestamp
sequence used to describe revisions have rendered the selection of the
desired revision trivial, there is no order relation between the properties
of two variants. To select the desired variant, the system has to match the
given context C(S) to the variant context Cv (S) specified by each variant
of the object. As this process is rather complex, we defer the detailed
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presentation of this matching algorithm to Section 4.3 that discusses
query processing. A concept similar to the one of latest revision for
revisional data is the notion of the main derivation as presented in the
previous chapter. As shown in existing systems, it is useful to designate
one variant of an object as its default variant to cope with the situation
where the matching of a variant specification to the variant descriptions
leads to ambiguous results or no context information is available. In
some systems, the status of default variant can be reassigned to different
variants of an object during system evolution. In our model, we have
however decided not to offer this functionality, as we believe it should be
the developer’s choice at design-time to specify the default representation
of the created data.
If both revisional and alternative versions are to be supported by
the version model, both dimensions characterised above have to be combined. It is important to note that the two dimensions are independent
of each other as it would be possible to construct systems that only
support one of them. This orthogonality is further supported by the
fact that both dimensions evolve along different axes. While revisions
progress along the time axis, alternatives grow along the variation axis.
Taken alone, both axes are one-dimensional, and, consequently, a twodimensional version space will result when they are combined. Identical
to most existing approaches, our model uses a version graph to organise
this two-dimensional version space. Although, in principle, there are several different possibilities as to how this version graph can be defined, it is
the requirements of an application domain that finally shape the concrete
layout of the graph. For the following reasons, we believe that existing
solutions cannot be applied unaltered to the domain of context-aware
data management. First, the internal organisation of the version graph
depends directly on the nature of the expected queries, as certain graph
structures will favour some types of queries over others. Further, some
conditions presented above, such as the uniqueness of properties among
the variants of an object, are closely related to the intended use of the
model. Ensuring such constraints can be simple in one graph structure
while cumbersome and difficult in another. Finally, there are some questions arising from the combination of revisions and variants that need to
be addressed based on the requirements of the application domain. For
instance, the scope of revisions and variants has to be clearly defined.
While in the one-dimensional case the scope of a version was the entire
object, in the combined case there is a choice. A revision could either be
a version of the entire object or of a variant of the object. Vice versa,
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alternatives could be defined in the scope of a single revision or of the
entire object.
In the following, we will discuss the advantages and disadvantages of
defining the scope of revisions and variants one way or the other. At the
same time, this discussion of possible graph structures will also serve as a
motivation for the approach that we have chosen for our model. As shown
in Figure 4.3, three candidate solutions to organise the version graph can
be obtained by simply enumerating all possible definitions of the scope of
revisions and variants. The version graph resulting if both revisions and
variants are defined to have the entire object as their scope is depicted in
Figure 4.3(a). As can be seen in the figure, the object is linked to a set
of round nodes representing the revisions and a set of triangular nodes
representing the variants. The different versions of the object are in turn
associated with its instances shown as small circles at the bottom of the
figure. Instead of linking each version with each instance, we have chosen
to introduce the artificial concept of an instance group, represented as a
dashed oval, to render the figure more legible. The concept of the latest
revision and the default variant are illustrated in the figure using bold
arrows linking the object to revision ts3 and to variant P2 . The labels of
revisions and variants are meant to suggest that they are distinguished
based on timestamps and properties, respectively. This organisation of
the version graph provides direct access to both revisions and variants.
However, there are also several limitations implied by structuring the
graph in this way. Consider, for example, a query requesting the latest
revision of variant P3 . To answer this query, both instance groups linked
to P3 first have to be retrieved. Then, starting from ts3 , the sequence of
revisions has to be accessed backwards until one of the two previously
retrieved instance groups is encountered along this path. In other words,
the query is evaluated by computing the intersection of the revision and
the variant dimension. Another difficulty arises from queries that need
to find out what variants of an object exist for a given revision. Such
queries occur when an application wants the variant of an object that
matches context C(S) at time t < ts2 . To find the set of variants that are
eligible at time t, the sequence of revisions has to be traversed in forward
order until t ≥ ts2 , to collect all instance groups that have been created
up to that point in time. Then, as before, these instance groups have
to be cross-referenced with the variant dimension to find the variants P1
and P2 .
The problem of having to search all revisions or variants to find the
one that matches a version group retrieved through the other access
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Figure 4.3: Different organisations of the version graph
path can be remedied by setting the equal status of both concepts aside.
This implies, however, that one of the two concepts is dependent on
the other and thus such a version graph organisation will only favour
certain queries. Figure 4.3(b) depicts the same object as Figure 4.3(a)
structured in a graph that gives priority to versions over variants. As can
be seen from the figure, the processing of the query for the variants of the
object at time t < ts2 is now straightforward as the variants are directly
linked to the revisions. However, computing which variant of the object
matches a specified context C(S) is now far more complex, as the set of
variants is no longer accessible directly and has to be constructed first.
Another issue that arises from this organisation of the version graph is
the fact that a single variant can now be represented by more than one
node, as has happened with variant P3 in the figure. As the properties
describing the variant would typically be stored in this node, the question
whether these characteristics of a variant can also change over time has
to be addressed. We believe that such functionality is not required, as
properties are essentially metadata that is used exclusively by the system.
However, analogous to temporal databases, where minor errors can be
corrected without changing the history of an object, our model should
provide the possibility for system administrators to edit property sets,
if required. In such a scenario, the properties of the individual variants
would have to be kept consistent at all times either through managing
their redundancy or through a more complex graph structure.
A further question posed by both the graph structure presented in
Figures 4.3(a) and (b) is when an object can gain variants. One possible solution is to define all variants when the object is created, while
another would be to have the possibility that an object can gain variants
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over time. Additionally, if the second approach is chosen, it has to be
decided whether capturing the times when such an operation happens is
important. Defining the evolution of an object to include the creation
of new variants is useful to cope with the advent of new requirements at
a later stage of the lifetime of an application. However, similar to the
latest revision that provides access to the most up-to-date version of an
object, the current set of variants should be favoured over the management of historical states of an object. Figure 4.3(c) therefore shows a
version graph where variants are given priority over revisions. Due to
the on-line nature of variants, we believe that it is important to optimise
the version graph towards queries involving mainly alternative versions.
As can be seen from the figure, the currently existing variants are linked
to the object and can thus be accessed directly. Each variant is linked
to its revisions that have been made over time. As indicated by the
bold arrow, again the latest revision is marked specially to enable faster
look-ups. Although off-line queries discussed above are supported by this
version graph, their evaluation is burdened with a performance penalty
resulting from the fact that the history of objects has to be computed.
Nevertheless, we have chosen to base our version model on this third approach of organising the version graph. In Figure 4.4, we show how the
metamodel of an OM object has been extended to accommodate revisions
and variants in the discussed manner.
In contrast to the metamodel of the traditional OM object presented
in Figure 4.2, the metamodel of the versioned object does not link objects to their instances directly. Instead, the model has been extended
to include two additional collections, Revisions and Variants. True to the
intention of favouring variants over revisions motivated above, the path
connecting the Objects collection with the Instances collection goes to variants first before following revisions. Hence, an object is linked to one or
more variants through the HasVariants association. As indicated by the
dashed arrow, association DefaultVariant is a subcollection of HasVariants,
capturing the fact that every object has exactly one default variant. The
same design has been used to connect a variant to a non-empty set of
revisions. Again the association LatestRevision is modelled as a subcollection of the |HasRevisions| association, denoting one revision as the most
recent version of the object. To establish an order among the revisions
of a variant, association |HasRevisions| has been declared to be a ranking
represented graphically by vertical bars surrounding the name of the association. While this ranking orders the revisions within the scope of a
variant, it does not guarantee a complete order over all revisions of an
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Figure 4.4: Metamodel of an extended object in OM
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object. Therefore, type revision still defines a timestamp attribute that is
used to capture the sequence of revisional versions of the entire object.
Each variant contained in collection Variants is associated with one or
more properties through the HasProperty association. The condition that
variant properties do not partake in the revisional evolution of an object is ensured by linking them directly to the variant concept itself. As
the revisions of an object are referenced through one of its variants, this
model ensures that they all share the same properties. The additional
condition that it is illegal for an object to have two or more variants with
the same set of properties cannot be expressed using the graphical notation. We use the algebraic expression below to specify this characteristic
of our version model.
∀ o ∈ Objects, ∀ v1 , v2 ∈ rng(HasVariants dr({o})) :
v1 6= v2 ⇒ rng(HasProperty dr({v1 })) 6= rng(HasProperty dr({v2 }))
The expression defines v1 and v2 to be variants of an object o by first
restricting the domain of the HasVariants association to only occurrences
of o. The domain restriction operation dr constructs an intermediate association that only includes links that have one of the objects contained
in the given set as their source. Then, the range operation rng traverses
the links expressed by an association and returns the target objects only.
In the above condition, the result of this algebraic expression will be
the set of all variants of the object o. The same construct is used in
the implication stating that if two variants of the same object are different then the set of properties defined by them is also different. Here
HasProperty is restricted to v1 and v2 , respectively. The set of property
values is then obtained by applying the rng operation to the resulting
intermediate association.
The ObjectTypes and InstanceType associations that capture which types
are defined for an object and its instances have been taken on from the
original metamodel. However, in the metamodel describing the versioned
object, they are complemented with two additional associations, VariantTypes and RevisionTypes. Although an object can have multiple instances
in OM, versions of an object are always defined for the entire object including all its instances. As a consequence, this means that our version
model will not be able to track if an object evolves in terms of gaining
or losing instances. Although this is a serious disadvantage, if the model
were to be used to support the versioning of the database schema, we
have decided not to offer this functionality for the time being. Therefore, the new associations that capture which types are defined for a
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revision and for a variant have to specify the same set of types as the
object through association ObjectTypes. Again, this condition cannot be
expressed graphically and is therefore given in algebraic form below.
∀ o ∈ Objects, ∀ v ∈ rng(HasVariants dr({o})) :
rng(ObjectTypes dr({o})) = rng(VariantTypes dr({v}))
∀ o ∈ Objects, ∀ r ∈ rng(HasVariants dr({o}) ◦ HasRevisions) :
rng(ObjectTypes dr({o})) = rng(RevisionTypes dr({r}))
∧ rng(ObjectTypes dr({o})) = rng(HasInstance dr({r}) ◦ InstanceType)
The first expression ensures that all variants of an object o define the
same set of types as the object itself. Similar to the expression discussed
before, this is achieved by restricting the domain of association VariantTypes once to each variant v of o and then comparing the range of the
intermediate association to the set of types associated to o through ObjectTypes. The second expression contains two conditions. On the one
hand, it uses the same approach as the first expression to check that all
revisions of an object specify the same set of types as the object o itself.
On the other hand, the second clause of the conjunction additionally
controls that all instances associated with a revision r of object o also
define this set of types. This part of the expression replaces the condition presented in the traditional model, ensuring that the types of the
instances of an object match the types defined for the object.
Compared to the original metamodel of an object in OM, collections
Revisions and Variants and a few associations linking them to other collections are the only additional concepts introduced in the extended metamodel. The rest of the collections and associations remains unchanged,
which means that just the path connecting an object to its instances is
now more complex than before. Both members of collections Types and
Instances continue to be associated with attribute metadata represented
by objects belonging to collection Attributes. Also, data is still linked to
an attribute of an instance using the concept of the ternary association
WithValue that has the HasAttribute as its source.

4.2.3

Identifying and Referencing Objects

Having discussed the internal structure of a single object in terms of
its version graph, it is important to specify how the different parts of
an object can be identified and referenced from the outside. As with
any other object-oriented systems, platforms built to support the OM
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data model use the notion of object identifiers to reference a database
object. An object defined by the original model presented in the previous
section is completely identified using a simple identifier of the form o927.
However, as an object can have multiple instances of types that have
been defined along different paths of an inheritance hierarchy, access to
data can still be ambiguous. For instance, if two parallel types define an
attribute with the same name, there is no way of knowing which instance
of the referenced object should be accessed. Therefore, to unambiguously
access the data stored in an object, both an object identifier and a socalled browsing type that defines in which role the object is accessed
must be given.
Although a goal of our version model is to retain this interpretation
of object identifier to ensure its compatibility with the OM data model
as originally specified, an extension of the format of object identifiers is
inevitable. In the extended metamodel of an OM object, instances are
associated with revisions and it is therefore necessary that each revision
can be addressed directly. Assuming that at every point in time t at most
one revision of an object is created in the system, it suffices to extend
the object identifier with the corresponding timestamp. However, to
keep track of variants and to enforce the underlying orthogonality of the
two concepts, it is also worthwhile to include an indication in the object
identifier to which variant a revision belongs. In Definition 6 we specify
the syntax and the semantics of the extended object identifier used to
reference objects in our system.
Definition 6 (Extended Object Identifier). The format of the extended
object identifier that is used to reference versioned objects as a whole or
in parts is given in Backus-Naur Form (BNF) below.
"o" oid [ "@" rev ] [ "[" var "]" ]
The object itself is referenced by the oid part of the extended identifier,
whereas its revisions and variants are identified by the two specifiers rev
and var, respectively. An example of an extended object identifier would
be o927@9[3] which references variant 3 in revision 9 of object 927.
As can be seen from the definition of the extended object identifier,
the specification of both a revision and variant specifier are optional.
This flexibility has been built into the object identifier to support both
specific and generic references, as introduced in Chapter 3. In our model,
a specific reference to an object is made using the full format of the
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object identifier, allowing a specific version of the object to be pinpointed.
Generic references, however, are supported through partially specified
identifiers that reference all versions, or a subset of the versions, of an
object. At run-time, such partially specified identifiers are completed by
the system to form a fully specified reference. To illustrate how generic
references work in our model, it is necessary to first understand how
identifiers are assigned to the versions of an object. An example of a
versioned object is given in Figure 4.5.
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Figure 4.5: Example of a versioned object
The figure shows the evolution of object 927 along the time and variation axes. The object itself is symbolised by the rectangle shown at
the left hand side of the figure. Its evolution in terms of revision and
variants is represented by the tree rooted at the object. Each version of
the object is shown as a rounded rectangle containing the fully specified
object identifier of the corresponding revision or variant. At time ts = 0,
the first version of the object is created. It is the default variant of the
object and, as indicated by the context value hloc, uk i, its content has
been designed for the United Kingdom. Note that, in our version model,
the first variant that is created for an object and all its successors are
assumed to be the default variants. This is indicated in the figure by representing these versions with a rounded rectangle delineated by a solid
line. The same fact, however, is also represented in the object identifier
as all default variants have var = 0 as their variant specifier.
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At time ts = 1, the default variant is updated and a new revision created. Note that the revision specifier of the new version is incremented to
rev = 1, while the variant specifier is left unchanged. Also, the properties associated with the original revision of a variant are not duplicated
to its successor as our model does not allow properties to be changed
over time. The creation of a variant of the object is shown in the figure
to occur at time ts = 2, when a variant for Germany is added to the
object. As mentioned before, to create a variant, a set of context values
has to be provided that is different from all existing variant properties.
As the set consisting of the context value hloc, dei is different from the
set specified by the default variant, the new variant is valid and can be
created. The variant specifier in the object identifier of the new version
is set to var = 1 to reflect the fact that this version is an alternative to
the existing versions of the object. This situation is captured graphically
in the figure by representing variants other than the default variant with
a rounded rectangle delineated by a dashed line.
Later, two additional variants are created at times ts = 3 and ts = 5
to reflect the requirements of Switzerland and the French speaking part of
Switzerland. Again, the rule that a new variant has to define properties
that do not match any of the previously defined sets has to be observed.
Note that the set {hloc, chi} of variant 2 and the set {hloc, chi, hlang, fr i}
of variant 3 are not in conflict as they are not considered to be the same,
due to the additional value in the properties of variant 3. The most
recent revisions of each variant are those furthest to the right and are
depicted as rounded rectangles delimited by a bold line. In contrast to
default variants, where it is possible to encode their special status in
the object identifier using variant specifier var = 0, distinguishing the
latest revision in such a way is not possible, as versions gain and lose
that status as the object evolves. Hence, this metadata about the object
is managed by a look-up table stored in the object itself that maps each
variant specifier to the revision specifier of the latest version.
In order to access the data represented by an object, it is necessary to
reference the required version of the object using a fully specified object
identifier. As previously stated, generic references are supported based on
partially specified identifiers and hence there has to be a way to complete
such partial identifiers. Having defined the notions of latest revisions
and default variants, our model can rely on these concepts to determine
which version is referenced by an incomplete object identifier. If the
object identifier does not contain a revision specifier, the corresponding
specifier of latest revision is inserted. Otherwise, our model uses the
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variant specifier of the default variant if the object identifier omits this
information. Finally, if an object identifier consists of the object specifier
only, both the latest revision and the default variant are accessed. In this
way, our version model is also capable of transparently interfacing with
client applications that do not require the management of revisional or
alternative data. Table 4.1 shows three examples of such completions of
generic references.
Partial Identifier

Completed Identifier

o927[3]
o927@3
o927

o927@9[3]
o927@1[0]
o927@8[0]

Table 4.1: Completing generic references
The first line shows how an object identifier that omits the revision
specifier is completed. The given references specifies that variant 3 of
object 927 should be accessed. Coming back to the example given in
Figure 4.5, this partial object identifier can be completed to include the
revision specifier rev = 9, as this is the latest revision of the specified
variant. The case presented in the second line of the table is more complex. As the object identifier does not reference a specific variant, the
default variant has to be accessed. However, in order to do so, it is not
sufficient to simply insert the variant specifier var = 0 pointing to the
default variant. As can be seen from the figure, there is no version of
the object that is identified by the resulting completed object identifier.
Hence, it is necessary to also adapt the revision specifier to obtain a
valid object identifier. The revision specifier in the scope of the default
variant that corresponds to ts = 3 in the scope of the whole object can
be found by traversing the revision chain of the default variant to find
max(Tvar=0 ) ≤ 3. Doing so, the correct revision specifier rev = 1 is
found, and the complete object identifier as shown in the table can be
constructed. Finally, if both the revision and the variant specifier are
omitted, the latest revision of the default variant are accessed. This
completion process is again very straightforward, as the revision specifier
rev = 8 and the variant specifier var = 0 can simply be inserted into the
object identifier.
An important aspect of object-oriented systems is the fact that objects do not exist in isolation but are interconnected with other objects
to form complex graph structures. To form such structures, the OM data
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model provides two concepts that allow an object to be associated with
other objects. Simple references, as known from most object-oriented
programming languages, can be expressed by defining an attribute that
points to another object. Such simple references are managed within
an object. They are uni-directional and do not provide referential integrity. When the referenced object is deleted, the problem of a dangling
reference can arise if the value of the corresponding attribute of the referencing object is not updated accordingly. To address these issues, the
OM data model provides the previously mentioned concept of associations that expresses relationships between objects both at the conceptual
and the implementation level. Analogous to collections that contain object identifiers, associations are also represented by objects, but contain
tuples of object identifiers. These object identifier tuples capture which
object is connected to which other object. Hence, associations are managed outside the objects as first-order concepts. They can be navigated in
both ways as they are completely symmetrical. Due to the fact that they
express references among objects explicitly, associations can be directly
addressed in the query language, based on their name. Finally, associations provide a natural point in the system to manage and enforce
cardinality constraints as well as to prevent referential inconsistencies.
The question arises whether relationships between objects should be
versioned together with the objects. We believe, that the information
content of an object-oriented database consists of both the objects and
the relationships. Therefore, the capability to version relationships is desirable and should be supported by our version model for context-aware
data management. In the case of simple references, versioning is supported by the fact that these relationships are expressed as attribute
values of an object. Using specific references, different versions of the
referencing object can point to different versions of the referenced object. As a consequence of the versioning of the object containing the
reference, the relationship itself appears to be versioned. Clearly, this
solution suffers from the deficiency that the relationship cannot be versioned independently from the object. Again, associations provide an
elegant solution to this shortcoming. As associations are themselves objects, they can have revisions and variants as with any other object in
the system. Therefore associations can be used to capture any state of
the relationships in an object-oriented system that is specified based on
the OM data model. While the fact that both objects and relationships
can be versioned using one set of concepts validates our approach, it also
demonstrates the power of the OM data model at the same time.
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Context-Aware Query Processing

Based on the presented version model that defines how the revisions and
variants of an object are organised, a query processing mechanism has
been defined. In contrast to traditional database management systems
where the result of a query is entirely defined by the query itself, in our
system the outcome of evaluating a query depends on additional factors.
While the revision of an object that will be accessed during query processing depends on the current time, the retrieved variant can change
according to the context in which the query is evaluated. However, similar to the definition of the extended object identifiers, care has to be taken
to ensure that the augmented query processor is compatible with systems
that do not require additional functionality. Thus, the query processor
has to be able to also produce meaningful results in the absence of time
and context specifications. Apart from query evaluation, compatibility
with traditional applications also has an impact on the query language
used by the system. While some changes have to be made, it is not desirable to define a whole new query language to profit from the additional
features of the model. Rather, all modifications should be made in the
form of optional extensions to the language that can be omitted if not
required. In the remainder of this section, our approach to define such a
query processor will be presented. While queries along both the time and
the variation axis are possible, the discussion will focus on the contextaware aspects of the system in terms of selecting appropriate variants.
The processing of queries involving time has been well researched in the
field of temporal database systems and is thus not presented here.

4.3.1

Influencing the Context State

As mentioned before, all context factors that can affect the evaluation of a
query are captured by the context values within the context state C? (S).
Influences other than these values will have no effect on context-aware
query processing as proposed by our approach. Therefore it is important
that client applications can configure the context state to reflect all relevant context information. To provide support for influencing the context
state, two major issues have to be addressed. The first issue is to design
interfaces that enable applications to communicate their present state
to the system. The second issue is to determine the sphere of influence
of these communicated context values on a conceptual level. While the
range of interfaces supported by our system will be presented later in
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Level

Description

global

The global level is the most general level and allows context values to be specified that apply to all
queries evaluated by the system.
Context values specified at the session level influence
all queries that are evaluated in the corresponding
client session.
The finest level of granularity is the command level
that allows context values to be specified that influence a certain set of commands only.

session

command

Table 4.2: Granularity levels of C? (S)
Section 4.4 describing the implementation of the version model, at the
moment, we focus on the scope of the context state of an application.
Depending on the application requirements, it makes sense to consider
influencing C? (S) at different levels of granularity. For example, certain
context values, such as the preferred language or the location of a user,
are valid within a single client session only, while other factors may be
shared among several sessions or even the entire system. Finally, it is
also imaginable that certain applications require the context to change
within a single query, to perform inter-context computations combining
data valid in separate contexts. Based on the application requirements
presented in Chapter 2, we have decided to offer three levels at which
C? (S) can be influenced. An overview of these granularity levels is given
in Table 4.2.
Introducing a hierarchy of granularity levels raises the question of
precedence among the different levels. As it is possible to define context values with the same name and different values at several levels, the
value that will be used by the system has to be defined. The most natural
solution is to consider the values defined at the lowest level first. Therefore, a value defined at the command level takes precedence over values
defined at the session level, while session level values are used before
global values. This simple approach using inheritance and overriding is,
however, not sufficient to cover all application requirements, and further
refinements are necessary. When a client application influences a subset
of the context state at the session level, context values defined at the
global level only could interfere with the requirements of the application.
Assume for example, that the global context state contains the value
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Mode

Description

inherit

The inherit mode is the default mode and uses values
from a higher level if they are not specified by the
level that is currently used to define the context.
Context values that are not specified by the defining
level are assumed to be undefined, as the replace
mode blocks inheritance.
In the combine mode, values from the level used to
define the context and all the above levels are integrated.

replace

combine

Table 4.3: Precedence modes
hlang, fr i and the application sets the value hloc, chi at the session level.
As the language context is not set by the application, it will be inherited from the global level and thus all subsequent queries are evaluated
in the context of the French speaking part of Switzerland. Depending
on the application scenario, this result could be unintended and hence
it should be possible to block the inheritance of context values in some
cases. In addition to the three granularity levels, a context-aware query
processor therefore also needs to give control over the precedence among
those levels to the application. Table 4.3 details three modes that can be
used in conjunction with the granularity levels to obtain better configurability. As an example of how the combined mode is used, assume that
the session level defines the context value hlang, dei while the context
value hlang, eni is defined at the global level. The resulting context state
C? (S) will then reflect that both English and German language variants
are valid.

4.3.2

Context Matching

Context matching determines which variant of an object is accessed during query evaluation. It uses a scoring function fs that compares the
context state C? (S) to the variant context Cv (S) of each variant v of an
object o. In this comparison, fs assigns a score value to every object variant, which is then used to select the highest scoring variant. For a variant
to be selected, however, its score has to be higher than a certain threshold that can be configured in the system. If no variant scores higher than
this threshold or if two or more variants are assigned the highest score,
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the default variant is used instead. The notion of thresholds controlling
variant selection has been introduced to prevent unintended results in
situations where, due to unexpected context values, all variants are assigned a low score or multiple variants obtain the highest score. The
solution of returning the default variant in these cases has been chosen
to ensure deterministic behaviour under any circumstances that would
not be guaranteed if a variant were to be selected at random.
As fs ranks the different variants in terms of their suitability in the
current context, context matching uses a best match rather than an exact
match algorithm. This approach is motivated by the special characteristics of context-aware query processing. True to the nature of contextaware computing as described in Chapter 2, the context state of the
system does not represent an integral part of the query, but rather optional information that is used by the system to augment or enhance the
query evaluation process. Apart from the fact that the system also has
to produce meaningful results when no context information is available,
another consequence of this understanding of the notion of context is
that it should not be regarded as a specification that has to be followed
exactly. However, in order to support this notion of context, it has to be
possible for the query processor to use the default variant of an object
instead of another variant at any time during query evaluation. This
assumption that the default variant is always a valid choice to represent
an object is a strong premise as it will have a noticeable impact on how
variants of an application object have to be designed in order to obtain
the desired context-aware behaviour of the whole application.
Based on these considerations, the matching algorithm that is expressed in Figure 4.6 in terms of the operations of the algebraic query
language has been defined. Given the object o that needs to be accessed
by the query processor and the context state C? (S), the algorithm returns the best matching variant. If a best matching variant according
to the conditions described earlier is not found, the default variant is
returned. As specified by the algebraic expression on line 1, the algorithm begins by retrieving the set of all variants V0 of the given object
o. In the next step on line 2, the algorithm uses the map operation (∝)
to generate a set V1 that contains tuples relating each variant to its set
of property values. The map operation takes as arguments a set and a
function. It then returns the set that results from applying the given
function to each member element in the given set. Here, the function
x → (x × rng(HasProperty dr({x}))) is mapped to the set V0 , causing every element x ∈ V0 to be represented by a corresponding tuple in
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V1 specified by the function using the tuple constructor (×). To illustrate the functioning of the map operation, assume a possible member
of V1 could be the tuple hv1 , {hlang, eni, hloc, uki}i. The map operation
is used once again in the following processing step, when the function
x → (dom(x) × fs (rng(x), C? (S))) is mapped to the set V1 on line 3. In
the resulting set V2 , each element of V1 is represented by a tuple relating
the variant to its score value computed by fs according to the context
state C? (S). Without making any assumption about the definition of fs ,
the member of V2 corresponding to the example tuple given above might
take the form hv1 , 0.75i. Note the use of the dom and rng operation to
access the left-hand or right-hand side of a tuple, respectively.
match(o, C? (S))
1 V0 ← rng(HasVariants dr({o}))
2 V1 ← V0 ∝ (x → (x × rng(HasProperty dr({x}))))
3 V2 ← V1 ∝ (x → (dom(x) × fs (C? (S), rng(x))))
4 smax ← max(rng(V2 ))
5 V3 ← V2 % (x → rng(x) = smax )
6 if |V3 | = 1 ∧ smax ≥ smin
7
then v ← V3 nth 1
8
else v ← rng(DefaultVariant dr({o})) nth 1
9 return v
Figure 4.6: Matching algorithm
Based on V2 , the maximum score value smax over all variants of the object o is computed on line 4. On line 5, this maximum score is then used
to select the variants that reach this value. In order to do so, the matching algorithm uses the selection operation (%) that applies a Boolean
function to each element of a set. If the Boolean function returns true,
the corresponding element will be included in the result set and omitted
otherwise. To only include variants with the maximum score in V3 , the
algorithm uses the predicate function x → rng(x) = smax . Finally, lines
6–8 check if only a single variant has obtained the maximum score and
whether this score is higher than the system threshold smin . If both of
these conditions are fulfilled, the algoritm uses the nth operation to extract the first element of V3 and assigns it to v. Otherwise, the default
variant is retrieved and assigned to v. In the last step, the algorithm
returns v which now contains the best possible representation of o under
context state C? (S).
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The functioning of the matching algorithm itself is generic, as it only
defines the process of how a variant of an object is selected. The decision
as to which variant will be selected is encapsulated in the scoring function fs . It is therefore the scoring function rather than the algorithm
that influences the result of the matching process. This separation of
concerns between the algorithm and the scoring function is the basis of
matching behaviour that is specific to a particular application scenario.
Although the selection process is always the same and built into the system, the matching can be configured by using different scoring functions
for different requirements. The major advantage of this approach is that
it supports a certain degree of flexibility without abandoning control over
context-aware behaviour completely. This trade-off accommodates both
the needs of applications and the requirement of data management systems having to operate within well-defined boundaries. While there can
be no universal scoring function that will produce satisfactory results for
all applications, we have developed a scoring function general enough to
cope with most analysed scenarios. We now present how this function is
defined and illustrate its operation.
At the core of every scoring function fs lies the method which is used
to match the context values in C? (S) to the properties of a variant context
Cv (S). The definition of any such function has to specify the conditions
under which a context value matches a property value. Although we
have presented an equality for two context values, using this equality as
the basis for a matching condition would lead to a rather limited system.
Assume for example that an object variant represents content for both
Switzerland and Liechtenstein. To characterise this variant, we associate
the tuples hloc, chi and hloc, li i with the variant. While this is a possible
solution to solve this particular problem, it has some disadvantages. One
problem is that this solution does not scale when more than just a few
context values are represented by the same variant. Imagine, for instance,
that a variant is valid during a certain time period only. Clearly, it would
not be feasible to link a property value capturing each day of this validity
period to the variant. Further, this solution is in direct violation of the
definition of a context as Definition 3 states that no context can contain
more than one value with the same name field. Of course, the definition
could be changed accordingly to solve this particular problem. However,
we believe that this solution would lead to a cumbersome representation
of context that is hard to process by the data management system. As we
will see in the following, there are also additional challenges that cannot
be addressed by loosening the definition of a context.
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For the reasons given above, we have decided to introduce a less restrictive condition to determine if two context values match. The first
step towards such a matching condition is the definition of additional
given sets that partition the VALUES given set as shown in Table 4.4.
Based on these new given sets, the value field of a context value can
be used to specify more than one value. The original behaviour resulting from using identity to define equality can still be obtained by using
atomic values from given set ATOM. In addition to that, collections of
atomic values can be expressed using a value from the SET given set. For
example, the situation discussed above can now be resolved elegantly by
assigning the property value hloc, ch:li i to the variant in question. To
address problems such as validity periods, values defined by given set
RANGE allow intervals to be defined based on a lower and upper bound.
Finally, if a variant is an appropriate representation for all possible values of a context dimension, the wildcard value from given set STAR can
be used. Providing a wildcard in this setting might seem paradoxical
at first, as one might argue that the corresponding context value could
simply be omitted. Its right to exist will be motivated later, when we
present how the scoring function fs computes the score value, based on
value matching.
Set

Syntax

Description

Examples

ATOM
SET

x
x1 {: xi }

RANGE

xmin ..xmax

STAR

∗

Atomic value
Set of atomic values
S = {x1 , . . . , xn }
Range of atomic values
I = [xmin , xmax ]
Wildcard

en, 27
at:ch:de,
red:blue
5.5..7.0,
a..f
*

Table 4.4: Extended value syntax
Defining in which cases two context values specified using the extended value syntax match is the next step in establishing a less restrictive matching condition. As context values describe both the context
space of the system and the variants of an object, it has to be possible
to compare any combination of these four given sets. For each of the resulting sixteen cases, Table 4.5 defines the matching of extended values
represented as ∼
= by listing the conditions that govern when two values
match.
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x

y

Matching Condition

ATOM

ATOM

ATOM

SET

ATOM

RANGE

ATOM

STAR

x=y
x∈y
ymin ≤ x ≤ ymax
>

SET

ATOM

SET

SET

SET

RANGE

SET

STAR

RANGE

ATOM

RANGE

SET

RANGE

RANGE

RANGE

STAR

STAR

ATOM

STAR

SET

STAR

RANGE

STAR

STAR

y∈x
x ∩ y 6= ∅
∃ k ∈ x : ymin ≤ k ≤ ymax
>
xmin ≤ y ≤ xmax
∃ k ∈ y : xmin ≤ k ≤ xmax
max(xmin , ymin ) < min(xmax , ymax )
>
>
>
>
>

Table 4.5: Matching of extended values

The condition specified on the first line represents equality based
on identity, as given in Definition 2. In contrast, the subsequent lines
provide support for a more flexible description of the matching. The
first group of equality conditions, for example, specifies when a context
value containing an ATOM value matches one with a value represented
by given set SET, RANGE or STAR. The definitions are straightforward
as an atom matches a set or a range if it is contained within it. The
symbol > is used in those lines of the table where at least one of the
two context values contains a wildcard from STAR to indicate that these
values always match any other value. Context values containing a SET
value are compared to those of the four other types in the second group
of conditions. While the first line simply reverses the condition given
above, the second line states that two values contained in SET match if
their intersection is not the empty set ∅. In order for a value of the SET
given set to match a value of given set RANGE, there has to be at least
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one element that is within the interval boundaries. The third group of
conditions relates context values containing a RANGE value to all other
kinds of values. Again, the first two conditions are defined based on a
previously discussed condition, with the roles of x and y interchanged.
Two RANGE values match if the corresponding intervals overlap.
Finally, based on the extended value syntax and the extended definition of equality, a scoring function fs can be specified. As can be
seen from the matching algorithm presented in Figure 4.6, the scoring
function takes as arguments two contexts and returns a real number indicating the score of the match. Even though this is not strictly required
by the matching algorithm to function correctly, we assume that the
score values returned by fs are normalised and that 0 ≤ fs ≤ 1.0 holds.
Generally, the value returned by a scoring function should quantify the
similarity of the given contexts, where 0 indicates no correspondence and
1 represents a complete match. The scoring function given in Definition 7 exhibits these characteristics, as the returned score increases with
the number of context dimensions that match.
Definition 7 (Simple Scoring Function fs0 ). The simple scoring function
fs0 takes two contexts C1 and C2 as arguments and returns a scoring
value representing the number of matching context dimensions of the
two contexts normalised by |N1 |. It is defined as
fs0 (C1 , C2 ) =

1 X
fi (n, C1 , C2 )
|N1 |
n∈N1

where N1 denotes the set of all names of context values specified by C1
and the indicator function fi is given by

 1 ∃ c1 ∈ C1 , c2 ∈ C2 :
name1 = name2 = n ∧ value1 ∼
fi (n, C1 , C2 ) =
= value2

0 otherwise.

Figure 4.7 shows a versioned object with three alternative representations for different contexts. Starting from this example, we will illustrate
the functioning of a matching algorithm that uses the simple scoring
function introduced above. Assume the context state of the system is
defined as C? (S) = {hformat, html i, hlang, eni}. Based on C? (S), the
scoring function fs0 will assign a score of 1.0, 0.5 and 0.0 to the variants
o927@0[0], o927@1[1] and o927@2[2], respectively. The first variant
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defines a variant context Cv (S) that matches all context dimensions contained in context state C? (S) and thus receives the maximum score. As
the variant context of the second variant contains one matching value
only, it gets a lesser score. Finally the score of 0.0 of the last variant is
explained by the fact that none of the context values in its variant context match a value in C? (S). Therefore, the matching algorithm would
return the first variant which, incidentally, is also the default variant of
the object.
object

o927@0[0]

o927@1[1]

o927@2[2]

<format, html>
<lang, en>

<format, html>

<lang, de>

Figure 4.7: Example object
Unfortunately, this simple matching function does not always produce
satisfactory results when used in conjunction with the presented matching algorithm. To improve the practical value of the proposed query
processing mechanism, there are two major problems that still need to
be solved. For example, ambiguous situations where multiple variants
of an object obtain the highest score have to be avoided whenever possible. As the algorithm simply returns the default variant in this case,
the potential of our approach in general is limited needlessly. And while
it is neither possible nor reasonable to give complete control over the
matching process to the application developer, the developer has to be
in as much control as required to prevent undesired or unintended query
outcomes.
Figure 4.8(a) shows another example of a versioned object that is very
similar to the one presented in Figure 4.7. The only difference between
the two objects is the fact that, in contrast to the previous object, variant o927@1[1] is additionally described by the context value hloc, uk i.
Assume that the object is involved in a query processed under the context state C? (S) = {hformat, html i, hlang, eni, hloc, uk i}. In that case,
both variants o927@0[0] and o927@1[1] are assigned a score of 0.6 which
is also the highest score, as the remaining variant o927@2[2] does not
match at all and is consequently assigned score 0.0. In this case, the
default variant, indicated by a solid line in the figure, is returned. Although the default variant is, by definition, always a valid representation
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of the object, the fact that this choice actually favours context dimension
lang over dimension loc is somewhat unsatisfactory. Instead of weighting context dimensions implicitly, based on which variant they describe,
the application developer should be given the means to specify these
relationships among context dimensions explicitly.
object

object

o927@0[0]

o927@1[1]

o927@2[2]

o927@0[0]

o927@1[1]

o927@2[2]

<format, html>
<lang, en>

<format, html>
<loc, uk>

<lang, de>

<img, gif:png>
<lang, de>

<img, wbmp>

<img, jpg>
<lang, en>
<loc, *>

(a)

(b)

Figure 4.8: Example objects
An example of a situation where the matching algorithm returns an
inadequate result is illustrated using the versioned object shown in Figure 4.8(b). The depicted object constitutes an image that has three
alternative representations in terms of the image format. While the variant on the left-hand side is appropriate if the context state requests an
image in the GIF or PNG format, the one on the right-hand side stores
the image data in the JPEG format. Finally, the variant in the middle
contains data in WBMP, a format required by older generations of mobile phones. Assume such a client querying for the object has set the
context state to C? (S) = {himg, wbmpi, hlang, eni, hloc, uk i}. By applying the scoring function to all three variants, the matching algorithm
will obtain the values 0.0, 0.3 and 0.6 for the three variants from left to
right, respectively. According to these scores, variant o927@2[2] will be
used to represent the object in the context state C? (S). This, however,
will lead to problems, as the client that has set the context state will not
be able to process the image data in this format. As motivated before,
we see context information as an additional factor that is used to augment the functionality of our system. While we intend to stay true to
this notion of context, we feel that it is necessary to give more control
over the matching process to both the database developer and the client
application. Therefore, in order to avoid situations such as the one just
presented, we will describe how to raise the expressiveness of the syntax
that is used to describe both the context state of the system and the
variants of an object.
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As mentioned before, ambiguous situations where more than one variant obtains the maximum score value can be reduced by explicitly weighting the context dimensions in relation to each other. Assume, for example, that in a given application scenario a match on the context dimension
format should be considered more important than a match on the lang dimension. This assumption is valid in many systems, as retrieving content
in the wrong language will at worst prevent the user from understanding
it, whereas content in the wrong format will not be displayed at all. In
order for our matching framework to support a mechanism that allows
the query evaluation to be influenced in this way, we define a function
that assigns a weight to every name of a context dimension relevant to an
application. The specification of this context dimension weight function
is presented in Definition 8.
Definition 8 (Context Dimension Weight Function). The context dimension weight function denoted by w returns a weight w(n) ∈ R+ for
every name n ∈ N , where N represents the set of the names of all context
dimensions.
The weight function w(n) is inserted into the simple scoring function
as specified in Definition 7 as a factor which is multiplied with the indicator function fi . It is therefore reasonable to assume that w(n) returns
a value of 1.0 as the default weight. If a context dimension is considered
to be either half or twice as important as one with the default weight,
the weights 0.5 and 2.0 are used. Although weights are useful to prevent cases where the system needs to fall back to the default variant,
by reducing the probability of having multiple variants with the highest
score, they have to be specified globally and apply to all objects defined
in the system. This global nature renders the use of weights difficult in
situations where undesired query outcomes need to be prevented. Tuning
the weights to get the intended results in one case, may easily lead to
new situations where the system performs differently from the designer’s
expectations. Depending on the complexity of the application, it can be
very hard to predict the impact of changing a weight. Since testing if
the system handles all context constellations correctly is not feasible in
an efficient manner, it is difficult to track down problematic situations.
To address the problem of unpredictable matching results at a local
level, we need to extend the syntax used for context values once again.
The goal of this additional extension is to empower the creator of a
variant to express required and illegal values of context dimensions. For
instance, in the example situation illustrated by means of Figure 4.8(b),
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the client specifying the context state knows that it requires the image
in the WBMP format but has no possibility to include this knowledge in
the context state C? (S). Therefore, we have introduced two prefixes +
and − that can be used to indicate whether the prefixed context value
is required or illegal respectively. Thus, in our example, the client could
instead specify the context value himg, +wbmpi which would cause the
scoring function to assign a value of 0.0 to all variants of an object that
do not feature the value himg, wbmpi as part of their variant context
Cv (S). Consequently, the first two variants of the object now get a lower
score which leads to the selection of the third variant, as intended by
the client. In Table 4.6, we give the conditions under which two values
x and y that are possibly prefixed are considered to match. Based on
this table, we introduce the notation x ∼
=± y to specify that two values
match according to their respective prefixes.
x

y

x
x
x
+x
−x
+x
+x
−x
−x

y
+y
−y
y
y
+y
−y
+y
−y

Match Condition
x∼
=y
x∼
=y
¬(x ∼
= y)
x∼
=y
¬(x ∼
= y)
x∼
=y
⊥
⊥
x∼
=y

Table 4.6: Matching of prefixed values
Using the presented enhancements, it is now possible to define the
general scoring function used as a default in our version model to support
context-aware query processing. Definition 9 specifies this general scoring
function fs that incorporates the previously defined weighting function w
as well as the notion of required and illegal context values. As mentioned
previously, the weighting function is introduced as a factor multiplied
with the indicator function fs . Prefixed values are handled by a special
function based on the matching condition ∼
=± . Computing the product
of all these comparisons and multiplying it with the score of the current
variant will reset the value to 0.0 if a matching condition is violated and
leave it unchanged otherwise.
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Definition 9 (General Scoring Function fs ). The general scoring function fs takes two contexts C1 and C2 as arguments and returns a scoring
value representing the number of matching context dimensions of the two
contexts normalised by |N |. It is defined as
fs (C1 , C2 ) =

Y
1 X
(w(n) × fi (n, C1 , C2 )) ×
f± (n, C1 , C2 )
|N |
n∈N

n∈N

where N denotes the union N1 ∪ N2 of the sets of all names of context
values specified by C1 or C2 . The indicator function fi is used as given
in Definition 7 and the weight function w as introduced in Definition 8.
Finally, the matching function for prefixed values f± is defined as

 1 ∃ c1 ∈ C1 , c2 ∈ C2 :
name1 = name2 = n ∧ value1 ∼
f± (n, C1 , C2 ) =
=± value2

0 otherwise.
Note that we use the union N = N1 ∪ N2 of the sets of all names
of context values specified either by C1 or C2 to normalise the scoring
value returned by fs . This change caters for the fact that either C1 could
specify more values than C2 or vice versa. In this situation, taking the
notion of these so-called under-specified and over-specified variants into
consideration can be of additional help in preventing ambiguity. Normalising over all names of context values is one possible way of achieving this
in a neutral manner. Depending on application requirements, however,
it can be necessary to favour either under-specified or over-specified variants. To realise this behaviour, we would need to integrate an additional
summand into the matching function that tips the scales into the desired
direction.

4.4

Implementation

As a proof-of-concept and basis for experimentation, the version model
for context-aware data management has been implemented in an existing
database management system. The choice of database that was extended
with the presented functionality is a consequence of the selection of the
OM data model as the framework in which the version model has been
specified. Therefore, the natural foundation for an implementation of
context-aware data management has been a platform that already provides native support for the basic concepts of the OM data model, such
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as multiple instantiation, classification and inheritance, as well as bidirectional associations. In the past, several such implementations of the
OM data model have been realised, leading to a family of Object Model
Systems (OMS) that comprises platforms implemented in Prolog, Python
and Java. Each of these platforms addresses specific requirements of the
development process of a database application. Implemented in Prolog,
OMS Pro [296] has focussed on rapid prototyping by providing tools
that both facilitate the design of a database model and help with testing
the model with sample data. A subset of the concepts defined by the
version model for context-aware data management were implemented
in an extended OMS Pro platform called OMSwe [202, 203, 204] as a
first effort to support context-aware web engineering. The eOMS [182]
platform was implemented in Python as an extension of the relational
database management system PostgreSQL and addresses multi-user access to data and transactional query processing. Applications communicate with the eOMS server using OML in requests and get back XML
as a response. Supporting the needs of object-oriented application programmers are OMS Java [167] and, more recently, OMS Avon that were
implemented in Java, based on different solutions for object persistence.
Both approaches feature a comprehensive application programming interface that supports data access and modification based on the concepts
of an object-oriented language.
However, a seamless development process can only be achieved if it
is possible to move freely from one system to another. Therefore, all
implementations of the OM model share a common language for data
definition, manipulation and querying. While the OM data model standardises the way data is represented, OML standardises how this data
is processed. What is missing is an application programming interface
shared by all platforms that defines how programs can work with an OMS
database. To close this gap, a uniform Java interface providing access
to heterogeneous OMS platforms was developed. This interface, called
OMSjp, offers a database concept to represent all aspects of an OMS
implementation. Through this concept, the underlying platform can be
configured and databases can be managed. OMSjp also provides functionality for querying the database as well as accessing data and metadata
objects. As everything in OMS—even metadata and system objects—is
modelled as objects, it makes sense to offer certain of these concepts in
the interface. OMSjp therefore comprises objects that represent collections, associations, methods and types. The most important of these
concepts is the representation of an object within the OMS database. As
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the object model of OMS is very different from the object model that
is used in Java, it is, unfortunately, not possible to establish a direct
mapping between Java objects and OMS objects. Hence, the interface
simply offers one class that is used to represent all user defined object
types. It is through this class that data can be read from and written to
objects. Types are represented by special classes in the Java interface,
as they are used frequently and have special properties. As OMS differentiates between different kinds of types there are also classes for these
types in the interface. Also available as special classes are the fundamental concepts of object collections and associations. These objects offer
various operations of the collection algebra that is defined by the OM
data model. Hence, they can be used to implement complex queries on
the model, instead of sending a textual OML statement to the database.
In OMS, triggers can be defined that are fired when certain events
occur. As these events can be important to the client application, they
are also propagated to the programming environment. This allows an
application programmer to register code, by means of an event listener,
that will be executed when events occur. Finally, for reasons of performance, the application programming interface also incorporates a cache.
The cache is used to store query results and object data that have been
fetched previously. Retrieving data from OMS can be very expensive
and, since metadata in particular is very static, caching of results can
lead to significant improvements in system performance. The cache is
kept consistent using the previously discussed event listener mechanism.
Whenever the interface receives a notification that a certain object has
been changed or deleted, the corresponding cache entries are also invalidated. The cache component has been designed with extensibility
in mind. A client can provide its own cache according to its needs and
memory limitations. By default, the system uses an unlimited cache that
grows corresponding to the number of objects in the underlying database,
and has no replacement strategy.
The architecture and properties of OMSjp as discussed above make
it an ideal framework for experimentation with our version model for
context-aware data management. Therefore, in this section, we will start
by presenting the aspects of the architecture of OMSjp that have formed
the basis for its extension. We then go on to discuss those extensions
and show how context-aware data management has been integrated into
OMSjp. A high-level overview of the architecture of OMSjp is shown
in Fig. 4.9. As shown in the figure, the framework consists of three
parts. Close to the Database Application, the OMSjp Interface that
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defines the way in which an application interacts with the framework
is shown. The interface is then implemented by a platform-dependent
Driver which translates the functionality offered by the interface into the
concepts offered by the database server. As with Java Database Connectivity (JDBC), the driver is completely decoupled from the interface and
thus the back-end database server can be exchanged at any point in time.
Whereas this decoupling of interface and driver is the main advantage
of OMSjp, a disadvantage inherent in this approach is that the interface
has to be defined as the intersection of the functionalities offered by each
platform. Therefore, the potential strength of certain database servers
cannot be leveraged when they are accessed through OMSjp.
Database Application

OMSjp Interface

OMS Pro Driver

eOMS Driver

OMS Avon Driver

OMS Pro

eOMS

OMS Avon

Figure 4.9: Overview
The functionality defined by the OMSjp interface can be subdivided
into three main areas. First, it provides support to manage the drivers
required to communicate with the underlying OMS platform. When a
client application initiates a connection to a database server through
OMSjp, it requests a suitable driver by specifying a URL that describes
which platform, server and database are to be used. Based on a driver
registry maintained by the interface, the corresponding driver is loaded,
initialised and returned to the application. From this driver, the application can gain access to the specified database, which is the second area
of functionality offered by the OMSjp interface. As mentioned before,
the database abstraction gives access to all functionality as well as to
both data and metadata of the OMS system. Finally, the last part, the
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so-called value interface, defines how objects and values retrieved from
the underlying OMS database are represented in Java and how Java values are converted to native values of the OMS platform.
While the first two parts of the OMSjp interface are not relevant to
the discussion of the implementation of our version model, the value interface is where the extension is most visible. An overview of the value
interface as a UML diagram is given in Figure 4.10. At the top of the
figure, interface OMSValue describes an interface that contains the methods common to all values that exist in the underlying OMS platform. At
this level, the only method is toNative() that converts a Java value back
to its native representation as defined by the database back-end. As can
be seen from the specialisations of OMSValue shown in the figure, the
interface defines several classes to represent different kinds of values. Interfaces OMSObject and OMSInstance probably define the most important
kinds of values provided by the framework. They give access to the database objects and their instances. As mentioned above, it is not possible
to express the concept of an object as defined by OM using a single Java
class. Therefore, one OM object is represented as an instance of OMSObject and a set of instances of OMSInstance, each representing one of the
object’s types. The relationship between an object and its instances will
be discussed in more detail later, as it is the focal point of the extension
allowing objects to have versions.
Special predefined extensions of the OMSInstance interface represent
concepts unique to the OM data model or system metadata. For example,
interfaces OMSCollection and OMSBinaryCollection represent the concpets of
unary and binary collections, as defined in the model, together with
the corresponding algebraic operations. Associations between collections
are captured by interface OMSAssociation and type metadata is accessible
through OMSType and its extensions. Most OMS platforms offer three
different kinds of value types, represented by interfaces OMSObjectType,
OMSStructuredType and OMSBaseType. While instances of OMSObjectType
describe what attributes and methods an object has, instances of OMSBaseType provide metadata about the types of base or atomic values.
Finally, some OMS platforms support the notion of structured values
that enable the database designer to define data records without having
to create an object type. The most common use of these structured values that are described by instances of OMSStructuredType is to represent
members of n-ary collections, with n > 1.
On the right-hand side of Figure 4.10, three additional types of database values are shown. First, values described by interface OMSBaseType
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Figure 4.10: OMSjp value interface
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are represented in OMSjp through interface OMSBaseValue and its specialisations. These values correspond to the basic data types defined in
all OMS platforms, such as string, integer, real or date. Interface OMSStructuredValue represents database values that have been defined as records
by an instance of OMSStructuredType. Two specialisations of this class
are featured in the interface to facilitate access to metadata. Interfaces
OMSMember and OMSAttribute provide access to the members and the attributes of a structured and an object type, respectively. The purpose of
the third kind of values is to represent the collection extents. As introduced in the description of the OM data model, an extent value is either
a set, a bag, a ranking or a sequence, depending on the type of collection. To cater for the different semantics and the different operations
associated with these types of extent values, the OMSjp interface defines
four specialisations, OMSSetExtent, OMSBagExtent, OMSRankingExtent and
OMSSequenceExtent, of interface OMSBulkExtent.
The OMSjp interface has been implemented for several OMS platforms by providing a driver that maps the presented concepts to a database back-end. However, a comprehensive discussion of the platformdependent details of such a driver implementation is out of the scope of
this thesis. Nevertheless, it is important to examine the relationship between an object and its instances further by looking at the classes found
in the abstract implementation which is the common basis of all platform drivers. It is this relationship that has to be modified in order to
incorporate versioning into the implementation of OMSjp. Figure 4.11
contains an excerpt of the original implementation of OMSjp that shows
the three most important classes involved in the relationship between an
object and its instances. Represented in UML, these three classes are
OMSObjectImpl, OMSIntanceImpl and OMSObjectTypeImpl, which implement
the previously introduced interfaces OMSObject, OMSIntance and OMSObjectType, respectively.
As shown, class OMSObjectImpl stores all properties that are inherent to the concept of an object in the OM data model. The field oid
stores a reference to the object’s identifier represented as an instance of
class OMSObjectID which is not shown in the figure. The object identifier
can be obtained using method getObjectID() but it cannot be set. Object
identifiers are assigned to an object when it is created by the underlying
platform and are therefore read-only. As an OM object can have multiple
types, class OMSObjectImpl manages a collection types with references to
all types of the object represented by instances of class OMSObjectTypeImpl. This relationship between an object and its types is also represented
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OMSObjectImpl

OMSInstanceImpl

oid: OMSObjectID
types: Collection<OMSObjectType>
instances: Collection<OMSInstance>

baseObject: OMSObject
type: OMSObjectType
#getBaseObject(): OMSObject
setBaseObject(object: OMSObject)
+getInstanceType(): OMSObjectType
+setAttributeValue(name: String, value: Object)
+getAttributeValue(name: String): OMSValue
+executeMethod(name: String, in: Object[])

+getObjectID(): OMSObjectID
+getDressTypes(): Collection<OMSObjectType>
+browse(type: OMSObjectType): OMSInstance
+dress(type: OMSObjectType)
+strip(type: OMSObjectType)

...

type

OMSObjectTypeImpl
attributes: List<OMSAttribute>
supertypes: Collection<OMSObjectType>
subtypes: Collection<OMSObjectType>
types

1..*

+getAttribute(name: String): OMSAttribute
#setAttribute(attribute: OMSAttribute)
+getSuperTypes(): Collection<OMSObjectType>
#setSuperType(type: OMSObjectType)
+getSubTypes(): Collection<OMSObjectType>
#setSupType(type: OMSObjectType)

Figure 4.11: Excerpt of the OMSjp implementation
in the figure by the aggregation between the corresponding UML classes.
The types of an object can be retrieved using the getDressTypes() method
that returns the set of types the object is currently dressed with. To
modify this collection of types, methods dress() and strip() can be used to
add or remove object types. While dressing an object with a given object
type leads to the creation of a new instance of the object, stripping an
object of a given type deletes the corresponding instance. The current
set of instances of an object is maintained by the field instances that contains references to instances of class OMSInstanceImpl. This relationship
between an object and its instances is again represented using an aggregation between the corresponding UML classes. Note, that members of
the instances collection can not be added or removed directly, but rather
through the use of methods dress() and strip() only.
A striking property of the OMSObject interface implemented by class
OMSObjectImpl is the fact that it lacks any methods that would allow access to the object’s data. In contrast to object-oriented systems such
as Java that feature single instantiation, OM allows its objects to have
instances from parallel or even unrelated inheritance hierarchies. As a
consequence, the type of an object cannot be determined without additional information about the role in which the object is currently browsed.
Including methods providing access to an object’s data in the OMSObject
interface would therefore potentially lead to ambiguous situations, as it
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would allow the object to be accessed without the required role information. As a solution to this situation, OMSjp offers the browse() method
in the OMSObject interface together with the interface OMSInstance that
provides the required methods to retrieve and update data on the object as well as executing its methods. As browse() expects an argument
of type OMSObjectType, it sets the role in which the object is browsed
and eliminates any ambiguities by returning the corresponding instance
of OMSInstance. Class OMSInstanceImpl implements the OMSInstance interface and thus provides methods getAttributeValue() and setAttributeValue() to
read and write the values of an object’s attributes. To invoke a method,
its name and the corresponding input parameters have to be given to the
executeMethod() method which evaluates the method and returns any result values computed by the method. Also visible in the figure is the fact
that class OMSInstanceImpl maintains a reference to its base object and
to the type of which it is an instance. This information can be accessed
using the getBaseObject() and setBaseObject() methods as well as method
getInstanceType(). In contrast to the methods discussed so far, the method
providing read-access to the base object is protected as this functionality
should only be open to the subclasses of OMSInstanceImpl. Write-access to
the base object of an instance is even more restricted, as the corresponding method has default access and thus is only open to other classes in
the same package.
Class OMSObjectTypeImpl is a specialisation of class OMSInstanceImpl
that represents an object instance that describes the attributes and methods of other objects. To do so, class OMSObjectTypeImpl maintains a list of
OMSAttribute instances that describe which attributes an instance of this
type will have. As the order of these attributes is important, they are
managed as a list. The attributes defined by a type can be retrieved by
name using the getAttribute() method. A new attribute can be appended
to the type using setAttribute(). In addition to the metadata about a type’s
attributes, class OMSObjectTypeImpl also maintains information about the
type’s supertypes and subtypes. As the OM data model allows types
to inherit from multiple supertypes, the references to both supertypes
and subtypes are stored in a collection. As these collections cannot be
accessed directly, the interface of class OMSObjectTypeImpl provides methods to retrieve and insert both supertypes and subtypes. Similar to
class OMSInstanceImpl, methods providing read-only access are public and
can be invoked by any other class. Methods that modify the metadata,
however, have protected access to ensure that they are not called from
the outside. To modify the database schema in OMSjp, the previously
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discussed database concept offered by the interface has to be used. In
contrast to the representations of metadata objects, the database concept also takes care of the required data evolution operations that have
to be executed to ensure database consistency.
To accommodate versioned objects, as defined at the beginning of this
chapter, the OMSjp interface and its implementation has been extended
with the necessary concepts. As point of extension we have chosen the
driver that manages the database back-end of an OMSjp interface implementation. In our extended implementation, the driver maps the versioned objects visible to the application programmer to the metamodel,
shown in Figure 4.4, which is used to manage versioned objects at the
storage level. Since the driver now takes on the management of revisions and variants as well as version-aware query processing, in addition
to the mapping between OM concepts and Java concepts, it effectively
becomes a part of the data management system itself. Apart from the
back-end implementation, the OMSjp interface itself has to be adapted
as well. At the heart of this augmented interface is the extended model
of an OM object shown in Figure 4.12 as a UML class diagram. For
reasons of conciseness, we have decided not to discuss the interface and
implementation of the extended object representation of OMSjp in two
separate figures. Although the concepts shown in the figure are labelled
with the names of the interfaces introduced previously, they nevertheless
represent classes materialising these interfaces where all methods that
have public access are implementations of interface methods. Thus, the
interface corresponding to any of the classes shown can be derived from
the name of the class and the set of its public methods. Methods and
fields that retain their meaning and functionality from the discussed basic OMSjp object model are shown in grey, while extensions to the model
are set in black.
Before presenting each of the adapted classes in some more detail, it
is worthwhile discussing the general structure of the new object model
first. The most visible change is the introduction of a new class OMSObjectVersion that has been included as an additional step of indirection
between the object and its instances. The changes that have been made
to the classes OMSObject and OMSInstance are mostly direct results of the
new structure of the object model. In contrast to the storage layer that
uses two distinct concepts for revisions and variants, the interface layer
only uses the concept of a single version representation that represents
both revisions and variants. The motivation for this deviating representation of a versioned object is rooted in the different requirements that
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OMSObject

OMSObjectVersion

oid: OMSObjectID
types: Collection<OMSObjectType>
versions: Collection<OMSObjectVersion>
latestTimestamp: Timestamp
defaultVariantId: OMSVariantID
latestRevision: Map<OMSVariantID, OMSObjectVersion>
defaultVariant: SortedMap<Timestamp, OMSObjectVersion>

baseObject: OMSObject
timestamp: Timestamp
variantId: OMSVariantID
instances: Collection<OMSInstance>

+getObjectID(): OMSObjectID
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+dress(type: OMSObjectType)
+strip(type: OMSObjectType)
+createRevision(version: OMSObjectVersion): OMSObjectVersion
+createVariant(context: Context): OMSObjectVersion
+getLatestRevision(): OMSObjectVersion
+getLatestRevision(id: OMSVariantID): OMSObjectVersion
+getDefaultVariant(): OMSObjectVersion
+getDefaultVariant(ts: Timestamp): OMSObjectVersion
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+setAttributeValue(name: String, value: Object)
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Figure 4.12: Extended object model in OMSjp
need to be addressed at different levels of the implementation. At the
storage level, the representation of a versioned object has been designed
to favour the evaluation of certain kinds of queries. The needs of database application developers are the primary influence that has shaped the
structure of the extended OMSjp interface. At this level it is important
the keep the number of concepts small in order to provide an elegant and
minimal interface. Therefore, we have decided that the differentiation
between revisions and variants should not be visible in terms of interface
classes but rather in the functionality offered by these classes.
As shown in the figure, class OMSObject continues to be the principal Java representation of an object as defined by the OM data model.
Apart from the instances field and the browse() method that are no longer
a part of this class, all other methods and fields continue to have the
same purpose as discussed above. In particular, all methods that affect
the object’s set of types remain at the level of the object itself to ensure
that all versions of the object have the same set of types at any point
in time as required by our definition of the version model. In addition
to these class members, the extended representation of an OM object
defines a set of fields and methods that manage revisions and variants.
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For example, the versions field maintains a collection of references to all
versions of the object represented as instances of class OMSObjectVersion.
The relationship between an object and its versions is also explicitly
shown in the figure as an aggregation of two UML classes. The class
interface does not provide direct access to the collection of versions but
allows new revisions and variants to be created using the methods createRevision() and createVariant(). As an object can have multiple variants,
the application developer needs to specify the version of the object for
which they would like to create a new revision. However, the creation of
a new revision is only successful if the given version is one of the latest
revisions of the object. Otherwise, the call to createRevision() fails and
an exception is raised. Our definition of the version model requires all
variants of an object to specify a set of context values that is different
from the properties of all other variants. Therefore, whenever a variant is
created, the application developer needs to state the context in which the
variant will be suitable. Method createVariant() then checks if the given
set of context values fulfils this constraint prior to creating the variant in
the storage layer and raises an exception if a variant for the same context
already exists.
To provide efficient access to both the latest revision and the default
variant, class OMSObject further maintains the two look-up tables latestRevision and defaultVariant. The interface method getLatestRevision() accesses
the first of these look-up tables to retrieve the latest revision of the object. While the latest revision of the default variant can be obtained
by using getLatestRevision() without parameters, the latest revision of a
specific variant is retrieved by the implementation that takes the corresponding argument. If no variant identifier is specified, the latest revision
is computed based on the value stored in field defaultVariantId. The default
variant is accessed analogously by using the method getDefaultVariant() of
the interface of OMSObject. If no parameter is given, the latest revision of
the default variant is returned, based on the value captured by the field
latestTimestamp. However, if the application designer specifies a certain
point in time as an argument to the method, the latest version smaller
or equal to the given value is retrieved. To facilitate this computation,
defaultVariant is implemented as a sorted map that maintains an ordering
over the sequence of recorded timestamps and therefore supports range
queries. To access an arbitrary version of the object, the interface of class
OMSObject provides the getVersion() method that allows both the specification of a time-stamp and a variant identifier. The matching algorithm
presented in the previous section is invoked by calling method match() and
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passing the current context as an argument. The method matches the
given set of context values to the properties of the available variants and
returns the identifier of the best matching alternative. This identifier can
then be used to access the variant version itself, by using the methods
we outlined earlier. Although the interface of the object class provides
methods to create new revisions and variants, there are no counterpart
methods that would allow these versions to be removed. The simple reason for this omission is the fact that the semantics of such an operation
are not defined by our version model.
As mentioned before, the inclusion of class OMSObjectVersion presents
the only structural change distinguishing the extended from the original
value interface. An instance of this class represents a version of the base
object it is associated with. It therefore maintains a reference to the base
object in the baseObject field. The base object is accessible to descendants
of the class and other classes in the same package through method getBaseObject() that has protected access. A version of an object is identified
by the values stored in fields timestamp and variantId. Similar to the object
identifier in class OMSObject, both fields can be accessed by methods getTimestamp() and getVariantID(). Also, as the identifier of the object, these
values cannot be updated as they have to remain constant throughout
a version’s existence. The browse() method that was part of the original
interface of OMSObject, as shown in Figure 4.10, has been moved to the
class representing a version of an object. The reason for this refactoring
is that the object in the extended model is no longer directly connected
to its instances. Therefore, this functionality is now offered as part of the
interface of class OMSObjectVersion that also maintains a set of references
to the object’s instances in field instances. Finally, the only changes made
to class OMSInstance reflect the fact that it is associated with an instance
of class OMSObjectVersion in the extended model, instead of an instance
of class OMSObject as in the original object model. Consequently, field
baseVersion replaces the previously defined field baseObject and the two
access methods to this field have been renamed accordingly.

4.5

Discussion

As a response to the requirements of context-aware applications, we have
presented a version model that provides support for the management of
alternative versions of data objects while at the same time supporting the
system development process with the provision of revisional versions. The
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model has been defined formally within the framework of the OM data
model, an extended E/R model for object-oriented data management.
Based on a comparison of the original metamodel of an object as defined
by OM to the extended model that introduces a set of new concepts
and constraints, we have shown how our model accommodates revisional
and alternative versions. An important characteristic of this extended
model is how objects are identified and referenced. To allow both generic
and specific references, the concepts of a latest revision and a default
variant have been presented. Based on these types of references, we have
demonstrated how relationships between objects can be versioned using
the same concepts as for the objects themselves.
At the heart of our context-aware data management stands an algorithm that matches the current context of an application to the variants
of the objects involved in a query. For each variant, the matching algorithm computes a score and then selects the one with the highest score
as the representation of the object according to the context. In our version model, context is seen as information that can be used to augment
the result of a query rather than a specification that has to be followed
strictly. Hence, instead of computing an exact match between the context
and the set of object variants, the algorithm uses a best match approach,
with the default variant as fall-back option, if no variant scores above
a predefined threshold. As system developers have to be given as much
control as possible, our matching algorithm further supports the notion
of required and illegal values for context dimensions.
Many of the ideas and concepts presented in this chapter have their
origin in solutions proposed for temporal and engineering databases as
well as software configuration systems. Although all of these systems are
capable of either supporting revisional, alternative or even both kinds
of versions, none of them has been developed for the management of
context-aware data. We argue that this difference in the area of application of a version model gives rise to new requirements that need to
be addressed by adapting and extending concepts introduced earlier. As
mentioned before, the main difference between existing solutions and our
approach is the interpretation of information that exists in addition to
the query. As this information is seen as a part of the query in temporal
and engineering databases as well as in software configuration systems,
these systems are not at liberty to deliver a result representing a best
effort. If an object has no version that matches this additional specification exactly, the query processing needs to be aborted and an error
reported. For example, if a software configuration system is used to build
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a system for a certain platform and one module is not available for this
platform, it generally cannot be substituted by a version intended for a
different platform.
As our model assumes that this additional context information is
orthogonal to the query, there are several important implications that
distinguish our system from existing solutions. Although most existing
version models feature the concept of a latest version and a default variant, their purpose is completely different. In those systems, these two
concepts exist only to cope with queries that do not use or are not aware
of versions. While this purpose persists in our model, the default variant is also used as a fall-back representation of the object which avoids
exceptions during query processing. Such a use of this concept would
never be possible in the example of a software configuration system, as it
would inevitably lead to faulty results, and therefore exceptions are vital
information to the users of such systems. In contrast, having a fall-back
variant that is always possible is the enabling factor for a best match
algorithm instead of an exact match algorithm. The importance of this
approach becomes clear when we go back once again and compare the
nature of the additional information in both existing solutions and our
version model. Apart from its interpretation, another key difference is
where this information originates. In the case of an engineering database
or a software configuration system, for example, both the type and the
values of this information are defined by the same developers that define
the alternative versions. In a context-aware application, however, the
developer of the database and the client specifying the context are two
different actors. Therefore, our model for context-aware data management has to cope with context configurations that have not been envisioned at design-time. In this setting, using an exact match approach is
not possible for two reasons. On the one hand, even small changes in the
context values could lead to situations where our system would not be
able to deliver satisfactory or even any results. On the other hand, using
an exact match would require a variant to be defined for each context
configuration. Clearly, such an approach is not feasible, due to reasons
of scalability.
The different application of the version models is also manifested in
the operational model defined for each solution. In temporal databases,
versions are normally created automatically when data is modified based
on the current time-stamp, even though systems exist that also provide
explicit operations for this purpose. Engineering databases and software
configuration systems do not create revisions and variants by default but
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define a set of commands that allow the version graph of an object to
be manipulated. In this respect, our version model is more like these
latter systems, as we have not defined a mechanism for automatic version generation, such as a high-level operational model or policies that
control when versions are created by the system. In contrast to many
of those systems that use the library model of operations where objects
are checked out, modified, and later checked in, our system uses an operational model based on the interface presented in the previous section.
Both engineering databases and software configuration systems support
a merge operation that is used to combine two alternative branches of
revisions. As, in practice, this operation will almost always involve some
kind of user interaction to resolve conflicts between the variants involved,
it is virtually impossible to offer an automatic merge operation. Also, in
the setting of context-aware data management, the semantics of merging
two variants are not defined and therefore we believe that it is not very
likely that this operation will be required. Hence, we have abstained from
including a default implementation of this operation in our version model
and leave its implementation, if required, to the application developer.
Query processing, or building a configuration, as it is called in software configuration systems, is another area where our system distinguishes itself from existing solutions. If information that is provided in
addition to the query is considered to be a form of specification, the
query processor has to ensure that the returned result is consistent with
the specification in its entirety. Software configuration systems, for example, have proposed a technique where the specification is becoming
more and more complete with every object that is included. To do so,
the values of parameters that have not given to the query are inserted into
the specification, based on unused values obtained from the descriptions
of the selected variants. This approach results in a stable and consistent configuration but its outcome highly depends on the order in which
objects are accessed. Other solutions have proposed building the entire
query tree first and then computing a matching over all objects. While
this algorithm leads to a deterministic and consistent result, it is not
usable in on-line systems such as our own, for reasons of performance.
Our notion of context allows the matching of context to be effected at
the time each object is accessed by the query processor. The task of
augmenting an existing query evaluator with support for our notion of
context-awareness is therefore not a complex one.
Much of the power of the OM data model lies in the fact that the
model is completely specified by a metamodel that is also expressed in

172

Chapter 4. Context-Aware Data Management

OM. As a consequence, most of the OMS platforms that provide native support for databases designed with OM use objects to store both
data and metadata. In other words, concepts such as collections, associations, methods or types are all represented and stored as OM objects. Therefore, traditional OMS platforms provide an elegant way of
managing, accessing and querying data and metadata in a uniform way.
With our extended object model, however, the question has to be raised
whether to apply its additional functionality to metadata objects as well.
The two extreme solutions—disallowing or allowing all metadata to have
versions—do not promise to be very useful. Whereas the first approach
imposes an unnecessary restriction that prevents a concept from being
used in places where it could be wise to do so, the second solution will
undoubtedly lead to a system that would be hard to understand, maintain and control. Hence, we believe, that a selected number of metadata
concepts should be allowed to have versions while others continue to exist
without them. Ideal candidates among the different types of metadata
objects are concepts that are already hard to classify as either data or
metadata such as, for example, collections and associations. As previously discussed, versioned associations in particular constitute a powerful
concept to track the evolution of entire object systems, as they capture
the relationships between objects. Another metadata concept that benefits from the additional functionality of our version model are method
objects. Whereas revisional versions are an ideal solution to keep track
of the development of a method, alternative versions of a method object
can be used to provide context-aware behaviour that goes beyond the
presented query processing algorithm.
We firmly believe that the presented version model for context-aware
data management has the potential to address the requirements of context-aware applications and to facilitate their development. Nevertheless,
in its current form, the version model also has a few limitations that will
have to be addressed in the future. In the following, we discuss a few of
these shortcomings and provide some thoughts as to how they could be
overcome. A drawback of our model is the assumption that an object is
either entirely context-dependent or it is not. However, in reality, this
is seldom the case as often only parts of an object change depending on
the current context. Imagine, for example, an object used to represent
a person. Some attributes, such as text containing the biography or a
short curriculum vitae, can vary according to context dimensions such
as the language in which the object is accessed. Then again, other attributes, such as the name of the person or their phone number, remain
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the same in all contexts. In a way, this issue relates back to the question
that arose in temporal databases, whether the entire tuple or individual
attributes should be versioned. Our decision to apply versioning at the
level of objects is comparable to the notion of tuple-versioning introduced
in these systems. Therefore our model is not able to distinguish between
context-dependent and context-independent information within an object, which could lead to data being replicated in all variants. Clearly,
storing redundant information requires great care when updating these
values, and can lead to consistency anomalies. Fortunately, there are
solutions to this shortcoming in our system. Context-independent values
could be represented by a special null value in all variants except the
default variant. This special value would cause the system to access the
default variant whenever this attribute is read in a version that has no
data defined for it. If this additional level of indirection implicates a performance penalty that outweighs the benefits of having consistent data,
the metamodel of a versioned object would need to be revised and manage context-dependent and context-independent data separately. This
second solution relates back to version models that provide the concept
of a generic object that represents the properties that are common to all
object versions.
While we have presented several techniques to improve the quality of
results computed by the matching algorithm, there are still many cases
where the outcome is ambiguous. The fact that the matching algorithm
needs to resort to the default version in this case is highly unsatisfactory as it prevents our system from tapping its full potential. Therefore,
we believe that further refinements of the matching function are necessary. One possible starting point is the different classes of matches that
were introduced in Table 4.4. As of now, matches from all classes are
considered to be equally good and thus weighted the same. However,
it is reasonable to assume that, for example, a variant that is matched
with a wildcard is of lower importance than one that specifies the exact
value. As a further improvement of the matching algorithm, the presented weighting function could be extended to assign different weights
to matches, depending on the class that has been used to specify the context value. Related to this issue is the drawback that our value syntax
does not support the definition of priority lists or rankings. Instead of
being limited to simply specifying a set of acceptable values for a context
dimension, a context should be able to express preferences for these values. For example, if a system considers language as a contextual factor,
then it should be possible to declare that English takes precedence over
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German. As a consequence, a variant designed for the German context
would be assigned a lower matching value than the one for the English
context. This behaviour could easily be implemented by extending the
scoring function to deal with an additional given set that represents such
rankings. However, the integration of a given set RANKING would render
the whole system more complex. The need for such a class of values has,
therefore, to be underpinned by additional application scenarios.
Finally, another deficiency of our approach pertains to the implementation of versions on the storage level. As presented in Section 4.4, our
version model has been realised as part of a database library providing
access to different OMS platforms. As our implementation is not integrated into the database system itself, it has to work with the concepts
offered by these platforms, instead of being able to access their internal
structures. As an example, it would be desirable to use deltas to minimise
the space required for storing versions. Instead, every version has to be
represented as an object in the underlying database. Apart from space
consumption, this approach suffers from additional undesirable characteristics. As our layered approach operates at a relatively high level, it
has only limited control over how data is managed. Hence, it is difficult
to provide index structures that would allow objects and their versions
to be accessed efficiently. As a consequence, the performance of query
evaluation in our system does not compare well to a traditional database
system. While additional versioning functionality will always be coupled
to a performance penalty, we believe that this shortcoming is best addressed by truly integrating the concepts presented in this chapter into
the core of a database management system.
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12-14, 1996, Montréal, Canada, pages 261–269, 1996.
[43] J. A. Bubenko. The Temporal Dimension in Information Modeling. In Architecture and Models in Data Base Management Systems
(Proceedings of IFIP Working Conference on Modelling in Data
Base Management Systems, January 3-7, 1977, Nice, France),
pages 93–118, 1977.
[44] J. A. Bubenko. Information Modelling in the Context of System Development. In Information Processing 80 (Proceedings of
IFIP Congress 80, October 6-9, 1980, Tokyo, Japan, October 1417, 1980, Melbourne, Australia), pages 395–411, 1980.
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