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Abstract

In the context of large-scale distributed component-
based systems, this article motivates the need for and de-
fines a general open query service. This query service
allows for retrieving and selecting components from both
repositories and deployed running systems. The problem of
retrieving components from repositories has already been
tackled by many research works whose purpose is to con-
struct systems by assembling reusable components, typi-
cally in the context of COTS components. However, the
proposed query services allows for an uniform efficient as-
sociative access to both repositories and running systems,
while beeing based on distributed database techniques,
which is the main contribution in this paper.

1. Introduction and context

Data and services managed by large companies tend
to become more and more heterogeneous and distributed.
Such networks and information systems as a whole in-
clude network equipments such as IP routers and ATM
switches, server computers such as authentication servers,
web servers and application servers (e.g. for billing), and
database systems. Such systems are highly distributed,
i.e., their elements all interact through network interconnec-
tions, and dynamic, or open, i.e., new elements are added
or removed dynamically, are physically or logically moved,
and failures may occur. These elements are also heteroge-
neous, since their functions and capacities differ.

Distribution, dynamicity and heterogeneity make a sys-
tem difficult to develop and deploy, i.e. to install, activate,
control and upgrade, by the several kinds of actors that in-
teract with it: commercial representatives, system admin-
istrators, network equipment integrators, software develop-
ers and maintainers. To perform these tasks, views on sys-
tems [17] must be offered, i.e., systems can be considered as
sources of information. Typically, administrators use views

of remotely running systems that describe their topology
and the resources they use, and distributed teams of devel-
opers, possibly speaking different languages, share views of
system specifications to reuse parts of them in order to in-
stantiate systems. The problem that we address in this paper
is the construction of such views.

Generally, many works on component-based software ar-
chitecture address those problems of distribution, dynamic-
ity and heterogeneity. More specifically, reflexive compo-
nent models offer in addition a means to consider compo-
nents as sources of meta-data, and as such as small-scale
abstract views of a system. In this paper we consider the
Fractal reflexive component model [7, 6] because it is well-
suited both to design software systems and to reify hardware
resources in a uniform manner. It is therefore conceivable
to design a whole large company network and information
system using exclusively Fractal components.

The rest of this paper is organised as follows. Next sec-
tion describes the Fractal component model and the meta-
data that Fractal components provide. Scenarii are de-
scribed to motivate a broad scope for the use of component
query, in particular the need for querying systems at run-
time. Existing works on component retrieval approaches
are then presented, focusing mainly on querying compo-
nent repositories. The last part of this paper describes our
proposal of a component retrieval system, currently under
development, which prominent feature is to enable queries
on both component repositories and running systems. This
work is based on several of our existing research works in
the area of component-based distributed system architecture
on one hand, and in the area of databases and persistence on
the other hand.

2. The Fractal model

The Fractal component model The Fractal component
model exhibits several interesting properties for the con-
struction of distributed, dynamic and heterogeneous sys-
tems:
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e dynamism: components are runtime entities: they
are manifest and can be created, destroyed and
(re)configured during execution.

e encapsulation: components can interact only through
well-defined access points called interfaces and ex-
plicit bindings between interfaces. Bindings are arbi-
trary communication paths.

e identity: components have a well-defined identity, that
unambiguously distinguishes one component from an-
other, and allows to interact with them.

e nested composition: components can contain compo-
nents, recursively. Recursion ends up with primitive
components which have an empty content and may
reify hardware resources or directly encapsulate plain
software objects (e.g. Java objects). Components that
do have a content, i.e., that contain sub-components,
are called composite components.

e control: components transparently provide introspec-
tive and intercessive capabilities (i.e., access and ma-
nipulation of metadata respectively) to exercize arbi-
trary reflective control over their execution. Standard
controls in Fractal include adding or removing compo-
nents from composite components, starting or stopping
components, and (un)binding components, at runtime.

Meta-data information As a meta-data source, a typical
Fractal component offers at runtime the following informa-
tion: identity, life-cycle state (started, stopped, etc.), iden-
tity of subcomponents (if composite component), identity of
components bound to it, functional and control (meta-level)
interface names and types.

Fractal components are specified and instanciated pro-
grammatically, using the Fractal APIs. In addition, an archi-
tecture description language, the Fractal ADL, can be used
to statically define component templates, which are speci-
fications sufficient to instanciate components. The Fractal
ADL is an XML-based language that allows for the spec-
ification of the interfaces of components (names and sig-
natures), subcomponents (identified by local names) and
the bindings between them in a component template, ini-
tial values of component properties, and the implemen-
tation of primitive components (e.g., the name of a Java
class). Unstructured textual information can be attached to
any element. Template definitions have unique names and
can be specialized through inheritance in order to factorize
and reuse them. More generally, component templates de-
scribed in the Fractal ADL can be considered as sources of
meta-data more general and more precise than that avail-
able from running Fractal components. For instance, tem-
plate inheritance is an ADL-specific concept. However, the
use of the Fractal ADL is optional and is only static, i.e., it

describes only the initial state of a configuration of compo-
nents.

A repository of Fractal component templates would con-
tain both Fractal ADL information and the code for the im-
plementation of primitive components. In addition, it may
contain additional unstructured textual information, such as
Javadoc information for interface signatures.

Introspecting a system as a whole Reflexive component
models such as Fractal therefore offer abstract views of sys-
tems, either dynamic (running systems) or static (template
repositories). However, these views are generally at a small
scale, i.e., at the scale of a component, and do not allow
to consider a system as a whole, which is essential for in-
stance when managing a running system. Such introspec-
tion mechanisms can therefore be considered only as a basis
for general retrieval systems that allow to construct large-
scale abstract views of systems. Such views are constructed
using what we call associative introspection, i.e., queries
on the components using introspection as a mechanism to
access the component meta-data.

3. Scenarii

In the context of this paper, we consider not only devel-
opment teams that develop reusable components and assem-
ble systems using component repositories, but also other
actors that require manipulating running systems, such as
system administrators. This section presents two scenarii
that emphasize the need for a broader-scoped component
retrieval system that can query running systems through as-
sociative introspection.

Case of study We consider a simplified software architec-
ture of an IP router, as a Fractal components composition,
as illustrated in figure 1. The C2 router control component
is bound to the C1 protocol stack component, through two
interfaces provided by CI: Internet control protocol inter-
face, and a TCP/IP connection interface. In this configura-
tion, C/ is a composite component that contains two com-
ponents: C/] implements the ICMP protocol and provides
the Internet control protocol provided by C1, CI2 imple-
ments the TCP/IP protocol stack and provides the TCP/IP
connection interface provided by C/. CI2 is in turn a com-
posite component that contains two components: C122 ac-
tually implements the TCP/IP protocol stack, C121 is a fil-
tering component. C/21 and C122 both provide the TCP/IP
connection interface, and they are bound together so that
C12] is a proxy (according to the Proxy design pattern) to
C122, to filter connections opened through C122. CI1 and
C12 are bound to low-level protocol components, in order to
actually receive and emit packets on the network. We con-
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sider that most routers in the system have the same software
architecture.
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Figure 1. Example router component design

S1) Identify running components that provide the router
service

An administrator needs to interact with each router to col-
lect traffic statistical information. Each router control com-
ponent provides such information through its provided in-
terface. The administrator therefore has to retrieve the set of
identities of components deployed on the network that pro-
vide the router interface. Using each component identity,
she interacts with each router component to gather traffic
information. That query feature is close to trading services
in object-based systems, as specified in the ODP trading
service specification [14] and the CORBA trading service
specification, and in management protocols and architec-
tures such as JMX [28]. In the context of the trading of
binary heterogeneous COTS components repositories, [12]
compares component trading and object trading systems,
and proposes a trading architecture. However, in our con-
text, the query system must offer trading features over run-
ning component-based systems.

S2) Replace packets filtering components

Following a denial of service attack, a security administra-
tor decides to update the security policy. She therefore has
to replace the all packet filtering components in routers. She
has to carry out three actions: 1) identify the filtering com-
ponents to replace, 2) retrieve a component implementation
suitable to replace them, from a component repository, and
3) instantiate a component and make the actual replacement.
The third step is out of the scope of this paper.

Identify components Packet filtering components are not
only used in routers, but also in application servers and web
servers, those are all interdependent and interconnected,
and all concerned by security policies. The administrator
therefore has to limit searching for filtering components in
routers only. She then describes unambiguously such com-
ponents as “primitive components bound to the provided

interface of a composite component that is contained in
a composite component bound to a router control compo-
nent”. Such a query takes into account component config-
uration information, typically hierachical composition and
bindings in the Fractal model.

Such a feature could be used in other cases, for in-
stance when the administrator detects that a given compos-
ite TCP/IP stack component configuration is faulty, or con-
sumes too much resources (e.g. memory leak), without bee-
ing able to identify which subcomponent is actually faulty.
In that case, she must replace the whole composite configu-
ration, by first identifying such a configuration in all routers.

Find templates in a repository In the preceeding sce-
nario, in order to replace Fractal components, the adminis-
trator uses the standard Fractal reflective control interfaces
of components to stop components, instantiate new ones,
modify bindings and start the new components. In general,
such a reconfiguration problem is complex, because most
components have a state, and cannot be easily replaced dy-
namically. However, the problem of dynamic reconfigura-
tion is out of the scope of this paper, and we consider that
the packet filtering components are stateless.

The remaining problem is the construction of queries on
a repository according to introspective information given by
the running component to be replaced. Hence a compo-
nent retrieval system must allow the expression of queries
on both running systems and template repositories.

4. Related works

As one of the main purposes of component-based devel-
opment is reusability, retrieving software components has
been the center of interest of many research works. The
problem that is generally addressed by such works is the re-
trieving of components that best fullfill requirements from
libraries or component repositories. In this section we dis-
tinguish between two points of view: 1) general works and
theory in matching components, where each work considers
one homogeneous component model and minimal compo-
nent specifications, and 2) researchs in storing and selecting
components from a large number of heterogeneous compo-
nents in repositories, that require an external specification
of components that is additional to the one necessary for
component matching techniques.

4.1. Component matching

Matching and comparing components concern several
levels of component specifications: signature, semantic
and behaviour. Typically, component specifications are ex-
pressed in an Architecture Description Language. Signature
matching [25, 29, 13] uses signatures (or types) as a basis
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for comparing components. The signature of a component
is the set of the signatures of its interfaces, which in turn
are sets of operation signatures. For instance, an interface
signature is a Java interface in the Fractal / Java component
model. Matching component signatures is achieved through
the comparison of their sets of interface signatures, recur-
sively. Exactly matching two component signatures implies
they are exactly the same sets of interface signatures, and re-
cursively of operation signatures. Relaxed matching is more
general, for instance two operation signatures may match
even if they declare different return types.

Semantic and behaviour matching [11, 30, 15], also
called specification matching, considers more abstract spec-
ifications of components and interfaces. Such formal spec-
ifications may include for instance assertions (pre-, post-
conditions and invariants) or temporal logic models [24].

4.2. Retrieving and storing components

The main purpose of research works in component
repository querying is to assemble systems from existing
reusable components. Those works have to deal with het-
erogeneity of components, i.e., those may be implemented
in different component models, from different application
domains (banking, medicine), etc. Such components are
typically COTS-C (Commercial Off The Shelf Compo-
nents). Two question must be answered: 1) how to represent
components in repositories? 2) how to express and process
queries?

A representation model must deal with the integration
of components in different component models and different
domains. Several classifications of component information
representations [20, 27, 16] have identified simple keyword
sets, faceted and natural language specification classifica-
tion. The expressivity of queries depends on the component
representation.

Keyword sets Keywords are defined for each component
according to general string keyword sets for each domain
[21]. Queries are themselves expressed as simple keywords
sets, and are thefore limited in expressivity and semantics
because keywords have no intrinsinc meaning.

Facets Facets are more elaborated component descrip-
tions that are structured according to well-defined schemas
(or ontologies or taxonomies) [23, 31, 4, 19]. Facets may
describe a functional area, quality of service, relations be-
tween components, or domain-specific information, etc.
Queries are expressed according to the underlying schema
that structures each considered kind of facet, which may be
for instance a relational database schema. It is however dif-
ficult to identify and separate the relevant facets for each

component, and to deal with the evolution of their under-
lying domain. Integrating components from different do-
mains therefore also requires to convert facets from several
schemas into a single one, for instance through the use of
mediation-based architecture integration [4, 5].

Natural language specifications Natural language
queries [10, 27] provide the most semantically rich in-
formation, and are the least constraining ones to users.
However, querying on natural language specifications
requires to use complex techniques to manipulate it, such
as morpho-lexical analysis, and lexical resources such as
dictionaries and thesauri that are difficult to gather.

4.3. Discussion

The component retrieval works described above consider
component specifications at different levels: structural, se-
mantic, behavioural, ontological descriptions, natural lan-
guage descriptions, etc. These are complementary, i.e., our
component retrieval system should allow combining vari-
ous representations and techniques to improve the quality
of queries. For instance, one of our concrete needs is to
combine rich specifications from ADL files, and natural
language interface specifications from Javadoc files. Fur-
thermore, as in our context we consider the Fractal model
as a unique component model, our system should therefore
be able to efficiently use component matching techniques.
The most important point is however that the scope of re-
lated works is different from ours, as generally they aim
at assembling systems from reusable components retrieved
from repositories. Therefore they do not address the prob-
lem of querying running systems, that we have motivated
in the scenarii, in the context of large-scale systems super-
vision. We argue that this is the most prominent feature of
a general component retrieval system. More precisely, the
scenarii have highlighted the need for a highly distributed
retrieval system that considers likely templates repositories
and running systems, and that allows using both functional
and topological component matching to construct views.
Such a system can therefore be considered as a middleware
service.

5. A general retrieval service

This section describes our proposal of a middleware
component query service, in the form of a distributed
component-based software framework, that can be used by
the software tools of many kinds of actors: development
teams, system administrators, etc. Its purpose is to remotely
collect architectural data from introspected systems, and
information from template repositories, both beeing likely
considered as data sources. The problem therefore boils
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down to the problem of distributed queries in the database
management area. The issues of the query framework are
then 1) query expression and 2) query evaluation.

5.1. Distributed query service architecture

=7
Development / Administration
Configuration

Query
Service

System Repository

Distributed
Quey Quey e
Service Service

Local System
Query Service

Figure 2. Distributed query service architec-
ture

As the queried component configurations and reposito-
ries are highly distributed and numerous, the query service
must efficiently evaluate distributed queries. The query ser-
vice is therefore distributed itself. The query service ar-
chitecture is designed using the Fractal component model.
Figure 2 illustrates a typical configuration.

A Query Service component is the entry point for super-
vision and development tools to query systems and reposi-
tories. A Query Service homogeneizes access to both repos-
itories and running systems, by delegating to more specific
kinds of components: Repository Query Services and Sys-
tem Query Services. A Repository Query Service translates
Query Service queries into the query language of a medi-
ator, which an access point to template repositories: it is
therefore functionally comparable to existing related works

in component retrieval from repositories. A System Query
Service component interacts with Local System Query Ser-
vice components that are locally bound to introspection in-
terfaces of components in the system, in order to query their
meta-data. A Local System Query Service can recursively
introspect the bindings and content of components (cf sec-
tion 2), using the standard Fractal introspection interfaces,
starting from the component to which it is bound. It there-
fore handles all the queries on a given subpart of the system.
The placement and number of Local System Query Service
components depends on the number of remote sites, i.e.,
connected through distributed bindings, and the number of
components. Thus it impacts the performance of introspec-
tive query evaluation. The proposed modular query service
architecture is well adapted to the properties of distribution
and dynamicity of systems: Local System Query Service
components can be deployed at runtime to tackle with dy-
namic evolution and the cost of distribution.

5.2. Query expression

Queries can be expressed on either the introspected
system, through a System Query Service component, on
template repositories represented by mediators through a
Repository Query Service component, or on both. For in-
stance, one should be able to query for “component tem-
plates in repositories that are similar to a given queried run-
time component”. The following section points out that in-
trospecting Fractal component configuration boils down to
querying a semi-structured document. As repositories rep-
resent also structural information, i.e., component compo-
sitions and bindings, though their models contain more de-
tailed information (cf section 2), we adopt the same semi-
structured representation to express all queries in the query
service.

System Query Service Bindings and composition rela-
tionships between Fractal components can be represented
as an oriented labeled graph. For instance, figure 3 illus-
trates partially the graph for the component configuration
for the router software layer illustrated in figure 1. The
nodes represent architectural elements, i.e., components,
bindings, interfaces, interface signatures, etc. Leaf nodes
are primitive values such as names of interfaces and meth-
ods or operation argument types. Edges represent semantic
relationships between these elements. Such a graph rep-
resentation of data is the same as the OEM (Object Ex-
change Model) graph representation of semi-structured data
[22]: like reflexive components, semi-structured data auto-
describe themselves.

Expressing a query for associatively introspecting a sys-
tem comes down to expressing queries over semi-structured
data. Topological and functional expressions are trans-
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"byte[]" "payload"

Figure 3. Labeled graph representation of a
Fractal component configuration

lated into path expressions over the graph, that can contain
regular expressions, predicates and wildcards, as largely
described in many active research works in the semi-
structured data query field, typically such as in [1]. For
instance, to query the identify of ICMP components in
routers, as illustrated in figure 1, those can be identified as
“components C that provide an interface of name "icmp",
that are contained in a composite bound to a component
providing an interface of name "router”:

select C

where *.C[provides.name="icmp"]

.isContainedIn.provides.isBoundTo

.isRequiredBy.provides.name="router"

In that case, one can say that the matching is relaxed, since
only the names of interfaces have been used, but it would
have been possible to compare interfaces signatures, etc.
Similarly, queries of the scenarii can be expressed by such
semi-structured query expressions.

Repository Query Service As repositories may have dif-
ferent data schemas and data from different domains, e.g.,
networking components or banking components, they are
integrated by a mediation architecture, typically as in [5, 4],
to provide an integrated view of the whole repositories.
A Repository Query Service component therefore interacts
with a mediator by translating queries into the meditator
specific query language. For instance, the following query
expression asks for “the component templates that provide

an interface of name "icmp", and all the templates that ex-
tend them”. It should be noted that this query uses "ex-
tends" relationships, which are specific to templates in Frac-
tal ADL repositories, and not available once components
are instanciated in running systems.

select T
where *.T. (extends) *
.provides.name="icmp"

As a concrete case we consider that natural language spec-
ifications, with their language as an attribute, are associ-
ated with each architectural element in a repository, such as
templates, interfaces signatures, bindings, etc. For instance,
such specifications are extracted from Javadoc files. The
following query expression asks for “templates that pro-
vide an interface which signature documentation contains
a word that is semantically close to the english word "cre-
ates", whatever the language of that documentation”, using
the "containsWordCloseTo" natural language operator:

select T
where containsWordCloseTo (
"en", "creates",

* T.provides.isSpecifiedBy)

That query will return templates which provide interfaces
which signature documentation in English contains the
word "created" as morphological analysis is performed to
compare the several forms of "create". It may also match
"instanciate”, as it is a synonymous of "create", and the
French words "créer" and "instancier" as they are transla-
tions for "create". This emphasizes the need for rich lexical
resources such as thesauri to enhance the quality of results.

Query Service query expression Supervision and de-
velopment tools interact with a Query Service component
through what we call global queries, to query either run-
ning systems or template repositories, or both. Like in data
integration query processing systems [3], each global query
is decomposed into two sub queries, one being delegated to
a System Query Service component, the other to a Reposi-
tory Query Service component.

The query language allows for signature matching, be-
haviour matching and natural language specification match-
ing. Signature matching is achieved through simple classi-
cal database schema matching operators, such as "<" and
"=", as signatures are represented as a schema or a graph
as illustrated in figure 3 and the query examples above. As
natural language specification matching relies on very large
lexical resources and complex algorithms, its evaluation is
essentially delegated to mediators. Behaviour specifications
are more formal and complex: behaviour matching cannot
be performed as a simple graph matching. Thus, in order
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to perform behaviour matching, a Query Service retrieves
behaviour-related data from mediators, before it evaluates it
locally.

We consider that operators such as "<" that compares
components for substitutability [13], are higher-order oper-
ators that can be expressed using the operators of our lan-
guage.

In order to be flexible and adaptable to needs of soft-
ware that uses the query service (as adding new operators),
rather than to impose a query language such as XQuery,
queries are expressed by constructing programmatically an
algebraic tree, as we proposed in [2].

5.3. Query evaluation

When evaluating a global query, a Query Service com-
ponent delegates as much as it can to the System Query
Service component, and to the Repository Query Service
component which in turn delegates to mediators. The non-
delegated parts of the global query, such as the behaviour
matching operators, are evaluated locally in the Query Ser-
vice component.

Since we consider large scale and distributed compo-
nent architectures, the queries passed to a System Query
Service are distributed through Local Ssytem Query Ser-
vices. This problem is the same as processing queries in
distributed semi-structured databases through structural re-
cursion [8]. In that context, [26] proposed an approach and
algorithms to evaluate and optimize such queries, that we
can use. More precisely, in our context, optimizing queries
means that the number of interactions between a System
Query Service and Local System Query Service should be
constant, and the amount of transferred data should depend
only on the size of the queries answers and the total num-
ber of introspected components, and not on the size of the
whole system (number of components, etc.). To improve the
efficiency of query evaluation, views can be cached. How-
ever, in this case, cache consistency must be explicitely han-
dled by cache maintainers, since the system is dynamically
evoluting.

6. Conclusion

This paper argues for and sketches the design of an open
component query service that would allow both queries on
component repositories and queries on running software
systems, which is our main contribution. The proposed
architecture allows for such global queries using multiple
component matching mechanism such as type matching,
behavioural matching and natural language specification
matching.

This article advocates the generalized construction of
component-based distributed systems so that information

could effectively be queried on these systems uniformly.
Component-based architectures would also ease the inte-
gration of a query service such as the one introduced in
this paper. Indeed, such a query service is just one of the
pieces of a complex software systems wich involves devel-
opment, deployment, monitoring and management services
and tools.

The implementation of the proposed query service,
based on the Julia Fractal-compliant Java platform [6, 9]
and on the Medor distributed query processing framework
[18], will include the implementation of the several compo-
nents of the proposed architecture.

Finally, further development would include the study of
the generalization of the usage of queries as a means to
manage software systems - very much like queries in the
database field - though intercession.
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