Supporting dynamic QoS management functions in
a reflective middleware platform

(G.S.Blair, A.Andersen, L.Blair, G.Coulson and D.Sanchez

Abstract: Reflection has recently been applied in a varicty of settings to introduce more openncss
and flexibility into designs. The paper builds on the authors’ previous work in applying reflection
to the design of middleware platforms by considering the role of reflection in supporting the
dynamic QoS management functions of monitoring and adaptation. Tt is argued that reflection
provides strong support for such functions and, indeed, the approach offers important benefits over
alternative implementation strategies. A pilot implementation of a QoS management scheme is
discussed and evaluated, and examples of the use of this approach are given.

1 Introduction

Reflection initially emerged in the programming language
community as an important technique to introduce more
flexibility and openness into the design of programming
languages, In recent years, researchers have studied the
potential impact of reflection in other areas including
windowing systems, operating systems and file systems.
Again, the motivation has been to introduce more flex-
ibility and openness in the designs. We believe that the
same technique can usefully be exploited in the area of
distributed systems, in general, and middleware [Note:1],
in particular. For example, reflection can help provide the
neccssary level of adaptability required by emerging
distributed systems application areas such as multimedia
and mobile computing.

In previous papers, we have reported on the design and
implementation of reflective middleware platforms [2, 3].
The aim of this paper is to consider the implications of
such an architecture for the area of Quality of Service
(Qo8) management. More specifically, the paper describes
how critical QoS management functions can be incorpor-
ated into our reflective middleware platform, with particu-
lar emphasis on the dynamic QoS management functions
of QoS monitoring and adaptation. It is argued that the
reflective approach leads to a natural and highly flexible
implementation of such QoS management functions (and
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indeed the approach offers considerable benefits over more
conventional approaches).

2 The case for reflective middleware

The concept of reflection was first introduced by Smith in
1982 [4]. In this work, he introduced the reflection hypoth-
esis which states;

“In as much as a computational process can be
canstructed to reason about an external world in virtue
of comprising an ingredient process (interpreter) formally
manipulating representations of that world, so fteo a
computational process could be made to veason about
itself in virtue of comprising an ingredient process (inter-
preter) formally manipulating representations of its own
operations and siructures”.

The importance of this statement is that a program can
access, reason about and alter its own interpretation.
Access to the interpreter is provided through a meta-
object protocol (MOP) which defines the services available
at the meta-level, Examples of operations available at the
meta-level include altering the semantics of message
passing and inserting before or after actions around
method invocations. Access to the meta-level is provided
through a process of rejfication. Reiflication effectively
makes some aspect of the internal representation explicit
and hence accessible from the program. The opposite
process is then absorption where some aspect of the
meta-system is altered or overridden.

Smith’s insight has catalysed a large body of research in
the application of reflection. Initially, this work was
restricted to the field of programming language design
[5-7]. More recently, the work has diversified with reflec-
tion being applied in operating systems [8] and, more
recently, distributed systems (see Section 0).

The primary motivation of a reflective language or
system is to provide a principled (as opposed to ad hoc)
means of achieving open enginecring. TFor example, reflec-
tion can be used to inspect the internal behaviour of a
language or system. By exposing the underlying imple-
mentation, it becomes straightforward to insert additional
behaviour to monitor the implementation, e.g. performance
monitors, quality of servicc monitors, or accounting
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systems. Reflection can also be used to adapt the internal
behaviour of a language or system. Examples include
replacing the implementation of message passing to oper-
ate more optimally over a wireless link, introducing an
additional level of distribution transparency in a running
computation (such as migration transparency), or inserting
a filter to reduce the bandwidth requirements of a commu-
nications stream. Although reflection is a promising tech-
nique, there are a number of potential drawbacks of this
approach; in particular issues of integrity and performance
must be carefully addressed (we return to these issues in
Sections 3.3 and 7 respectively).

In conirast, thc present-day approach to developing
middleware platforms is generally to adopt a black box
philosophy, wherchy implementation details are hidden
from the platform uscr {cf. distribution transparency).
There is increasing evidence though that the black hox
philosophy is becoming untenable, For example, the OMG
have recently added internal intcrfaces to CORBA to
support services such as transactions and security. The
recently defined Portable Object Adapier is another attempt
to introduce more openness in their design, Neverthcless,
their overall approach can be criticised for being rather ad
hoe. Similarly, 2 number of ORB vendors have felt obliged
to cxpose selected aspects of the underlying system (e.g.
filtiers in Orbix or intereeptors in COOL). These are
however non-standard and hence compromise the portabil-
ity of CORBA applications and services. The RM-ODP
architecture partially addresses this issue by distinguishing
between computational and cngineering concerns.
However, we believe this approach is still not sufficient
to meet the demands of the next generation of distributed
applications (see Scction 3.3 below).

We belicve that the solution is to provide flexible
middleware platforms through application of the principle
of reflection.

3 An architecture for reflective middleware

3.1 General principles

In our reflective architecture, we adopt a component-based
model of computation [9]. A middleware platform is then
viewed as a particular configuration of components, which
can be sclected at build-time and re-configured at run-time.
We therefore provide an open and extensible library of
components, and component factorics, supporting the
construction of such platforms, c.g. protocol components,
schedulers, ctc. The use of components is important given
the trend towards the application of this technology in open
distributed processing, e.g. CORBA v3 [10] and Micro-
soft’s DCOM. Note however that these technologies exploit
component technology at the application level; we cxtend
this approach to the structuring of the middleware platform
itself. Our particular component model includes features to
support muitimedia applications, and is derived from
previous work on the Computational Model from RM-
ODP. The main features of our component model are: i)
components are described in terms of a set of required and
provided interfaces, i1) interfaces for continuous media
interaction arc supportted, iii) explicit bindings can be
created between compatible interfaces (the result being
the creation of a binding component), and iv) components
offer a built-in event notification service. The component
modol also has a sophisticated model of quality of service
including Qo8 annotation on interfaces. Further details on
the underlying RM-ODP Computational Model can be
found in [11]. In contrast, with RM-ODP however, wc
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adopt a consistent computational model throughout the
design (scc Scetion 3.3).

As our second principle, we adopt a procedural (as
opposed to a declarative} approach to reflection, ie. the
meta-level (selectively) exposes the actual ‘program’ (in
our case, configuration of components) that implements the
system. In our context, this approach has a number of
advantages over the declarative approach, or cxample, the
procedural approach is more primitive (in particular, it is
possible to support declarative interfaces on top of pro-
cedural reflection but not vice versa). Procedural reflection
also opens the possibility of an infinite tower of reflection
(i.c. the base level has a meta-level, the meta-level is
implemented using components and hence has a meta-
meta-level, and so on). This is realised in our approach by
allowing such an infinite structure to exist in principle but
only to instantiate a given lovel on demand, i.e. when it is
reificd, This provides a finite representation of an infinite
structure (a similar approach is taken in ABCL/R [6].
Access to different meta-levels is important in our design
although in practice most access will be restricted to the
meta- and meta-meta-levels (e.g. see the examples in
Section 5.2).

The third principle underlying our design is to support
per interface (or, somctimes, per component) meta-spaces.
This is necessary in a heterogeneous environment where
components will have varying capacitics for reflection.
Such a solution also provides a fine level of control over
the support provided by the middleware platform; a corol-
lary of this is that problems of maintaining integrity are
minimised due to the limited scope of change (scc discus-
sion in Section 3.3). We do recognise however that there
arc situations where it is useful to be able to access the
meta-spaces of sets of components in one single action; to
support this, we also allow the use of groups [12] (we do
not address this aspect further in this paper however).

The final principle is to structure meta-space as a
number of closely related but distinct meta-space models.
This apptoach was first advocated by the designers of AL-
1/D, a reflective programming language for distributed
applications [13]. The benefit of this approach is to
simplify the interface offered by meta-space by maintain-
ing a separation of concerns between different system
aspects. Further details of each of the various models can
be found below.

3.2 The design of meta-space

3.2.1 Supporting structural reflection: In reflective
systems, structural reflection is concerned with the content
of a given component [6]. Tn our architecture, this aspect of
meta-space is represented by two distinct meta-models,
namely the encapsulation and composition meta-models.
We introduce each model in turn below,

The encapsulation meig-model provides access to the
representation of a particular interface in terms of its set of
methods and associated attributes, together with key prop-
ertics of the interface including its inheritance structurc
(where available). This is equivalent to the introspection
facilities available, for example, in the Java language,
although we go further by also supporting adaptation.
Cleatly, howcver, the level of access provided by the
encapsulation model will be language dependent. For
cxample, with compiled languages such as C, access may
be limited to introspection of the associated IDL interface.
With more open (interpreted) languages, such as Java or
Python (see Section 5.1}, more complete access is possible,
such as being able to add or delete methods and attributes.
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This level of heterogeneity is supported by having a type
hierarchy of encapsulation meta-interfaces ranging from
minimal access to full reflective access lo interfaces. Note
however that it is important that this type hicrarchy is open
and extensible to accommodate unanticipated levels of
access.

In reality, many componenis will in fact be compaosite,
using a number of other components in their construction.
In recognition of this fact, we also provide a compositional
meta-model offering access to such constituent compo-
nents. Note that this meta-model is associated with each
component and not each interface. More specifically, the
same compositional meta-model will be reached from each
interface deflined on the component (reflecting the fact that
it is the component itself, rather than the interface, that is
composite). In the meta-model, the composition of a
component is represenfed as a component graph, in
which the constituent components arc connected together
by local bindings [Note: 2]. The interface offered by the
meta-model then supports operations to inspect and adapt
the graph structure, i.e. to view the structure of the graph,
to access individual components in the graph, and to adapt
the graph structure and content.

This meta-model is particularly uscful when dealing
with binding components [2]. In this context, the composi-
tien meta-model reifies the internal structure of the binding
in terms of the components used to realisc the end-to-end
communication path. For example the component graph
could feature an MPEG compressor and decompressor and
an RTP binding component. The structure can also be
exposed recursively; for example, the composition meta-
model of the RTP binding might expose the peer protocol
entities for RTP and also the underlying UDP/IP protocol.
It is argued in [14] that open bindings alone provide strong
support for mobile computing.

3.2.2 Supporting behavioural reflection: Beha-
vioural reflection is concerned with activity in the under-
lying system [6]. This is represented by a single meta-
model associated with each interface, the envirommental
meta-model. In terms of middleware, the underlying activ-
ity cquates to functions such as message arrival, enqueue-
ing, selection, unmarshalling and dispatching (plus the
equivalent on the sending side) [6, 15].

Again, different levels of access arc supported, For
example, a simple meta-maodel may enable the insertion of
pre- and post- methods. Such a mechanism can be used to
introduce, for example, additional levels of distribution
transparency (such as concurrency control) or to insert
functions such as sceurily managers or COINPression compo-
nents. A more complex meta-model may allow the inspec-
tion or adaptation of each element of the processing of
messages as described above., With such complexity, it is
likely that such a meta~-model would itsclf be a compaosite
component with individual components accessed via the
compositional meta-space of the environmental meta-space.
As with the other meta-models, heterogeneity is accomimo-
dated within an opcn and extensible type hierarchy.

3.2.3 Supporting resource access: Most rellective
languages and systems restrict their scope to the above
styles of reflection. In cxperiments, however, we have
identified a significant weakness of this approach, namely

that we have no means of accessing the level of resources
and resource management in the system. This is a particular
probiem for mobile, multimedia and real-time systoms
where it is often important to be aware of the resources
currenily available at a given node (e.g. if it is intended to
introduce a new software compression component). We
therefore introduce a fourth meta-model, referred to as
the resource meta-mode! [16]. This meta-model supports
the reification of resource creation, scheduling and, more
generally, management. It is important to stress that this
meta-model is fully orthogonal to the others, For example,
the environmental meta-model identifies the steps involved
in processing an arriving message: the resources meta-
model then identifies the resources required to perform
this processing, More generally, the resources meta-model
is concerned with the allocation and management of
resoutees associated with any activity in the gystem.

The meta-model is based around the abstractions of
resources and tasks [Note: 3]. Resources can be cither
primitive (¢.g. raw memory or OS threads) or complex (e.g.
buffers or user-level threads multi-plexed on OS threads).
They arc created and managed by resource factories and
resource  managers  which  typically build complex
resources by adding value to, or combining, primitive
resource instances. For example, a user level scheduler is
a resource manager which builds user level threads from
OS8 threads. Both resources and their managers arc
uniformly viewed as components. Tasks are then the
logical unit of activity in the system with the precise
granularity varying from configuration to configuration.
For example, there could be a single task dealing with the
arrival, filtering and presentation of an incoming video
stream, or alternatively this could be divided into a number
of smaller tasks. Importantly, tasks can span component
boundaries and are thus orthogonal to the structure of the
system. Tasks are cssentially the wnit of resource alloca-
tion, i.e. tasks have a pool of resources to carry out their
desired activity. Tasks also have associated task managers
(analogous to the services identified above for resources).

There is a resources meta-model per address space, i.c.
resources are associated with a particular address space and
all components within that address space share the samc
meta-model. The meta-model provides access to a set of
components representing resources, together with the asso-
ciated managers. As with other meta-models, it is then
possible to cither inspect or adapt activity associated with
resources. For example, it is possible to insert monitors to
capture statistics on the effectiveness of a thread scheduling
policy and then possibly change this policy based on the
information collected. [n programming terms, the resources
meta-model is accessed in a similar way to the composi-
tional meta-model; i.e. as a graph structure which organises
resources, tasks and managers into hierarchical structures.

The complete architecture is summarised in Figure 1.

3.3 Discussion

In our opinion, the reflective architecture described above
provides a promising basis for the design of future middle-
ware platforms and overcomes certain inherent limitations
of technologics such as CORBA. In particular, the archi-
tecture offers principled and comprehensive access to the
enginecring of a middleware platform. This compares

Note 2: The RM-ODP inspired concept of local binding is erucial in our
design, providiag a language-independent means of implementing the
intcraction point between interfaces.
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Note 3: This aspeet of the work is being developed along with our
collabovators at CNET, TFranee Telecom. [n particular, they have
developed the particular resource/task medel presented in this section.
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Fig. 1 The structure of meta-space

favourably with CORBA which, as stated above, generally
follows a ‘black box” philosophy with minimal, ad hoc
access (o internal details.

We also believe that the reflective approach generalises
the viewpoints approach to structuring advocated by RM-
ODP. RM-ODP distinguishes between the Computational
Viewpoint (focusing on application-level objects and their
interaction) and the Engineering Viewpoint (which consid-
ers their implementation in a distributed environment).
Crucially, each viewpoint also has its own set of object
modelling concepts (for example, the Computational
Viewpoint features objects, interfaces and bindings,
whereas the Engineering Viewpoint has bagic engineering
objects, capsules and protocol objects). Censequently, this
approach enforces a two-level structure, ie. it is not
possible to analyse engineering objects in terms of their
internal structure or behaviour. Qur approach overcomes
this limitation by offering a consistent object (component)
model throughout, supporting arbitrary levels of openness.

Another benefit of our approach is that it reduces
problems of maintaining integrity. This is due to our
approach to scoping whereby every component/interface
has its own meta-space. Thus changes to a meta-space can
only affect a single component. Furthermore, the meta-
space is highly structured, again minimising the scope of
changes, An additional level of safety is provided by the
strongly typed component model.

4 Introducing QoS management

4.1 General approach

As can be seen from the descriptions above, the concept of
component graphs is central to our design. In particular,
the composition, environment and resource meta-models
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are all represented as component graphs. Given this, QoS
management is largely concerned with:

i) creating the initial configurations of components and
resources based on a statement of desired QoS properties
and the assumed QoS from the environment (e.g. selecting
appropriate compression components to be uscd), and

il) inspecting and adapting the corresponding component
graphs depending on the actual QoS attained and the actual
QoS offered by the environment (which might of course
change in, for example, a mobile environment).

The first aspect is referred to as static QoS management
and the second aspect as dynamic QoS management. As
stated earlier, we focus our attention on the dynamic
aspects of QoS management in this paper (the static
aspects are the responsibility of the various factories,
including binding factories, and are the subject of ongoing
research), Dynamic QoS management is achieved by
mtroducing management components into the component
graph structure (accessed via meta-space). To maintain a
clean separation of concerns between management compo-
nents and components being managed, communication
between the two is achieved by an event notification
mechanism (as provided by our component model; see
Section 3.1). Separation is achieved because components
do not need to know in advance if they are to be managed.
In other words, managers can be introduced at any time
and can then register for cvents of interest (and receive
call-backs when the specific events occur).

Different styles of management component are identified
in our architecture (see Table 1).

The role of monitering is to collect statistics on the level
of QoS attained by the running system and to raise events
when problems occur, e.g. to collect information on the
latency and throughput of a video presentation and raise
exceptions should they fall outside given thresholds. This
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Table 1: Styles of management component

Monitoting

Event Observe behaviour of underlying

collector functional compenents and genarate
relevant QoS events

Monitor Collect QoS events and report abnormal
behaviour fo interested parties

Control

Strategy Select an appropriate adaptation

selectors strategy (i.e. strategy activator) based on
feadback from monitors.

Strateqy Implement a particular strategy,

activators e.g. by manipulating component graph.

is sub-divided into event collectors, which interface with
the underlying implementation, and monitors which detect
QoS8 violations. Control is then responsible for implement-
ing adaptation policies in responsc to such cvents. We
distinguish between strategy selectors and strategy activa-
tors (which together realise the adaptation policy). Strategy
sclectors decide on which approach should be taken in
response to QoS degradation, e.g. degrading the quality of
the video presentation or providing additional resources. In
contrast, strategy activators arc responsible for the detailed
implementation of this strategy, typically by manipulating
the component graph, c.g. introducing a jitter compensa-
tion buffer or accessing and adapting rcsources through the
resource meta-model. The rationale for this division is to
provide a cleaner architecture and to promote re-use of
management components. In addition, it is useful to
distinguish between the implementation-oriented aspects
of QoS management (i.e. event collectors and strategy
activators), and the policy-oriented aspects (i.e. monitors
and stratogy selectors), and perhaps use a different
languages for each aspect (sce Scction 4.2.1 below). It
should be stressed though that, in implementation, the
different functions can be composed together (we cxpand
this aspect of composition in Section 4.2.2 below).

At a first glance, this might appear to be a fairly
traditional approach to QoS management. [However, when
combined with the capabilities of a reflective architecture,
some interesting properties emerge. Firstly, the approach is
completely dynamic. New management components can be
introduced at any time and at any place in the underlying
configuration. Similarly, they can be removed when no
longer needed. Both these actions are initiated by rc-
configuring component graphs, Sccondly, the poticy for
managemont is itself open to inspection and adaptation
through reification of management components. To cnable
this, we assume that management components consist of a
policy written in an appropriate scripting language,
together with an in-built interpreter for that scripting
language (see Section 5.2).

The architecture is open in that any scripting languagc
can be uscd, although we do provide support for one
particular language (see section 4.2). Reflection can then
be used to access or modify this policy, e.g. by down-
loading a new management script ot altering some para-
meters for the script. More specifically, we can introduce
meta-managets {again consisting of monitors and control-
lers) to effectively manage the management structure,
Whereas managers implement policy, meta-managers
implement meta-policy. As an example, consider the use
of header compression in a low bandwidth environment. A
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manager could have the role of switching header compres-
sion on or off based on a given bandwidth threshold (an
attribute of the manager component). A meta-manager
would then be able to alter this thresheld depending on
the current processor load. We argue that this is a useful
facility in highly dynamic environments,

4.2 QoS managemaent policies

4.2.1 Specification of policies: As stated above, the
architecture is open in that management components can
be written using any scripting language. We do however
provide support for one particular notation for the speci-
fication of QoS management policies, namely timed auto-
mata. We typically use timed automata for the specification
of monitors and strategy selectors, but not necessarily for
event collectors and strategy activators (especially, for
example, for complex strategics requiring significant
manipulation of the component graph structure),
We define our timed automata formally as;

TA:(S,SU,—-&I)

where S is a finite set of states,

35 € 3 is the initial state,

— I8 a transition relation, and

L is an invariant assignment function on a given state; all
variables must satisly the invariant whilst the automaton
is operating in this state.

Transition relations have the form:
—={Lgarl)

where |, I’ are nodes of the automaton,
a are actions,
g is a guard, and
1 is a reset (or reassignment) function.

The transitions must satisfy certain rules detailed in [17],
these only allow transitions to occur when guards are true
and ensure that the required variables are reset on fransi-
tions. Furthermore, time can only pass in a given state if
the invariant at the new time holds true.

Examples of using timed automata can be found in
Section 5.2 below.

4.2.2 Formal verification: One benefit of adopting
timed automata is that it is then possible to verify QoS
management functions. Indeed, we can go further and
verify QoS management subsystems plus their interactions
with the rest of the system. To support this, we are
devcloping a multi-paradigm  specification  technique
whereby different aspects of the system can be written in
different (formal} notations. For cxample, the expected
behaviour of the system can be specified using languages
such as LOTOS, with QoS management functions specified
using timed automata. Wo also provide support for the
specification of real-timec constraints using real-time
temporal logic. Further dotails of this approach can be
found in [17]. Using this approach, we can verify not only
the QoS management subsystem itself, but also its inter-
action with the rest of the system. The approach to this is
based on a composition algorithm, which relics on a
common underlying semantic model based on labelled
transition  systems [17]. The overall approach is
summarised in Fig. 2.

We have also developed a ool suite to support this
process. Currently, this supports the composition of speci-
fications written in LOTOS, timed automata, and the real-
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Fig. 2 Multi-paradigm specification approach

time temporal logic QTL [18], The output of this process is
a combined timed automaton, the behaviour of which can
be investigated using cither a simulator (to interactively
step through behaviour) or a model checker (to verify the
desired properties as expressed using temporal logic). In
essence, the tool allows us to verify QoS management
functions in isclation or in combination with other systcm
behaviour.

Nole that timed automata, once verified by the tool, can
be used directly as scripts for QoS management functions.
To support this, the tool outputs timed automata using a
standardised format (FC2 [19]). This format is also used as
a secripting language for respective QoS management
functions. Using this standardised format also encourages
interoperability with other formal tools.

5 Implementation

5.1 The underlying platform

An implementation of the reflective middleware architec-
ture and associated QoS management functions has been
cartied out using Python [20]. Python was used for three
main reasons. Firstly, the language already has some
reflective facilities, on which it has proved to be relatively
casy lo build our meta-modcls. Secondly, the language is
an ideal vehicle for rapid prototyping, due to its interpreted
nature and flexible typing. Thirdly, the language also
provides good support for distributed programming, The
onc drawback with using Python is that, due to its inter-
preted nature, performance is not comparable to a
compiled language. This is however not viewed as critical
at this stage of the research. We revisit this argument in
Section 7 below.

The platforim implements the programming model intro-
duced in Section 3.1, In more detail, a Component class
provides one or more interfaces, where an interface can be
of type operational, stream or signal. Operational interfaces
support operations in the traditional CORBA sense. In
contrast, stream interfaces support either the production
or consumption of continuous media data. Finally, signal
interfaces emit or receive primitive, asynchronous events.
Component interfaces in the same address space can be
bound together using a LocalBind () primitive. To cross
address spaces (or machines), it is necessary however (o
create a binding component (i.c. cxplicit binding as
discussed in Section 3.1).

The Component class also supports access to the
different meta-models defined in our architecture. At
present, the platform focuses mainly on structural reflec-
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tion with complete implementations of the encapsulation
and composition meta-models (although minimal imple-
mentations of the other meta-models also exist). The
encapsulation meta-model provides operations to inspect
the target intorfaces (c.f Java introspection), to set, got or
delete attributes, to add or delete methods, and to introduce
or remove pre-and post-methods. The composition meta-
model provides a method to inspect the internal structure
of a composite component, returning a represcntation of
the underlying component graph {sec Section 3.2.1),
Operations arc then provided to add of remove a compo-
nent, to create or break a local binding, and to atomically
replace one component with another. Access to the meta-
spaces is provided by the operations encapsulation()
and composition() respectively (defined on both
components and interfaces).

The platform also provides an underlying engineering
model heavily influenced by RM-ODP [11]. In particular,
the platform provides a Capsule class, representing a
distinet address space. This class supports operations to
creatc a new component within that address space or to
register an existing component with that address space
(thus making it accessible from that capsule). Capsules
also provide the localRind() primitive mentioned
above, as well as a corresponding breakBinding()
operation. In addition, the platform supports a simple
name scrver, together with an extensible set of factories
to add new componcnis to the cnvironment (e.g. to create a
new binding component). Factories arc accessed through
the capsulc interface asg described above,

Crucially, the platform supports the creation of manage-
ment components for dynamic QoS management (as
discusscd in Section 4 above). Such management compo-
nents act as interpreters for timed automata (described
using FC2), and interact with other objects using signal
interfaces. We illustraic the use of the management compo-
nents with a simple example of a QoS-managed audio
stream, which has been implemented on the platform. A
second, more detailed example can also be found in [21],
which also ihcludes a more thorough cvaluation of the
approach.

5.2 A QoS management example

In the example, we have an audio source and sink (on
differcnt machines) connected by an audio stream binding
component. As part of dynamic QoS management, we
would like to monitor the state of the sink’s buffer to
cnsure that it is not ‘full too often’ (FTO) or ‘empty too
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often” (ETO), To achicve this, the sink monitor (sak _mo-
nitor) receives, as input, cvents buf_fidl and buf_empty
from the sink’s buffer. We assume that an appropriate cvent
collector {which exploits the underlying meta-models to
locate and monitor the relevant behaviour) generates thesce
events. The monitor sets a period 7, in which the above
events are counted (nf and ne respectively). If the number
of full (resp. empty) cvents occur more than a pre-deter-
mined number of times (N) within period B, then the event
KTO! (resp. ETO!) is output. At the end of the period, all
variables are reset.

These two output events arc thon treated as input events
by the sink strategy selector (snk _selector). There are
various options that the strategy selector can take depend-
ing on the sequencing and frequency of the inputs. Firstly,
we address the receipt of ETO cvents, i.c. the sink’s buffer
is empty too often. We note that the latency of the
presentation can be increased to allow the buffer a fixed
period of time to (pattially) fill up with data {output event
inc _latency!). However, since we cannot keep increasing
the latency indefinitely, we count the number of latency
adjustments (i) up to a limit (NI). Once NI adjustments
have been made, the selector adopts the strategy of asking
the source to lower its quality (by emilting an appropriate
signal). This strategy also causes the latency to be reset and
we try again. If, however, we address the receipt of FTO
(full too often) cvents, the strategy is to adjust the buffer
size. Again there is a limit to how many times this should
be done. Hence, we count, as above, the number of buffer
adjustments (j) up to a limit (Nb). This time, oncc Nb
adjustments have been made, the sclector signals to the
source to try and raise its quality. This also resets the buffer
size. The overall automata arc shown in Fig, 3.

As above, we assume the existence of appropriatc
strategy activators to bridge between the QoS management
subsystem and the underlying functional components. For
cxample, the strategy activator responsible for increasing
buffer size operates through the compositional meta-model
to locate and re-configure the buffering component.

Snk_monitor “1<p,
“i<p, buf_cmpt'){!
buf full, ne:=ned]
nf=nfrl™ “12P,ne<N,
nf<N,
“s0,false” t:=0,ne:=0,
. @nf:#)"
O CPEIONEI0L=0, o Lus] t<p
nf;=0,ne:=0"
“=P,ne>N,
mn IZP,TIfb , ETO!, "
ETO! t=0,ne:=0,nfi=0" t:=0,ne:=0,nf:=0

“inc_lateney!,
=i+ 1"

“izNI, ETO,
i=0,j=0 “lower_quality!’

o rese|_latcncy!"

*j<Nb, FTO”

Snk_selector

“i<Ni, ETO’

“g0, false” “NL=5,i:=0,
Nb;=5,j:=0"
O >
“reset_buf_size!”
"raise__quality!'
*j=Nb, FTO, “inc_buf_sizel, @
ji=0,1:=0" j=j1r

Fig. 3 Awemata to manage the sink’s bufjer
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In this example, it is also possible to combine the
monitor and strategy selector into one automaton, using
the tool described above (e.g. to improve the cfficiency of
the QuS management subsystem), This produces a timed
automation with nine states.

Note that this example could also be extended by
providing a meta-policy. For example, a meta-manager
could monitor the behaviour of the management subsystem
and detect the number of events generated by the controller
(to change the latency associated with the buffer or the
quality of audio sent by the source). If such cvents are
generated too frequently, it is likely that the management
subsystem is less than optimal (it could be oscillating
unnecessarily between states). Action can then be taken
to alter some of the key values associated with the monitor
and strategy selector, e.g. N and Nb. A more radical
strategy would be to change the strategy selector comple-
tely should the current strategy be seen to behave poorly.
This is achieved by downloading a new automaton
described in FC2.

6 Related work

6.1 Reflection in distribuied systems

There is growing intercst in the use ol reflection in
distributed systems. Pioncering work in this general area
was carried out by McAffer [15]. With respect to middie-
ware in parlicular, researchers at 1llinois have carried out
initial experiments on reflection in object request brokers
(ORBs) [22, 23], focussing on reification of invocation
marshalling and dispatching. In addition, researchers at
APM have developed an experimental middleware plat-
form called FlexiNet [24], which allows the programmer to
tailor the underlying communications infrastructure by
inserting/ removing layers. Their solution is, however,
language-specific, i.e. applications must be written in
Java. Manola has carried out work in the design of a
‘RISC’ object model for distributed computing [25], ie.
a minimal object model which can he specialised through
reflection. Finally, rescarchers at the ccole des Mines de
Nantes are also investigating the use of reflection in proxy
mechanisms for ORBs [26].

Our design has been influenced by a number of specific
reflective languages. As stated above, the concept of multi-
models was derived from AL/1-D. The undetlying models
of AL/I-D arc however quitc different; the language
supports six modcls, namely operation, resource, statistics,
migration, distributed environment and system [13]. From
this list, it can be seen that AL/1-D does however support a
resources model. This resourcc model supports reification
of scheduling and garbage collection of objocts (bul in a
relatively limited way compared to our approach). Our
ongoing research on the environment and encapsulation
meta-models is also heavily influenced by the designs of
ABCL/R [6] and CodA [15]. Both these systems featurc
decompositions of meta-space in terms of the acceptance
of messages, placing the message in a queue, their selec-
tion, and the subsequent dispatching.

Our use of component graphs is inspired by researchers
at JAIST in Japan [27]. In their system, adaptation is
handled through the usc of control scripts written in
TCL. Although related to our proposals, the JAIST work
does not provide access to the internal details of commu-
nication components. Furthermore, the work is not inte-
grated into a middleware platform. The designers of the
VuSystem [28] and Mash [29] advocate similar
approaches. The same criticisms however also apply to
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their designs. Microsoft’s ActiveX software [30] also uses
component graphs, This software, however, does not
address distribution of component graphs. In addition,
the graph is not re-configurable during the presentation
of a media stream.

6.2 QoS management in distributed systems
There are many projects investigating QoS management in
middleware platforms. BBN%s QUality Objects (QuO)
project [31] is perhaps the closest in approach to our
own work in that it adopts a similar open implementation
philosophy. QuO, however, adopts an approach reminiscent
of aspect-orienied programming {32] to specify different
aspects of QoS support using a range of specialised (high-
level) languages. As such, it provides a more declarative,
as opposed to procedural, approach to QoS management.

Similarly, researchers at the University of Illinois have
developed a task control model to support dynamic recon-
figuration in middleware platforms [33]. This project is
complementary to the Tllinois work on reflective middle-
ware platforms mentioned above, exploiting the openness
of the underlying platform for more fine-grained control.
Their approach is based on the use of a fuzzy logic
inference engine together with a rule base of possible
adaptations, in contrast to our use of timed automata,

Other notable research projects include DIMMA [34],
Tao [35], Jonathan [36], GOPI [37], and ERDoS [38]. In
addition, the OMG have carried out important work in this
area with their specifications for the ‘Control and Manage-
ment of A/V Streams’ [39] and ‘Realtime CORBA [1].
However, these projects all tend either to offer only
restricted access to underlying middleware functions, or
to focus on more stafic aspects of QoS management
(specification, configuration, and resource reservation).

Finally, there is a considerable body of research on
specific techniques for QoS management in distributed
systems (not necessarily related to middleware platforms).
For example, many of the most influential techniques have
emerged from Internet applications such as the Mbone
tools, e.g. vie, [40], Other important techniques include the
use of filters [41], and recciver-driven adaptation through
layered encoding [42]. There is also a growing trend to
provide toolkits incorporating such approaches to support
the construction of adaptive multimedia applications, e.g.
SWIFT [43, 44], Djinn [45], and the JAIST rescarch
mentioned above [27].

7 Concluding remarks

This paper has considered the role of reflection in support-
ing important QoS management functions. More specifi-
cally, the paper has described the design of a novel
reflective middleware platform and examined how the
dynamic QoS management functions of monitoring and
adaptation can be supported in this design. The most
important features of the approach are:

i} a procedural approach is adopted, whercby QoS manage-
ment functions operate on a component graph of under-
lying components exposed via meta-space;

if) QoS management is introduced via management
components which communicate with other events through
event notification (thus providing an important separation
of concerns);

it1) three styles of management component are identified,
namely monitors, strategy selcctors and strategy activators;
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iv) monitors and strategy selectors are typically written
using a timed automata notation thus encouraging the
formal verification of QoS management subsystems.

We believe that the use of reflection provides important
benefits over more traditional approaches to QoS manage-
ment. For cxample, reflection provides a principled
approach to providing access to underlying componcnts:
This is crucial in supporting monitoting and adaptation
aspects of QoS management. The approach is also dynamic
in that management components can be added or removed
at any time, In addition, reflection enables the introduction
of sophisticated management structures involving both
policies and meta-policies,

Finally, the experience from our pilot implementation
work (sec Section 5) provides initial validation for our
claims. Although performance is not a primary concern at
this stage, the platform was able to deliver the required
real-time performance for the audio siream example. In the
future, we plan to carry out further implementation experi-
ments and to extend the work by considering more sophis-
ticated examples of QoS management policies and indeed
meta-policies. Ongoing studies arc also focussing on the
issue of performance. In particutar, we arc currently
implementing a lightweight, reflective component model,
based on COM, offering access to cach of the meta-space
models. A first implementation of this compenent model
has now been completed. We are now using the reflective
components to construct a configurable and re-configur-
able CORBA-base platform following the architecture
described above. The ultimate aim of this work is to
demonstrate that flexibility is not necessarily at the cxpense
of performance,
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