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ABSTRACT

The increasingly complex environments in which systems
need to execute has lead to the need for tools and tech-
niques to systematically design dynamically adaptable sys-
tems. A new framework for the design of these adaptive
systems is proposed here. The framework, named SMART
(State Model Adaptive Run Time), is based on the math-
ematics of control theory and system identification tech-
niques. This foundation allows the system to accurately
predict constraint violations in the environment, such as
a memory overflow, and avert them by selecting compo-
nents that better utilize a particular resource. The result
is a more robust system. An example of the application
of SMART 1is presented to show the need and applicabil-
ity of the framework. Experimental results demonstrate the
framework has an 86% accuracy in predicting and averting
memory constraint violations. These results indicate the
SMART Framework is feasible and has the potential to be a
useful design solution for dynamic adaptable systems. Im-
provements to the framework are proposed as future work.

Categoriesand Subject Descriptors

D.2.10 [Software Engineering]: Design; D.2.11 [Software
Engineering]: Software Architectures— Domain-specific
architectures

General Terms
Design

Keywords
Run time adaptable systems, control theory, system identi-
fication, component based architecture

1. INTRODUCTION

The environments in which software products are executing
today have considerably increased in complexity as software

needs to support a large number of simultaneous users on a
variety of distinct platforms; each platform has different re-
source constraints such as memory, disk space, bandwidth,
etc. The dynamic interaction among these elements consti-
tutes the basis for this complex environment. A question
arises from this scenario: “How can we design software to
cope with such dynamic environments?” Recently, dynamic
adaptive systems have been proposed as a solution to this
problem. A dynamic adaptive system is one in which the
system adapts itself at run-time according to changes in the
environment [1].

When designing a dynamic adaptive system, new issues
arise. For example, some of the inputs may not be observ-
able such as the amount of unused memory available, the
behavior is non-deterministic resulting in executions that
are unique, the monitoring and control of the system occur
continuously, and the adaptation of the system is at run-
time rather than at compile-time [2].

One approach to the design of adaptive systems has focused
on resource allocation, such as an operating system schedul-
ing processes [3], QoS guarantee [4], and fault tolerance [5].
However, many systems are now requiring the adaptation
based not only on resource allocation but also on the switch
to alternative design choices that cope better with resource
constraints. The expectation that the same application can
be executed on very distinct platforms exemplifies this need.
For example, web applications are now having to handle the
problem of being used not only on personal computers, but
also on cell-phones and personal digital assistants [6]. The
capacity of these platforms range drastically from very pow-
erful workstations to low memory, low performance pocket
devices. The {re}allocation of resources, performed by the
operating system, does not appear to be a solution under
such distinct scenarios. For example, a real-time operating
system cannot do anything if an application requires 10MB
of memory and the total memory on the system is 5MB.
An adaptive application should be able to identify such en-
vironmental constraints and swap to an alternative, though
functionally equivalent, component that can be executed un-
der the current conditions. The same adaptation approach
can be used when run-time bottlenecks are predicted or de-
tected. In addition, robustness can be improved if some
properties of the alternative choices can be guaranteed, such
as the maximum memory required under any scenario.



In this work we propose a new approach to the design of
adaptive systems called the SMART (State Model Adaptive
Run Time) Framework. SMART innovatively integrates
two areas of leading edge research in software engineering.
The first is the use of feedback control theory to support the
continuous monitoring and control of the system in a dynam-
ically changing environment. The second area is the effective
specification, matching, and selection of off-the-shelf (OTS)
components. SMART provides a knowledge-based reposi-
tory of components. The functional and non-functional be-
havior of the components are rigorously specified in an ex-
tensible markup language (XML); the system can run XML
queries that identify components. Once identified, the com-
ponents can be swapped into the system to better meet the
needs of the users.

This paper is organized as follows. An overview of control
theory background is presented in Section 2. The objectives
of the SMART Framework are presented in Section 3.1; the
framework is described in Section 3.2. An example is used to
illustrate and empirically evaluate the SMART Framework
in Section 3.3. After the presentation of related work in Sec-
tion 4, the conclusions we have drawn regarding the SMART
Framework and future work are delineated in Section 5.

2. CONTROL THEORY BACKGROUND

Linear state feedback models have provided useful represen-
tations for large classes of engineering, biological, and social
processes [7, 8]. In this section we present concepts and def-
initions of state models and system identification techniques
that are the most relevant to our approach.

The general format of a LTI (Linear Time Invariant) state
model is presented below:

{ #(t) = Ax(t) + Bu(l) (1)
y(t) = Cx(t) + Du(t)

where z(t) is the state vector representing the dominant
variables characterizing the process; u(t) is the input signal;
y(t) is the output/measurable variables; and A, B, C, and
D are the coefficient matrices.

A model capturing the behavior of a system must be avail-
able if such system is to be controlled. A model that can
capture the dominant behavior of different aspects of any
adaptive system is unlikely to be statically created due to the
variety of scenarios and environments where these systems
execute. However, based on the observation of the behavior
of a system executing in a specific environment a model can
be dynamically customized for this scenario. Ljung states
“System Identification deals with the problem of building
mathematical models of dynamical systems based on ob-
served data from the system.” [9]

An adaptive system can be designed in a such a way that any
or some specific inputs/outputs are shared with other appli-
cations at the same time environment resources are moni-
tored. Under this scenario, the ingredients to apply System
Identification techniques are present and a model can be in-
ferred from the observations. A number of techniques, such
as Least-Square and Markov Parameters [9], are available
to identify state space models. In order to implement a fast

prototype of SMART, the Least-Square identification proce-
dure available in MATLAB was chosen; a concise description
of this technique is presented below.

Let A, B,C, and D be the matrices in Eq. 1 and organize

them as indicated below.
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Using the definitions of Y(t), ©, and ®(t) above, we can
rewrite Eq. 1 as Y(¢) = ©®(¢). The observation of the
system resources and the inputs/outputs of the application
are used to construct the vectors Y'(t) and ®(¢). Then, a
least square approach as in Eq. 3 can be used to compute
an approximation (©%°) for the matrix (©).
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The matrix (:)ﬁfs represents the approximation for the coeffi-
cient matrices A, B, C, and D in Eq. 1. They form the state
model capturing the dynamics of the system under consid-
eration. The state model is then used to predict and control
the behavior of the system.

3. THE SMART FRAMEWORK

The SMART Framework is based on the use of control the-
ory to manage the adaptation issues when resource con-
straints and multiple design choices are available. A linear
approximation of the system resources and the application
is expected to capture their dominant behavior. This ap-
proximation has been proven to be general enough for such
representation [4]. After a model is specified, feedback con-
trol can be applied to predict and regulate (select alternative
design choices) the behavior of the system.

3.1 Objectives

The overall goal of the SMART Framework is to provide
an environment for the design of dynamic adaptive software
which allows the use of multiple solutions based on system
resources and constraints. The components used to build
the alternate solutions may be available when the system is
launched or included while the system is running. In either
case, the swap from one set of components to another is
done at run time. The assumption here is that the selection
of a set of components is made that better uses the available
system resources of interest (e.g., CPU, memory, bandwidth,
etc) and therefore improves the overall quality of the system.

To accomplish this goal, the SMART Framework integrates
two areas of leading edge research in software engineering.
The first is use of feedback control theory to support the
continuous monitoring and control of the system in a dy-
namically changing environment. Although feedback con-
trol theory is well-known in a variety of engineering areas,
its application to software engineering is currently being in-
vestigated [7, 10]. The second area is the effective specifi-
cation, matching, and selection of off-the-shelf (OTS) com-
ponents. SMART provides a knowledge-based repository of
components. The functional and non-functional behavior
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Figure 1: Overview of the SMART Framework architecture.

of the components are rigorously specified; the system can
run queries that identify components that better utilize a re-
source. Once identified the components can be swapped into
the system to better meet the needs of the users. If these
components are not yet integrated/loaded into the system,
then the SMART Framework needs to make use of dynamic
programming languages such as Java or Dylan. The inte-
gration of these two areas of research are reflected in the

architecture of the SMART Framework.

3.2 TheSMART Framework Architecture
As shown in Figure 1, the architecture of the SMART
Framework is composed of the design option repository, ac-
tuator, pre-replacement, current component, system identi-
fication module, resource monitor, and controller. The ar-
chitectural components and their relationships are described
below.

Design Option Repository: this repository contains the
components which are available to provide alternative de-
sign solutions. For example, if a system needs to multiply
large sparse matrices, then two component choices may be
available: (i)a fast but high memory usage approach, and
(ii)a slow but low memory usage approach.

Each component is formally specified to describe its func-
tional properties, non-functional properties (e.g., CPU us-
age, memory usage, interface requirements, etc.), its com-
position (a component may be composed of one or more
components), and the location of the code in the system.
When the actuator queries the repository, the algorithm to
determine the best possible matches also uses the resource
constraints specified for the system.

The formal notation used to define the components is the
Extensible Markup Language (XML) [11]. The advantages
of using this notation include it is straightforward to learn

and tool support such as parsers, editors, and browsers is
available.

Each alternative solution (i.e., a collection of one or more
components) must be smoothly incorporated to the system
and therefore each component must be designed such that
it can be integrated with the whole system without recom-
pilation and relinking. Techniques such as structural con-
formance, delegation, and wrapping may be used to achieve
this goal [12].

System Identification Module: in order to use control
theory [8] one needs a mathematical model (i.e., a system
of equations) that relates the inputs and outputs of the sys-
tem. Since the components and their interactions effect the
systems resources and, as a result, a specific model is un-
likely to accurately capture the dominant behavior of all the
components. However, system identification techniques [9]
allow for the dynamic determination of tailored models for
a specific component/system.

This part of the SMART Framework is similar to the work
done for autonomous agents [13]. By observing the output
from the Software Product (component) and the systems re-
sources provided by the Resource Monitor, the System
Identification Module relates them to the input and cre-
ates a state model (Controller) that captures the dominant
aspects of this relationship. The precision of the model in-
creases as more data (input, resources, and output) become
available and the Controller is updated.

Controller: the controller predicts when a bottleneck con-
straint is expected to occur and determines the latest pos-
sible binding time to correct the problem. This prediction
allows for the minimization of the overhead costs associated
with component switch. The controller uses the resource
constraints and the current state of the system to make this
prediction.
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Figure 2: Scenario I. Memory Usage vs. CPU Time for C++4+ Components

Resource Monitor: the resource monitor represents an
auxiliary tool that monitors the resources of the environ-
ment and sends this information to the Controller and the
System Identification Module.

Current Component: this block represents the current
design choice that is running. It receives the input and
passes information (output) to the Controller and the Sys-
tem Identification Module.

Actuator: the actuator selects one of the design options
provided by the design option repository. The selection al-
gorithm uses the desired system requirements from the con-
troller that should be met to achieve the system’s integrity,
performance, and consistency. The notation used to query
the Design Component Repository is XML SQL [14].

Pre-Replacement: this pre-replacement module prepares
the component selected by the actuator to replace the cur-
rent one. It inserts any necessary glue code and links it
to the component. The Pre-Replacement then waits for
a signal from the controller determining the exactly time
when the swap should occur. This technique improves the
performance by preparing the component in advance.

3.3 Application and Evaluation of the SMART

Framework
Based on the description of the SMART Framework in Sec-
tion 3.2 one could think that its application is restricted
to systems with severe resource constraints such as embed-
ded systems. The following example demonstrates that the
need for an adaptive framework like SMART exists when-
ever there are constraints associated with design choices.

In the example, a system needs to perform a sequence
of square matrices multiplication; the matrices are highly
sparse (i.e., 5%). There are two components available to
perform the multiplication ofthe matrices:

e (Ci: this component is designed to have high perfor-
mance (i.e., it is fast) but demands high memory us-
age. It is implemented by allocating a two dimensional
array for each matrix.

e (5: this component is designed for low usage of mem-
ory and therefore does not have good performance un-
der certain scenarios. It is implemented by allocating
a one dimensional array of pointers for each matrix;
these pointers reference a linked list of non-zero ele-
ments for each row in the matrix.

A tradeoff between memory usage and performance can be
inferred from the description of the components C; and Cs.

A sequence of experiments have been conducted as a first
step in the validation of the SMART Framework. Scenarios
with a variety of sequential and concurrent launches of com-
ponents C; and C> have been analyzed [15]. Due to space
constraints, only the results of the scenarios described below
are presented here. These scenarios are designed to measure
the memory, CPU time, accuracy of the framework, and the
impact, if any, the implementation language (C++, Java)
has on the behavior of the components.

The expectation is that the use of C++ makes the trade-off
between memory use and performance more distinct while
still allowing runtime adaptation. That is, the loaded com-
ponents can be used for runtime adaptation but the inser-
tion of a new component requires recompiling and linking
the application.

The alternative use of Java as the programming language
makes it possible to insert a new component at runtime
through its dynamic loading properties. However, the ex-
act impact of the Java garbage collector on the accuracy of
the framework is unknown. The expectation is that some
delay in releasing the unused memory results as memory
usage increases for component Cs.

Experimental Scenario I (C++)

In the first scenario, the components are implemented in
C++4 and are executed sequentially. The example system,
launched as a single process, initially executes component
C1 by default. The system performs 20 iterations of the
following calculations: the system multiplies a sequence of
square matrix multiplications of order n, where n ranges



from n = 400, 430, 460, . .., 670, 700; this sequence of calcu-
lations is repeated three times.

The use of system identification techniques in the frame-
work to produce a linear state space model for changing
environments allows the prediction of the future behavior of
the application. A horizon of seven steps ahead is used to
predict the behavior of the components. The constraint on
the system that needs to be monitored and controlled is the
memory utilization. Here, the constraint is that the memory
use must not exceed a specified threshold of memory usage.

As the system is executing, the framework’s prediction ca-
pabilities are used to make the change to execute component
C3. The change from one component to another may occur
at any time. If a prediction that the threshold constraint
will be violated, the current multiplications are aborted for
component C; and start over using component Cs. [t should
be clear that robustness and not performance is the major
goal for this scenario.

Additionally, to make the experiment more realistic, the
memory threshold changes randomly at runtime ranging
from 3.5% to 5.5% of overall memory use. This changing
threshold emulates an environment in which processes are
being continuously created and terminated.

Figure 2 show the results for the first scenario where it can
be seen that the threshold is changing dynamically (this
is the dashed red line near the top of the Figure). The
framework’s predictions of memory usage are in the dashed
black line; the actual memory used is in the solid blue line.

An interesting result demonstrating the prediction of a mem-
ory constraint violation, swapping from component C; to C>
(which uses less memory), and the resulting aversion of the
constraint violation near the time t = 470 seconds is shown
in Figure 2. We zoom in on this region of time and illustrate
it in Figure 3.

At time t= 470, the actual memory use is 4.3%; the pre-
diction made is that the system is going to (in seven steps)
violate the constraint of crossing the threshold of 4.5% of
memory usage. At this point, C; is swapped out for com-
ponent Cs. As a result, the threshold is not exceeded and
the system complies with its constraint. An increase in the
robustness of the application can be infered from these re-
sults.

As the 20 iterations of the matrix multiplication sequence
are executed, an average of 9 switches between components
C1 and C is measured. The change to an alternative com-
ponent has prevented memory overflow according to the
threshold constraint in 86% of the cases. The cases that
are not successful may be due to a delay in the prediction,
most likely caused by the overhead of running the Matlab
environment and the monitoring process. This problem is
expected to be solved when a more efficient monitoring algo-
rithm is implemented. Currently, the interface between the
MatLab scripts and the monitoring process is implemented
with input files, an inefficient solution. The overhead caused
by Matlab can also be significantly reduced by generating C
code using the embedded C compiler in Matlab. These issues
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Figure 3: Scenario I. Time Window Demonstrat-
ing Prediction, Swapping, and Aversion of Memory
Constraint Violation

are currently being investigated and a complete evaluation
of the overhead incurred by the control and the monitoring
processes are deferred to future work. Despite of the delay
observed in the prediction process, the 86% of success is a
good indication of the potential of the framework proposed
here.

Experimental Scenario IT (Java)

The purpose of this scenario is to measure memory usage
and CPU time for the components and allow a comparison
of the behavior of these components, written in Java, with
the components written in C++.

In the second scenario, the components C; and C5 are im-
plemented in Java and are sequentially executed. The fol-
lowing calculations are performed: the system multiplies a
sequence of square matrix multiplications of order n, where
n ranges from n = 300, 430, 460, . . ., 580, 610; this sequence
of calculations is repeated four times. The range is reduced
in comparison to the previous scenario, in anticipation of a
large amount of CPU time expected to execute the matrix
multiplications.

The memory use of the Java components yielded interesting
results. In Figure 4(b), the memory use associated with C
oscillates according to the order of the matrices. In contrast,
the memory use tends to stabilize at a certain level when it
is associated with component C;.

In addition, when the components are implemented in Java
instead of C++, the memory used by C; does not drop
even when repeating the cycle by re-starting with matrices of
order 300. The Java garbage-collector, even when explicitly
invoked, does not appear to free all the unused memory
for component C;. The same is not true for component
C> where the garbage collector seems to be more effective,
perhaps due to the dynamic allocation of memory.

The performance of the JAVA components, presented in Fig-
ure 4(a), demonstrate the Java version of C) uses approx-
imately 16 seconds to calculate a matrix multiplication of
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Figure 4: Scenario II. Matrices order, memory use percentage vs. CPU time (Java)

order 400, whereas the C++4 version uses less than 2 sec-
onds. The slower performance of the Java components in
comparison to the C++ components is an expected result.
Also, in another scenario where the Java versions of C; and
C were executed concurrently, C; was five times faster than
C5 but was only 10% better when the two components were
launched sequentialy as Scenario 1T [15].

As expected, the behavior of equivalent components imple-
mented using different programming languages impacts the
performance and consequently the control of an application.

If we assume a deterministic behavior for the scenarios de-
scribed above, then their observed results could lead to the
specification of a static controller for the two components.
However, such controller would, most likely, not be useful
when considering other scenarios such as the simultaneous
execution of N = 3,...,10 processes using one of the two
design choices. Another situation to consider would be the
addition of a third design choice. In any of these cases the
controller would need to be tailored to fit the distinct sce-
narios. A dynamic self-tunning mechanism for the controller
would avoid its re-definition in both cases.

Furthermore, without a complete knowledge of all the ele-
ments executing in the system at the same time, we can-
not make the assumption of a deterministic behavior for the
components and therefore, a scenario may produce different
results at different times. Again, a run-time self-tunning
mechanism for the controller appears to be the solution to
handle such dynamically changing environment.

The examples presented in this section are useful in iden-
tifying some of the issues to be addressed by the SMART
Framework. It also serves to show the applicability of the
framework. More experiments are being designed to pro-
vide additional evidence of the applicability of the SMART

framework.

4. RELATED WORK

The SMART Framework is an adaptive approach based on
the selection of components available in a repository. There-

fore, the work most related to SMART, adaptive systems
and component based architecture, are described next.

4.1 AdaptiveSystems

Self-adaptive systems has been proposed for specific domains
such as QoS [3, 4], ad-hoc network management, traffic con-
trol, and signal processing [15]. The world wide web has also
been the focus of the use of adaptive techniques at “inter-
face” level as well as at a lower level [15]. Approaches that
are not domain specific have also been proposed [6]. Many
of successful approaches are based on the sound theory of
feedback control [4, 3, 15]. Decision theory is another tech-
nique used in adaptive systems. Uncertainty has common
place when dealing with adaptive systems and Decision The-
ory provides mathematical tools, such as game theory and
subjective probability, to address decision making problems
under the presence of uncertainty.

Next, a brief description of two distinct adaptive techniques
is presented. They are selected as representatives, among
a multitude of other approaches [15], due to their relation
to the SMART Framework. Containment Unils approach
has a similar goal of designing/specifying adaptable compo-
nents while the QoS framework uses a similar, control theory
technique that is applied in SMART.

Containment Units: a Containment Unit is basically a
module that implements some functionality. The basic dif-
ference between a Containment Unit and a regular mod-
ule is that the first is also defined according to nonfunc-
tional requirements, such as time, memory, and sensors [6].
The interface of a Containment Unit is defined by a tuple
(F,R,CP,FC). The functional requirements are represented
by F and the nonfunctional by R. The expected input and
output, including internal faults is represented by CP (Com-
munication Protocol). External faults due to operational
components but that are handled inside the Containment
Unit are specified in FC [6]. The architecture of a Contain-
ment Unit is composed of the “Operational Component”,
the “evaluator”, the “change agent”, the “Adapter”, and
the “Implementation”. A Top component initializes the unit
and manages the communication protocol. A set of opera-



tional components provides the functionality of the Contain-
ment Unit. The Fvaluator monitors the performance of the
operational components in order to ensure that the specifi-
cation of the Containment Unitinterface is satisfied. When
the Fvaluator determines that the unit is not performing ac-
cording to the specification, the Change Agent is in charge
of selecting a different operational component that better
copes with the current resources. Another alternative is the
re-allocation of resources to match the current operational
component [6].

Adaptive Control Framework for QoS: the work done
on adaptive systems for QoS guarantees [4] is based on the
application of control theory aspects with an automatic ad-
justment of the controller by means of system identification
techniques. A pole placement adaptive control technique is
used to overcome the restrictions of a static designed con-
troller. The goal is to maintain a specified target hit ratio
performance by adjusting storage allocation. The Automatic
Model Estimator uses the system input and output to up-
date the controller. The Controller monitors the system
and signalizes the Actuator, when necessary, to re-allocate
resources.

The SMART Framework has a similar architecture to the
one presented by Lu and Abdelzaher [4]. Both approaches
are based on control theory and on automatic tunning of the
controller. SMART differs from the QoS framework by ad-
Jjusting the system not based on resource allocation but on
swapping to a component that provides the same function-
ality but better copes with the environment status. Also, as
described in Section 5, SMART is a more generic approach
by allowing the specification of the system constraints and
their relation to the alternative choices.

4.2 Component Based Architecture

The issues involved with developing a complex system with
OTS components are extensive; they impact almost every
aspect of software development including the requirements
specification, architecture, implementation, testing, mainte-
nance, OTS selection and evolution, project management,
cost estimates, licensing, etc. Specific solutions have been
proposed to address how to evaluate, specify, select, and
compose OT'S components. A survey of work in these areas
is available in [15].

Repository based approaches, which address a collection of
issues including the evaluation, specification, selection, and
composition of OTS components, have also been proposed
[16, 17]. As our research is most closely related to work
focused on the design of component based systems using a
repository, we present some of the proposed solutions in this
area.

On-line Repository for Embedded Systems: a com-
ponent based approach to embedded software develop-
ment called ORES (Online Repository for Embedded Soft-
ware) [17] provides a repository of components and tools for
component, specification, composition, and analysis at de-
sign time. In this semi-automated approach, the developer
interacts with the tools to create a component based system.
The ORES approach uses ontology based repository brows-
ing. The components are stored in the repository using a hi-

erarchy of domain, sub-domains, and packages. A document
type definition (DTD) is used for information attributes defi-
nition and the extended markup language (XML) is used to
specify the actual measurement data for each component.
Due to the hierarchical nature of the repository, a child
node inherits the attributes of the parent and we can add or
delete attributes to form its own set. The node information
contains general information (identification, type, keyword
list with weight, short description of the node), information
pointers (pointers to file names for modules of code or docu-
mentation), and properties (reliability, portability, resource
requirements, etc.)

K-BACEE: the Knowledge-Based Automated Component
Ensemble Evaluation (K-BACEE) approach [16] is a par-
tially automated, knowledge-based approach to evaluating
ensembles of components within the context of a system re-
quirements specification (SRS). K-BACEE emphasizes the
identification and selection of ensembles, or groups, of com-
ponents to satisfy the requirements of a system. The main
activities include the iterative development of an SRS, iden-
tifying individual components that meet the SRS using
queries, identifying ensembles of components that are com-
patible using integration rules, defining functional and non-
functional attributes of COTS components, and defining the
integration rules (i.e., rules that determine if components
are compatible). The SRS defines the functional and non-
functional requirements of the system. The attributes of
the COTS components define its functional behavior and
the non-functional characteristics that impact compatibil-
ity with other components, for example, the protocols sup-
ported or the implementation language of the component.
The integration rules define how the values of component
attributes affect their integration. The SRS, components,
queries, and integration rules are stored in the knowledge
base. A Java prototype of K-BACEE tool support has
been developed, the requirements specification and compo-
nents are defined in the extensible markup language (XML);
queries are defined in the extensible query language (XQL).
The integration rules are defined using an object-oriented
rule-based programming language, JRules. Once the func-
tionality and constraints of the system are defined, the SRS
is manually converted into a series of queries on the compo-
nent repository. Components that match the requirements
specified in the SRS are grouped into ensembles by the tool
support; their compatibility is evaluated based on the value
of attributes and a repository of software engineering inte-
gration rules. The integration rules are executed to rank the
ensembles; the ensembles are presented to the K-BACEE
user for selection.

5. CONCLUSIONSAND FUTURE WORK

The objectives, description, and advantages of a new adap-
tive framework named SMART have been presented here.
The overall goal of this framework is to provide an envi-
ronment for the design of adaptive software which allows
the dynamic use of multiple solutions based on system re-
sources, component constraints, and user requirements that
is based on a strong mathematical foundation.

Significant advantages of the SMART Framework include
that it is domain independent, and may be applied to a va-
riety of problems, and it supports the prediction of future



behavior, which supports swapping components very effi-
ciently. Based on its capabilities, the SMART Framework
appears to be a more complete alternative for the design-
ers of adaptable systems. SMART impacts not only on the
way adaptive systems are conceived but also on the mecha-
nisms used to control them. In addition to the advantages of
many adaptive system approaches (self-adaptation, robust-
ness, better resource usage, etc.), the SMART Framework
provides two distinguishing features.

Flexibility: the majority of the adaptive techniques are do-
main specific. This is due to the fact that partial or complete
knowledge about the relationship of the inputs and systems
resources have to be known a-priori. The System Identifica-
tion Module in the SMART Framework dynamically identify
these relationships and therefore allows its application to a
variety of different domains.

Predictability: the availability of a state model capturing
the dominant behavior of the system allows the prediction of
future behavior. The time when changes are necessary can
be predicted and the system preparation to swap to a new
component can be done in advance resulting in an overall
increase in the systems performance and robustness.

Though SMART is applied here to a general problem, the
framework appears to be powerful enough to handle appli-
cations running in a pre-specified, but very constrained host
such as most of the environments of embedded systems.

In the experimental evaluation, SMART successfully pre-
dicted and prevented memory overflow in 86% of the cases.
This is a good indication of the viability and accuracy of
the framework. Possible techniques that may be used to
improve the accuracy of the framework include creating a
compiled version of the Matlab scripts in order to reduce
processing delays. This feature is supported in the Matlab
tool and is going to be investigated in the next step of the
work.

Additional verification of the SMART Framework is needed.
In the next step of the work, SMART is going to be evalu-
ated to determine how effective it is for applications that are
distributed over many heterogeneous platforms such many
web systems. Additional experiments are planned to rigor-
ously evaluate the SMART framework that include moni-
toring and controlling multiple, concurrent processes for a
variety of example systems.
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