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Abstract

Run-time adaptation is becoming an important feature to in-
crease robustness, performance, and improve resource uti-
lization. A system using a persistency data service can ben-
efit from this feature by avoiding constraint violations. This
aids in averting system failures and consequent data loss.
The application and assessment of a run-time adaptable
approach, the SMART (State Model Adaptive Run-Time)
Framework, to a data persistency service is the subject of
this paper. SMART is a component-based approach with
adaptable features founded on the mathematics of control
theory and fuzzy logic. The results of the study indicate that
the use of SMART to the persistency data service avoided
constraint violations in 95% of the cases over an execution
period of more than eight hours. These results are encour-
aging and provide strong evidence of the advantages of us-
ing the SMART Framework.

1 Introduction

Algorithms used for achieving data persistency may have
a major impact on a system’s response time performance,
robustness, and memory requirements. A scenario where a
system or application has a high failure intensity may lead
to significant data loss if the persistency data service algo-
rithm keeps data in memory for too long before saving it
to the storage. Alternatively, an algorithm that immediately
saves all modified data to the storage may lead to slow re-
sponse time.

A customized persistency data service can achieve good
results when designed for a specific and stable environment.
However, adaptable systems have to be designed to cope
with constantly changing environments or to run on distinct
platforms. For example, a persistency service may be exe-
cuting on a workstation with a powerful processor and am-
ple memory or in a mobile unit with remote storage and
subject to network availability and utilization and noise in-

terference. Furthermore, extra constraints can be imposed
on the system. For example, consider a security mechanism
that is frequently scheduled to run in a real-time operating
system with no virtual memory management. The mecha-
nism demands 10% of the memory and must be able to run
at any time. This requires that 10% of memory must al-
ways be available; the constraint applies to all applications
executing in the system. This scenario not only demands
run-time adaptation but can also benefit from prediction ca-
pabilities to avoid potential failures.

The SMART (State Model Adaptive Run-Time) Frame-
work appears to be an answer for the issues stated above
and its application to a persistency data service is analyzed
here. SMART is a component-based approach founded on
the mathematics of control theory and fuzzy logic. System
identification techniques are used at run-time to tune a con-
troller for the application based on its inputs, outputs, and
resource usage. This allows for control and prediction of the
future behavior of the variables under consideration. Once
a prediction is made that a constraint violation will occur,
a new component that better copes with the current system
status is selected.

In this work, a component is “a physical, replaceable part
of a system that packages implementation and provides the
realization of a set of interfaces. A component represents
a physical piece of implementation of a system, including
software code (source, binary or executable) or equivalents
such as scripts or command files” [1]. The overall architec-
ture of the SMART framework is a tailored process control
style [2]. A future line of investigation is to extend SMART
to a component based middleware solution (e.g., Distributed
Component Object Model [3], Enterprise Java Beans [4],
CORBA Component Model [5]).

Specifications of the available components are stored in
a repository; fuzzy logic and multi-criteria decision mak-
ing algorithms are used to select the component that bet-
ter copes with the current system resources. In spite of the
overhead created by the execution of support tasks (resource
monitoring, controller tune up, etc.), the results of this study

0-7695-2268-8/05/$20.00 (C) 2005 IEEE 1



Proceedings of the 38th Hawaii International Conference on System Sciences - 2005

demonstrate the use of SMART to control the execution of
a persistency data service avoided constraint violations in
95% of the cases over an execution period of more than
eight hours. These encouraging results provide strong ev-
idence of the advantages of using the SMART Framework.

The remainder of this paper is organized as follows.
Control theory and fuzzy logic, the theoretical foundations
upon which the SMART Framework is constructed, are
briefly described in Section 2. An overview of the SMART
Framework is the subject of Section 3. An adaptable per-
sistency data service using the SMART Framework is de-
scribed in Section 4 along with the collected results. Sec-
tion 5 presents some related work and concluding remarks
are presented in Section 6.

2 Theoretical Foundations

The mathematical foundation of the SMART Framework
is presented next. The control theory description focuses on
state models and system identification techniques in Sec-
tion 2.1, while fuzzy number and fuzzy multi-criteria deci-
sion making algorithms are overviewed in Section 2.2.

2.1 State Models and System Identification

Linear state feedback models have provided useful rep-
resentations for large classes of engineering, biological, and
social processes [6, 7]. In this section we present concepts
and definitions 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 { i(t) = Ax(t) + Bu(t)

y(t) = Cx(t) + Dul(t)
state vector representing the dominant variables character-
izing the process; w(t) is the input signal; y(t) is the out-
put/measurable variables; and A, B, C', and D are the coef-
ficient matrices.

A model capturing the behavior of a system must be
available 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 prob-
lem of building mathematical models of dynamical systems
based on observed data from the system.” [8]

An adaptive system can be designed in a such a way that
any or some specific inputs/outputs are shared with other
applications at the same time environment resources are
monitored. Under this scenario, the ingredients to apply

, where z(t) is the

System Identification techniques are presented and a model
can be inferred from the observations.

A number of techniques, such as Least-Square and
Markov Parameters [8] are available to identify state space
models but their discussion is beyond the scope of this pa-
per. In order to implement a fast prototype of SMART,
the Least-Square identification procedure available in MAT-
LAB was chosen.

2.2 Reasoning about Uncertainty: Fuzzy Logic

The uncertainty in the non-functional behavior of com-
ponents needs to be captured and reasoned about in the
SMART Framework. There are numerous ways to repre-
sent uncertainty including possibility measures, probabil-
ity measures, belief functions, and others [9]. Here, an
overview of the underlying theory of possibility measures,
fuzzy sets and logic, is presented. This is the mathematical
foundation used to specify and reason about the selection of
components in SMART. Two main characteristics of fuzzy
systems, described by Carlson and Fuller [10], provide the
motivation for its use. The first is that “fuzzy systems are
suitable for uncertain or approximate reasoning, especially
for systems with mathematical models that are difficult to
derive”. The second is “that fuzzy logic allows decision
making with estimated values under incomplete or uncer-
tain information”. These two characteristics are inherent to
specification and reasoning about the non-functional behav-
ior of components. Fuzzy multi-criteria decision making
algorithms, originally developed for use in business man-
agement decision making, are available [10]. One such al-
gorithm is initially adopted in this research; potential im-
provements in the algorithm are subjects of future investi-
gation.

There are different kinds of fuzzy numbers, such as tri-
angular and trapezoidal. For example, a triangular fuzzy
number with peak, or center a, left width v < 0, and right
width 8 > 0 has the form:

1—@ ifa—a<t<a
At)y=9 1-E4 ifa<t<a+p (1)
0 otherwise

and we use the notation A = (a,«,3). It can be easily
verified that [A]Y = [a—(1—7)a, a+(1—7)3], Vv € [0,1].
The support of A is (a — «,b + (). A triangular fuzzy
number with center @ may be seen as a fuzzy quantify with
the meaning “x is approximately equal to a”

Fuzzy sets can be used to represent linguistic variables.
A linguistic variable is characterized by a quintuple (x, T(x),
U, G, M) in which x is the variable name; T(X) is the set of
terms for x (i.e., the set of linguistic values such as “slow”
or “fast”); U is the universe of discourse, G is a syntactic
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Figure 1. Fuzzy partition.

rule for generating the names of values of x; and M is a
semantic rule for associating each value to its meaning.
For example, the linguistic variable “speed” (refer to Fig-
ure 1) has the terms “slow”, “medium”, and “fast”. These
can be characterized as fuzzy sets whose membership func-

tions are:

1 if v <40
slow(v) = 1-2220 f40<v <55 (2)
0 otherwise
‘ 1— =58l Gr40<0w <70
= 30 — —
medium(v) { 0 otherwise )
1 if v<70
fast(v) = 1- =0 f55<v<70 (4)
0 otherwise

Linguistic variables can be defined for each non-
functional property of interest for the components (e.g., per-
formance, memory requirements, etc.).

3 The SMART Framework

The SMART Framework is based on the use of con-
trol theory to manage the adaptation issues when applica-
tions/environments have resource constraints and multiple
design choices are available to cope with the constraints and
the constantly changing environment. The use of system re-
sources is unlike to present a linear behavior. However, its
dominant behavior is expected to be captured by a linear
approximation. This approximation has been demonstrated
to be general enough for such representations [11]. After a
model is specified, feedback control can be applied to pre-
dict and regulate (i.e., select alternative design choices) the
behavior of the system.

The overall goal of the SMART Framework is to pro-
vide an environment for the design of 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. 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 inte-
grates two areas of leading edge research in software engi-
neering. The first is use of feedback control theory to sup-
port the continuous monitoring and control of the system in
a dynamically changing environment. The second area is
the effective specification, matching, and selection of com-
ponents. SMART provides a knowledge-based repository
of components. The functional and non-functional behav-
ior of the components are rigorously specified; the system
can run queries that identify components. Once identified
the components can be swapped into the system to bet-
ter meet the needs of the users. The integration of these
two areas of research are reflected in the architecture of the
SMART Framework. In general terms, the implementation
can be done using any programming language if the appli-
cation does not require new components to be added at run
time. This is the case for the persistency service application
where all components are available at compilation time. If
dynamic loading is required, then the SMART Framework
needs to make use of a dynamic programming language
such as Java or Dylan [12].

3.1 The SMART Framework Architecture

As shown in Figure 2, the architecture of the SMART
Framework is a tailored process control architectural style
composed of the component specification repository, actu-
ator, pre-replacement, current component, system identifi-
cation module, resource monitor, and controller. The sys-
tem identification module receives data from the resource
monitor and generates/updates the controller. Based on the
current status of the system (also provided by the system
resource) the controller predicts the future behavior of the
application. If a constraint violation is predicted, then the
actuator accesses the component specification repository to
select the component that is better suited to handle the viola-
tion. In case some glue code is needed, the pre-replacement
module prepares the component before the actual swap oc-
curs. The architectural components and their relationships
are described below.

Component Specification Repository: This repository
contains the specification of the alternative components
that are available to address a problem in distinct scenar-
ios. Each component is specified in fuzzy logic to describe
its functional properties, non-functional properties (perfor-
mance, memory usage, interface requirements, etc.), the
composition of the solution (a solution may be composed
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Figure 2. Overview of the SMART Framework architecture.

of one or more components), and the location of the code in
the system.

The behavior of the components is mapped to an n-
dimensional solution space, where n is the number of qual-
ity attributes considered. As a simple example, consider two
quality attributes: response time and memory. Response
time has linguistic variable values very slow, slow, medium,
fast, and very fast; memory has values low, medium and
high. The solution space is structured into overlapping qual-
ity zones using the combinations of the variable values (e.g.,
memory is medium, response time is fast is one quality
zone). The solution spaces are for specific execution en-
vironments.

The component specification repository is being imple-
mented using MATLAB and its fuzzy logic toolbox. Cur-
rently, a simplified version in C is available.

Each alternative solution (i.e., a collection of one or more
components) must be smoothly incorporated to the sys-
tem. If recompilation and relinking are not an option, then
techniques such as structural conformance, delegation and
wrapping are some alternatives to be addressed to achieve
this goal [13].

System Identification Module: In order to use control the-
ory [6] one needs a mathematical model (system of equa-
tions) that relates the inputs and outputs of the system.
Since the components and their interactions affect the sys-
tems resources, as a result, a specific model is unlikely to
accurately capture the dominant behavior of all the compo-
nents. However, system identification techniques [8] allow
for the dynamic determination of tailored models for a spe-
cific component/system. As stated in Section 2.1, a least-
square identification procedure from MATLAB is used in

this module.

This part of the SMART Framework is similar to the
work done for autonomous agents [14]. By observing the
output from the Software Product (component) and the sys-
tems resources provided by the Resource Monitor, the Sys-
tem Identification Module relates them to the input and
creates a state model (Controller) that captures the domi-
nant aspects of this relationship. The precision of the model
increases as more data (input, resources, and output) be-
come available and the Controller is subsequently updated.
System identification techniques such as Markov Parame-
ters and the Least Square approach can be used to imple-
ment this module.

Controller: The controller is generated/updated by the Sys-
tem Identification Module. The controller predicts when
a bottleneck constraint is expected to occur and determines
the latest possible binding time to correct the problem. The
current state of the system is used as an initial condition and
the predictions are made based on the behavior of the model
for a desired time window or steps ahead. Clearly, the num-
ber of steps ahead to be predicted affects the accuracy of the
prediction. This prediction allows for the minimization of
the overhead costs associated with component swap. The
controller uses the resource constraints to check if the pre-
diction violates any specified constraint.

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
choice that is running. It receives the input and passes in-

0-7695-2268-8/05/$20.00 (C) 2005 IEEE 4



Proceedings of the 38th Hawaii International Conference on System Sciences - 2005

formation (output) to the Controller and the System Iden-
tification Module.

Actuator: The actuator selects one or more components
specified in the component specification repository. The se-
lection algorithm is a fuzzy multi-criteria decision making
algorithm, as described by Carlsson and Fuller [10].

The actuator uses the desired system behavior from the
controller that should be met to achieve the system’s in-
tegrity, performance, and consistency. To the best of our
knowledge, fuzzy multi-criteria decision making algorithms
have not yet been applied in component-based research.

Pre-Replacement: This module prepares the component
selected by the actuator to replace the current one. It ex-
ecutes any finishing task, for example flushing the memory
before the swap from P, to P; can be done in the persis-
tency service application described in Section 4. It also in-
serts any necessary glue code and links it to the component.
The Pre-Replacement then waits for a signal from the con-
troller determining the exact time when the swap should
occur. This technique improves the response time perfor-
mance by preparing the component in advance.

A prototype for the SMART Framework has been imple-
mented for a customized application. The goal, as described
in Section 4, is to show the applicability of the adaptive
framework. However, we are aware of implementation is-
sues that need to be addressed. The major concern is to
decrease the overhead created by the use of the framework.
The resource monitor, the system identification module, the
controller, and the actuator create overheads at execution
and interface level. Alternatives to decrease the overhead
are briefly described in Section 4.

4 An Adaptable Persistency Data Applica-
tion

The results of applying the SMART Framework to an ex-
ample system are presented here. The example is an appli-
cation that uses a data persistency service. The selection of
a persistency service is a decision that may affect the perfor-
mance, memory requirements, data integrity, and other non-
functional behaviors of a system. Persistent data are, simply
put, data that exist after a program executes. Commonly,
the data are saved in a file or a database on disk. The data
persistency service provides a mechanism to save the data;
there are numerous algorithms available. The algorithms
differ is response time performance, data integrity, and the
amount of temporary data storage (TDS) memory needed.
The algorithms are presented in the context of a data ser-
vice architecture as presented by Govi [15]. The sequence
of events to retrieve an entity into the TDS begins with a
client request. Here, a client is another module or subsys-
tem that needs to use the data service. If the entity is in the

TDS, then it is returned to the client. Otherwise, a request
is made to retrieve the entity from the persistent data store
and store it in the TDS. The entity is located and retrieved,
likely in an optimized form (e.g., compressed, encrypted,
fragmented, etc.) and converted into a form suitable for the
TDS (e.g., uncompressed, decrypted, defragmented, etc.)
and ultimately, the requesting client. When the entity needs
to be saved to disk, the converters transform the TDS en-
tity into the optimized form and determine where to save it.
Eventually, the TDS entity is removed.

4.1 Persistency Service Options

We present two options that are used to represent some
interesting non-functional trade-offs for memory, response
time performance, and data integrity. We recognize that
there are many possible data service algorithms, for exam-
ple, those that utilize established caching algorithms such
as least recently used, least frequently used, etc. Additional
options are going to be investigated in future work.

The first option (component P; ) uses an algorithm which
involves saving an entity immediately after modifying it,
like a write-through caching algorithm. However, once the
entity is saved, it is not kept in the TDS. When a client re-
quest is made for an entity, e;, the TDS requests the entity
from the Persistency Data Service (PDS), e;pps. The en-
tity is located, retrieved, converted, and the TDS is updated
to include the entity, e;7pg. After the entity e;7pgs has
been modified, then it is converted into e; ppg, the location
is determined, and the entity e;ppg is stored. When the
application terminates, the resources for entity e;rpg are
released.

The first option provides a solution that uses minimal
memory in the TDS. Reading and writing to the disk cre-
ates slower response times, however, it also improves data
integrity as at most changes to one item may be dam-
aged or lost if the application terminates unexpectedly (i.e.,
crashes). In summary, this option provides a solution that
can be characterized as low memory, slow response time
performance, and high data integrity.

A second option (component P») uses an algorithm that
saves all modified entities in memory to disk periodically;
the entities remain in memory after being saved. When a
client request is made for an entity, e;, the entity may or
may not be in the TDS. If it is, then the entity is simply re-
turned to the client. Otherwise, the TDS requests the entity
from the PDS, e;pps. The entity is located, retrieved, and
converted. The TDS is updated to include the entity, e;7pg,
and it is returned to the client. The entity e;rps may be
accessed or updated multiple times without being saved to
the PDS. Here, a periodic timer determines when modified
entities in the TDS are converted, locations determined, and
stored in the PDS. When the application terminates, if entity
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eiTps has been modified, then it is converted, location de-
termined, and stored as e; ppg. Subsequently, the resources
for each entity e;7pg are released.

The second option provides a solution that uses more
memory in the TDS. However, fewer reads and writes to
the disk results in a faster response time. The data integrity
is reduced compared to the first option, as changes to mul-
tiple entities may be damaged or lost if the system fails. In
summary, this option provides a solution that can be char-
acterized as high memory, fast response time performance,
and moderate data integrity. Thus, these solutions can be
placed into quality zones, or solution spaces, as:

e low memory, slow response time performance, high
data integrity for Py

e high memory, fast response time performance, moder-
ate data integrity for P

Each solution is evaluated by running the component and
gathering data about the solution (e.g., how much memory
it uses, how much time is used, etc.) for a specific environ-
ment. Using this data, the solutions are manually mapped
into a quality zone. Due to the uncertainty in the bound-
aries of the overlapping solution spaces and the solutions,
fuzzy logic is used to represent and reason about them. The
trade-off between memory usage and performance (execu-
tion time) is considered here.

Component P, has a static memory allocation amount-
ing to approximately 0.2% of the total memory of the
system. Component P» allocates memory dynamically
with a lower bound of 0.2% and, theoretically, a 100%
upper bound of memory usage. Regarding to execution
time, as described before, P has a better performance than
P,. However, the execution time for P, depends on the hit
ratio, i.e., the percentage of times the data needed is already
in the TDS.

4.2 Component Evaluation

The behavior of the components are measured at run-
time. Each component is manually instrumented to “dump”
the desired data to a file. No specific application is used in
this case. The data are used to derive a specification of the
components stored in the component specification reposi-
tory. For example, both components are executed to ob-
tain the total time and total memory execute measurements.
Each component is executed 100 times; each execution has
200 client request modifications.

The idea is to measure the time each component takes to
execute the same number of requests. Furthermore, since
the hit ratio! influences the performance of P», this compo-

I'The hit ratio here refers to the Temporary Data Store and not the cache
memory used by the Operating System.

nent is evaluated using a) fixed hit ratios ranging from 0.3
to 0.9, and b) a uniform randomly distributed hit ratio. It
was observed, in all the cases, that P, has a faster average
execution time than P;. More specifically, P» has an aver-
age performance improvement over P ranging from 25.9%
(for a 0.9 hit ratio) to 12.3% (for a 0.3 hit ratio). The ex-
periments with a random hit ratio produced 18% improve-
ment in performance. Therefore, these components display
a clear memory/performance trade-off.

4.3 Adaptive Application Design

An application which adapts to the changing amount of
memory in the environment is presented here. When the
amount of available memory is low, component P; is a bet-
ter choice, while P is a better choice when more memory
is available. Furthermore, let us assume that the application
has a memory constraint that limits the use of component
P5. Let us arbitrarily define a 7% memory threshold that
if crossed would cause the crash of the application. Under
these conditions, the two possible swaps are:

e Swap from P, to P;: occurs once a memory usage of
7% or more is predicted by the SMART Framework.

e Swap from P; to P,: occurs when more than 5% of
memory is available in the system.

The use of the SMART Framework allows for the exe-
cution of the persistency service application with the swap
between components P; and P». The first prototype of the
framework has been implemented in C language (Applica-
tion, Resource Monitor, Pre-replacement, Actuator mod-
ules), and MATLAB scripts (System Identification and
Controller modules). The prototype is going to be refined as
the work progresses. For example, there is no need for “glue
code” in the current application and the ‘“Pre-Replacement”
module is implemented as a simple procedure. The “Actu-
ator” block is going to be changed to implement the fuzzy
multi-criteria decision making algorithm.

The interface between the C program (“Current Compo-
nent”, “Resource Monitor”, and “Actuator’’) and the MAT-
LAB scripts (“System Identification Module” and “Con-
troller”) is implemented using a file buffer. The input (num-
ber of client requests), output (number of saved requests),
and resources (memory available and memory used by the
process) are written to a file buffer. The scripts in MATLAB
read this information from the buffer and use them to make
a prediction of the amount of memory needed in the next
time period (5 seconds in this case). If P is executing and
a prediction that memory usage is going to cross the thresh-
old is made, then MATLAB writes to another file buffer and
the “Actuator” thread in the C program reads this informa-
tion and make the swap from P, to P;. Once the available
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Figure 3. Snapshot of the memory used by the persistency service application and the corresponding predictions made by SMART.
The framework signals swaps from P> to P; (for example at time t=125s) and from P; to P> (for example at time t=133s). As can
be noticed the use of SMART to signal the swap from P» to P; has prevented the constraint violation over the whole period. A new
violation within the next 5 seconds is predicted, from point B, and another swap from P> to P; is signaled to avoid the constraint
violation. The actual swap occurs the next time the thread in charge of swapping is scheduled. To decrease the overhead, only the

last 200 data values between points A and B are used in the prediction of the next 5 steps (between points B and C).

memory goes above the 5% limit, a swap from P; to P; is

performed.
4.4 Adaptive Application Evaluation

Figure 3 shows a snapshot of the execution of the persis-
tency data service. It can be observed that the memory con-
straint is not violated and the swaps are done in time. The
figure shows that another swap, within the next five seconds
from point B, has been predicted to avoid crossing the mem-
ory threshold. It can also be noticed from Figure 3 that in
almost all the cases, as soon as P, starts to execute a new

swap to P, (represented by “empty triangles”) is detected.
The reason for this is because more than 5% of memory is
available.

Another important aspect to be noticed from Figure 3 is
that only part of the data is used to make the prediction. The
more data is available the more accurate are the predictions.
However, the overhead also increases with more data and
balance between accuracy and overhead is kept by using
only the last 200 data points, found between points A and
B in the figure, to make the five steps ahead prediction for

point C. The data points are from the current execution and

not from a historical data set.

The persistency service application and the associated
MATLAB scripts were executed over a period of 8.601
hours with a total of 1812 swaps (906 from P, to P; and
906 from P; to P»). Out of 906 swaps from P, to P; to
avoid violating the constraint, only 37 were not executed

in time, i.e., the memory threshold was crossed in 4.08%
of the swaps from P to P;. This would hypothetically
crash the persistency service application, but for experimen-
tal purposes, only the number of failed swaps are recorded.
Though the threshold was exceeded 37 times, it should be
noticed that the amount of memory used is on average only
0.36% above the 7% threshold as can be noticed in Figure 4.

The detected failures are due not to wrong predictions
but in almost all the cases to late reaction time. That is,
SMART has predicted the constraint violation before it hap-
pened but due to the overhead in the prediction, the over-
head in the communication between MATLAB and C, and
the scheduling of the “Actuator” thread, the swap is not
done in time and the used memory exceeded the thresh-
old. The scheduling problem and the communication over-
head can be minimized by the use of interprocess com-
munication. The overhead in the prediction could be also
minimized by having a compiled version of the MATLAB
scripts. However, not all system identification functions in
MATLAB can be converted to C code. A partial solution
to decrease the overhead is the decomposition and conver-
sion of parts of the scripts. Another alternative to decrease
the number of failures is to increase the number of steps
ahead used in the prediction. This would give more reac-
tion time to the persistency service application. On the other
hand, the accuracy of the predictions decreases as the num-
ber of steps ahead increases and a better synchronization
algorithm is needed to avoid premature swaps.

In general, we conclude that this example of the use of
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the SMART has produced encouraging results showing the
applicability and feasibility of the framework. We are aware
that more validation is needed and a thorough validation
plan has already been delineated [16].

8l Average: 0.3622

Standard Deviation: 0.2139

number of occurrences

[ 0.1 0.2 0.3 0.4 05 0.6 0.7 0.8 0.9 1
percentage memory above threshold

Figure 4. Histogram of the percentage of memory viola-
tions (Persistency Service failure cases).

5 Related Work

The SMART Framework is an adaptive approach based
on the selection of components specified in our reposi-
tory. Therefore, the topics component-based architecture
and adaptive systems are the most related to SMART. Here
we present related work on adaptive systems in Section 5.1.
Work related to component-based software design using
repositories (as by Yen , Bastani, et. al [17]; Seacord,
Mundie, and Boonsiri [18]; and Yonghao and Cheng [19])
is available elsewhere [20].

5.1 Adaptive Systems

Self-adaptive systems has been proposed for specific do-
mains such as QoS [21], ad-hoc network management, traf-
fic control, and signal processing [20]. The world wide web
has also been the focus of the use of adaptive techniques at
“interface” level as well as at a lower level [20]. Approaches
that are not domain specific have also been proposed [22].
Many of successful approaches are based on the sound the-
ory of feedback control [21, 20]. Decision theory is an-
other technique used in adaptive systems providing math-
ematical tools, such as game theory and subjective proba-
bility, to address decision making problems in the presence
of uncertainty. A large body of methods have also resulted
from the Dynamic Assembly for Systems Adaptability, De-
pendability, and Assurance (DASADA) project sponsored
by DARPA.

Two approaches are more closely related to the SMART
Framework: Containment Units [22] and the QoS Frame-
work [21]. A Containment Unit is basically a module that
implements some functionality. The basic difference be-
tween a Containment Unit and a regular module is that the
former is also defined according to nonfunctional require-
ments, such as time, memory, and sensors [22]. The ar-
chitecture of a Containment Unit is composed of the “Op-
erational Component”, the “evaluator”, the “change agent”,
the “Adapter”, and the “Implementation”. A Top component
initializes the unit and manages the communication proto-
col. A set of operational components provides the function-
ality of the Containment Unit. The Evaluator monitors the
performance of the operational components in order to en-
sure that the specification of the Containment Unit interface
is satisfied. When the Evaluator determines that the unit is
not performing according to the specification, the Change
Agent is in charge of selecting a different operational com-
ponent that better copes with the current resources. Another
alternative is the re-allocation of resources to match the
current operational component [22]. Similarly to SMART,
Containment Units is a component-based framework for dy-
namic adaptable systems. Both approaches present a com-
ponent swap as an alternative to better use system resources.
The major difference between the two approaches is that
SMART can predict and consequently prevent constraint
violations. In addition, the system identification module
in SMART allows a dynamic customization of the models
making SMART a more flexible approach.

The work done on adaptive systems for QoS guaran-
tees [21] is based on the application of control theory as-
pects with an automatic adjustment of the controller by
means of system identification techniques. A pole place-
ment adaptive control technique is used to overcome the
restrictions of a static designed controller. The goal is to
maintain a specified target hit ratio performance by adjust-
ing storage allocation. The SMART Framework also has a
similar architecture to the one presented in the QoS Frame-
work. Both approaches are based on control theory and on
automatic tuning of the controller. SMART differs from the
QoS Framework by adjusting the system not based on re-
source allocation but on swapping to a component that pro-
vides the same functionality but better copes with the envi-
ronment status. Also, as pointed out in Section 6, SMART
is a more generic approach by allowing the specification of
the system constraints and their relation to the alternative
choices.

5.2 Adaptive Persistence

A large body of work is available in the literature on
data persistency covering issues such as load balance, repli-
cation, and migration [23]. With respect to the SMART
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Framework, research in the run-time adaptability of data
persistency is of great interest. Work done by Ortin and
Cueva in the nitrO Reflective Platform [24] is briefly de-
scribed next.

NitrO is a non-restrictive reflective platform that has
been implemented using Python. The non-restrictive fea-
ture of nitrO comes from its language and application in-
dependence characteristics that do not rely on any specific
interpreter protocol. The selection of Python was due to
the reflective features such as introspection, structural re-
flection, and dynamic evaluation [24]. The adaptive char-
acteristics of nitrO are based on changing the semantics of
the programming language at run time (not only the symbol
table, but the language specification itself can be changed at
run-time). In this way, an application can adapt the struc-
ture or the behavior of another application. A persistence
subsystem has been implemented using nitrO. Adaptabil-
ity is achieved by dynamically updating the policies and/or
storage methods used in the system. Three reference stor-
ages and two update policies exist. The switch from one
policy/storage to another is done based on the application
structure in a programmatic way. This represents a major
difference between the adaptation mechanism of SMART
and nitrO since the former uses system resource and the in-
put/output of the application to dynamically adapt the sys-
tem at run-time.

6 Concluding Remarks

An empirical assessment of a run-time adaptable per-
sistency service is presented in this work. The results of
the study demonstrate the use of the SMART Framework
avoided constraint violations in 95% of the cases over an
execution period of more than eight hours.

In addition to the advantages of many adaptive system
approaches (self-adaptation, robustness, better resource us-
age, etc.), the novel application of control theory and fuzzy
logic in the SMART Framework provides the following two
distinguishing advantages:

e Flexibility - the majority of the adaptive techniques
are domain specific. This is due to the fact that par-
tial or complete knowledge about the relationship of
the inputs and systems resources have to be known
a-priori. The System Identification Module in the
SMART Framework dynamically identifies these re-
lationships and therefore allows its application to a va-
riety of different domains. In addition, FMCDM algo-
rithms may be applied to a wide variety of components.

e Predictability - the availability of a state model cap-
turing the dominant behavior of the system allows the
prediction of future behavior. The time when changes

are necessary can be predicted and the system prepa-
ration to swap to a new component can be done in ad-
vance resulting in an overall increase in the systems
performance and robustness.

In spite of the advantages above, we have noticed that the
task of reducing the overhead to a minimal level can lead
to a potential limitation in the use of the SMART Frame-
work. When a prediction needs to be made for a very short
time ahead, say less than X milliseconds, the overhead in
the framework may not allow the swap between the cur-
rent component and the component that should be used to
be completed in such a short time. As a result, some sys-
tem constraints may be violated. Better implementation and
design choices will definitely reduce the overhead. Conse-
quently this reduces the overall swap time and the number
of constraint violations.

SMART is a new technique to handle the dynamic be-
havior that is rapidly becoming part of many companies
daily concerns and the results of its application to a per-
sistency data service are evidence of its applicability and
accuracy. SMART has also been applied to another ap-
plication performing multiplications of large sparse matri-
ces [25] with similar convincing results. Furthermore, a
complete validation of the framework is planned with self
and cross-evaluation for additional systems such as data
compression and image interpolation.
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