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Abstract. Runtime adaptability and delivered quality are two impor-
tant concerns for every system. One way to achieve runtime adaptability
is by specifying variants in the system model at design time to allow
switching between runtime configurations. The fulfillment of system’s
quality requirements depends on parameters that can change at run-
time. In order to meet its quality requirements, the system must be
able to dynamically adapt to changes that affect the delivered quality.
We outline our approach to enhance system adaptability through auto-
matic evolution of the system model. Our approach periodically updates
the model by re-evaluating the delivered quality based on runtime in-
formation. We use a service composition model to represent the system
functional requirements and annotate it with delivered quality evalua-
tions. We ensure system runtime adaptability by selecting the variant to
execute at runtime based on the evolved model.

1 Introduction

Systems are increasingly required to feature autonomic capabilities. Systems
that need to be continuously available and be able to change behavior depending
on environmental conditions require a higher degree of autonomic capabilities.
These systems must dynamically adapt to changes in the environment, switching
between different runtime configurations without disrupting the running system.
Software engineers can develop such dynamically adaptive systems by providing
variants that determine the runtime configurations, respectively the execution
paths of the system.

Quality requirements1 are important concerns for every system. When reason-
ing about design decisions, software engineers must also ensure that the system
will meet its quality requirements. The engineers face two issues:

1. The variants provided at design time are limited to the knowledge of the
engineers and to their capability to foresee changes. Unanticipated changes
in the environment or changes demanded by new user needs require modifi-
cation and redeployment of the system.

1 In this paper we use the term quality requirements for non-functional requirements,
such as performance, reliability, and cost.
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2. To estimate the fulfillment of the quality requirements, software engineers
use parameters provided at design time that estimate the behavior of system
components in a given environment. In a changing environment, parameter
changes can result in quality degradation or violations of the system’s quality
requirements.

To address these issues, we automatically evolve the model of the system,
periodically update it with observed quality information, and use the evolved
model to drive the choice of the system runtime configuration. We present a
framework for automated model evolution that uses a service composition model
to represent the running system. The choice of the model allows us to leverage
the advantages of service oriented architectures: flexibility, loose coupling, and
ease of integration. Changes in our model are immediately incorporated in the
implementation and runtime configuration. By using the model at runtime, our
approach can easily integrate new variants and modify existing ones without
disrupting the running system.

The Quality of Service (QoS) parameters of a service-oriented system depend
on the QoS of its composing services. QoS estimates are expressed as guarantees,
called service level objectives (SLO [1]), in service level agreements (SLA [1]).
However, given the dynamic and distributed nature of service-oriented systems,
QoS can vary in time and the system cannot enforce its composing services to
meet their SLOs. Our framework monitors service execution and periodically re-
evaluates the QoS parameters of the system based on monitoring information.
It then updates the model with the new QoS values that are used for selecting
the runtime configuration.

In this paper we outline our approach to enhance runtime adaptation capabil-
ities for dynamically adaptive systems by updating the system model according
to runtime information and using the updated model at runtime to drive the
system runtime configuration. We give an overview of a possible implementation
of our approach using service compositions and the BPEL standard.

2 Approach Overview

An important concept that we use in our approach is the variant. A variant rep-
resents one possible implementation of a system functional requirement. Variants
can increase fault tolerance by specifying alternative ways of fulfilling a func-
tional requirement. Take for example the case of the alarm function in a smart
home system. The engineer specifies one variant of fulfilling the functionality by
setting off the alarm, and a second variant by blinking the lights.

Fig. 1 presents the conceptual phases in our approach: (1) automatically evolv-
ing the system model based on runtime information; and (2) using the updated
model at runtime to adapt the running system.

Initially, the delivered quality values of the system are estimated using param-
eters available at design time, such as QoS guarantees specified by SLAs. Due
to system evolution and environmental changes, these parameters might change,
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Fig. 1. Approach overview diagram

making the initially estimated quality values obsolete. By monitoring the run-
ning system, it is possible to gather information that reflects the current state of
the environment. The quality values are re-estimated based on the monitoring
information and the model is then updated according to the new estimations.

The algorithms used to estimate the quality values can help detect the sys-
tem’s inability to meet its quality requirements. The estimations can also help
detect the cause of a quality degradation, such as a malfunctioning component.
The system can improve the delivered quality and prevent violations of quality
requirements by leveraging the estimations when selecting the variant to execute.

A second concern for model evolution are changes that provide a new variant,
or that invalidate an existing variant. Consider for example the case of introduc-
ing a new component. New variants using the component become available. The
model is updated by integrating the new discovered variants.

System adaptation is done by using the updated model to decide the system
runtime configuration and the execution path for each functional requirement.
To use this adaptation technique, a framework implementing our approach must
ensure that implementation always conforms to the current model. The frame-
work must provide a way to automatically implement the model changes into the
running system without requiring user intervention or system interruption. The
choice of the system model plays an important part in achieving the required
autonomic capabilities.

3 A Framework Based on Service Compositions

This section presents a framework illustrating the approach introduced above
and describes the system model and the components of the framework that play
an important part in the automated model evolution and system adaptation.

3.1 Model

Fig. 2 presents the generation of the system model from the developer input
model. In the input model the developer defines variability points, that is, func-
tional (sub)requirements of the system which can have different variants. The
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Variant Finder generates the model of the running system from the input model
by finding solutions to the variability points. A solution to a variability point is
a variant.

The Variant Finder is an automated service composition engine that takes
the variability point description and queries the service repository finding the set
of service compositions that solve the requirement, such as [2,3]. The variability
points must be expressed in a query language understood by the Variant Finder,
and the services must be semantically annotated. In previous work we have
introduced a query language for directories in support for automated service
composition [4].

The input model must represent a system that can be implemented as a service
composition. Currently we consider the input model to be a goal model with
functional goals (functional requirements) as presented in [5]. A goal model is an
AND/OR graph showing how higher-level goals are satisfied by lower-level ones
(goal refinement) [6]. The AND-refinement link relates a goal to a set of subgoals
that must be satisfied in order for the goal to be satisfied. A goal node can be
OR-refined into multiple AND-refinements that each represent an alternative,
i.e. the parent goal can be satisfied by satisfying the subgoals in any of the
alternative AND-refinements. In our input model, the bottom subgoals must be
queries in order to be able to automatically generate the system implementation.
In this case, the whole system implementation is provided through automatic
service composition.

The generated model is an annotated AND/OR graph in which the variability
points are expanded with the variants found by the Variant Finder. A variant
node is a node that is parent to at least one variant. All OR-link nodes and
nodes corresponding to variability points in the input model are variant nodes.
Variant nodes are annotated with information that is used at runtime to select
the variant to execute. A variant node contains as data for each child variant
a set of estimated QoS values and the deviation percentage from the required
QoS. At model generation, the QoS values are computed based on the SLAs of
the variant’s composing services.
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In Fig. 2 we show a fragment of the generated model for a smart home sys-
tem. We detail the graph branch representing the temperature control functional
requirement. The requirement is to adapt the temperature in the room accord-
ing to weather conditions. The Variant Finder provides two variants for the
temperature control variability point:

1. The system reads the weather forecast from an online service, gets the rec-
ommended temperature value for the external temperature forecast and sets
the room heater to the recommended value.

2. The system reads the external temperature sensors installed on the building,
computes the temperature value using a dedicated function and sets the room
heater to the computed value.

3.2 Architecture

Fig. 3 presents the architecture of our framework. BPEL [7] is the de facto
standard for service compositions. BPEL process definitions are deployed to
BPEL engines that instantiate and execute a process instance when a request
for the deployed process arrives. Our framework leverages the BPEL technology
to implement the system.

The System model is the one introduced in Section 3.1. Our framework auto-
matically generates BPEL processes from the system model. The processes are
instrumented to allow monitoring the component services and the system QoS
parameters. Based on monitoring information the framework estimates QoS val-
ues, periodically updating the model. The updated model is used to decide the
runtime configuration.
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The BPEL Generator creates a BPEL process for every variant in the model.
All generated processes are registered to the System Manager (the arrow labeled
register in the figure).

The System Manager is responsible with selecting the variants to be executed
for fulfilling the system requirements. Some systems that are an aggregation
of distributed applications, such as service-oriented systems, can be seen as a
composition of functional requirements implemented independently. The system
core is a dispatcher that forwards requests to the System Manager. We can
automatically generate the dispatcher from the model. The developer can choose
not to use the fully automated version, but only to forward requests for variability
points execution to the System Manager.

The System Manager keeps a mapping between variants in the model and
the corresponding BPEL processes. A variant is mapped to exactly one pro-
cess. When the execution of a variability point is triggered, the System Manager
checks the model for the variant to execute. The System Manager starts the
variant execution by invoking the process corresponding to the selected vari-
ant (start). This approach allows the system to evolve with the system model,
changes in the model being reflected in the system implementation.

Changes in the environment affect the system so that variants can become
outdated, or new variants can be found. Variant Finder provides new possible
variants based on runtime information, such as the availability of a new service.
The Variant Finder updates the model with new variants, which can be then
selected to be executed. In this way, new variants are easily integrated without
disrupting the running system.

Our framework uses the monitoring capabilities of ADULA, a framework for
fault tolerant execution of BPEL processes introduced in previous work [8,9].
The Monitor component of ADULA provides statistics on QoS parameters of
services used by processes. Service invocations are redirected through Dynamic
Proxies that measure the response time of the service. The Monitor observes the
service execution, collects measurements and provides aggregated performance
statistics.

Variant Validators test the fulfillment of the system quality requirements for
each variant using statistic methods, such as Bayesian inference [10] or statistical
hypothesis testing [11]. In previous work [9] we have used statistical methods to
detect SLO violations for BPEL processes.

QoS Evaluators compute the estimated value of the QoS making use of mon-
itoring information. Based on the estimated values, Variant Validators compute
the deviation for each variant and each QoS parameter, and update the model
with the new values (triggerUpdate). The deviation value is computed for each
QoS using a provided function.

4 Related Work

KAMI [12] is a framework for model evolution by runtime parameter adapta-
tion. KAMI focuses on Discreete Time Markov Chain [13] (DTMC) models that
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are used to reason about non-functional properties of the system. The authors
adapt the non-functional properties of the model using bayesian estimations to
update the parameters that influence the non-functional properties. The esti-
mations are computed based on runtime information, and the updated model
allows verification of requirements. Our framework focuses on using the model
at runtime to improve a system’s autonomic capabilities. We also consider new
variants for functional requirements and use the evolved model to dynamically
adapt the system.

Similarly to KAMI, the approach in [14] considers the non-functional proper-
ties of a system in a web-service environment. The authors provide a language,
SLAng, that allows to specify QoS to be monitored.

There are different approaches to provide self-adaptive systems. Mod-
els@Run.Time [15] propose leveraging software models and extending the ap-
plicability of model-driven engineering techniques to the runtime environment
to enhance systems with dynamic adapting capabilities. The system adaptation
in our approach leverages this idea using the model to determine the system
runtime configuration.

In [16], the authors use an architecture-based approach to support dynamic
adaptation. Rainbow [17] also updates architectural models to detect inconsis-
tencies and correct certain types of faults. In [18] the authors implement an
architecture-based solution in the context of mobile applications to adapt the
system by replacing the implementation of components at runtime. None of
these solutions considers the impact of environmental changes on the quality
requirements of the system.

A different approach to using models at runtime for system adaptation is taken
in [19]. The authors update the model based on execution traces of the system.
Our approach provides new execution paths for the system by integrating new
and modified variants into the model.

The work in [20] provides a solution to a different issue concerning dynamically
adaptive systems, which is the control over the wide number of variants that a
system with many variability options can have. The authors introduce a solution
to maintain dynamically adaptive systems by using aspects to evolve the model.

5 Conclusion

In this paper we outlined our approach to enhance a system’s autonomic capa-
bilities by using an automatically evolving model of the system at runtime. The
model is periodically updated with re-evaluated QoS values based on runtime
information. The evaluations can be used to predict and prevent QoS violations.

We gave an overview of a BPEL-based framework implementing our approach
and introduced a system model leveraging service compositions. Variants repre-
sented in our flow graph model are implemented as BPEL processes that can be
switched at runtime allowing the system to adapt to changes in the environment.
In this way, the system can integrate new variants without requiring interruption
of the running system.
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