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Abstract: The problem of selecting services from a set of
functionally appropriate ones based on non-functional
service attributes such as cost or Quality of Service is wellrecognized in the literature. It is commonly referred to
as Service Selection Problem. Related approaches thereby
only address process structures and workflow patterns
that are rather straightforward. The approach presented in
the work at hand accounts for this limitation, considering
complex, interlaced, acyclic as well as cyclic structured
and unstructured workflows that had not been considered
to date. In addition, an approach accounting for stochastic
Quality of Service behavior is described.
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I Introduction
In competitive markets with similar products and services,
enterprises are facing various challenges, such as dynamically changing business environments and tough cost
pressure. Due to changing customer and business requirements, a high degree of flexibility and efficiency with
respect to developing and creating value-added products
and services is indispensable. Thus, corresponding business processes need to be flexibly adaptable and efficient.
The need for flexibility and efficiency is further intensified
by the globalization and corresponding global, highly
competitive markets.
In order to cope with these challenges, the application of a service-oriented approach that aims at achieving
servicebased processes and workflows and therewith enables the creation of flexible processes is often recommended [1], [2]. Using services for supporting and realizing
(service-based) business processes thereby constitutes the
key concept [3]. From a business point of view, services
represent and encapsulate business functionality, providing business logic [4]. From a technical point of view,
services encapsulate and provide computation logic, con-

stituting the IT-representation of business functionality
[3]. Using services, business processes and workflows can
be flexibly created and adapted according to changing
customer and business requirements. The services thereby
do not necessarily have to be located within or implemented by the own enterprise. Following the vision of the
“Internet of Services”, services addressing different areas
of life and business will be available [5], [6]. They will be
offered at service marketplaces by various service providers, so that enterprises can decide whether such services
can be beneficially involved in and invoked for executing
own business processes. If services providing equally appropriate functionalities are offered at such marketplaces
by different service providers at different cost and quality
levels, enterprises can select between them based on nonfunctional requirements, i.e., based on required cost and
quality levels, for realizing steps and tasks within own
business processes. Selecting services at minimal cost
satisfying the enterprise’s demands with respect to the
considered quality attributes achieves realizing efficient
processes.
The problem of selecting services from a set of functionally appropriate ones based on non-functional service
attributes such as cost or Quality of Service (QoS) is wellrecognized in the literature. It is commonly referred to as
Service Selection Problem (SSP). The work at hand provides
an overview of approaches and results provided in my
Ph.D. thesis [7] in the area of service selection accounting
for deterministic as well as for stochastic non-functional
service attributes.
While many related approaches exist addressing the
SSP and providing optimal as well as heuristic solutions
to it, the process structures and workflow patterns considered and supported are rather straightforward. This
limitation is addressed in [7] focusing on complex, interlaced, acyclic as well as cyclic structured and unstructured workflows, that so far have not been accounted for.
It is thereby aimed at computing optimal solutions to the
SSP considering deterministic non-functional service attributes. An overview of the proposed optimization approach accounting for deterministic attributes is provided
in Section II.
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Since QoS is not necessarily always deterministic, values for such non-functional service attributes may differ.
Thus, even when the selected services, which have been
obtained by applying the aforementioned optimal optimization approach, satisfy the specified QoS constraints,
such constraints may still be violated at runtime, i.e., when
the selected services are actually executed. Thus, because
these services possibly show a different QoS behavior at
runtime, corresponding constraints might still be violated.
This potentially leads to severe consequences such as
penalties. An overview of the developed adaptation strategies that focus on reducing the risk of uncertainty and
therewith of a potential negative impact of stochastic QoS
behavior is provided in Section III.
Finally, conclusions are drawn in Section IV.

II Optimizing Qos for complex
(un)-structured Workflows
In this section, the approach for computing optimal solutions to the SSP accounting for deterministic non-functional service attributes as well as the developed optimization framework enabling such computations are briefly
introduced in Section II-A. A differentiation from related
work is given in Section II-B. Finally, an overview of
obtained results is provided in Section III-C.

A Optimization Framework for QoS-aware
Service Selection
Regarding the proposed solution approach for solving the
SSP, the goal is to develop a means for enabling automated
computations of optimal solutions to the SSP accounting
for the mentioned complex workflows without having to
enumerate all possible solutions to the problem for finding
the optimal one, if such a solution exists. The proposed
solution approach supports the development of heuristic
solution methods to the extent that comparisons of the
solution quality achieved by heuristic solution methods
are enabled without the mentioned necessity for enumerating all possible solutions. To achieve this, an Optimization Framework for QoS-aware Service Selection has been
developed.
For finding solutions to the SSP, it is firstly modeled as
optimization problem. In this respect, aggregation specifications for aggregating values on non-functional service
attributes of the candidate services have been developed.
Applying these aggregation specifications according to the

workflow structure that has to be considered for the optimization enables the creation of objectives and constraints
– and therewith of a corresponding optimization model.
However, depending on the considered QoS attributes, the
created optimization model potentially constitutes a nonlinear optimization model due to non-linear aggregations
of decision variables that indicate whether a certain service
candidate is selected or not. Thus, corresponding linearization techniques have been developed in order to enable
transforming nonlinear optimization models that can result from applying aforementioned aggregation specifications into linear ones, if necessary. Once the obtained
optimization model is linear, optimal solutions can be
computed by applying standard Linear Programming (LP)
techniques (cf., e.g., [8], [9]) provided by readily available
LP solvers such as CPLEX [10] or lpsolve [11].

B Differentiation from Related Work
In order to separate the approach proposed in [7] from
related work, the workflow patterns considered and addressed by related approaches as well as the size of the
optimization problem that has to be solved for finding an
optimal solution to the SSP are used. A comparison of
absolute computation time values in, e.g., milliseconds
(msec), is omitted as such values strongly depend on concrete implementations of the corresponding approach as
well as on the used hardware and programming environment.
In Table I, an overview of addressed workflow patterns
is provided. The checkmarks thereby indicate whether the
corresponding patterns are addressed by the related approach, i.e., the absence of a checkmark indicates that the
corresponding pattern has not been addressed. If a certain
pattern is only addressed to a limited extent, a bracketed
checkmark is used. Textual descriptions explaining the
corresponding limitations can be found in [7]. Further, it
has to be noted that only the most commonly cited and
referenced related work is listed in Table I.
As indicated in Table I, none of the related work is
capable of addressing workflows that contain OR-blocks,
unstructured Directed Acyclic Graphs (DAG) as well as
unstructured Single Entry Multiple Exit (SEME) loops,
which distinguishes the work in [7] from related work in
this field. In addition, XOR-blocks as well as Repeat loops
(RL) are only addressed to a limited extent by related
approaches.
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C Results
The proposed optimization approach enables computing
optimal solutions to the SSP without having to enumerate
the complete solution space, as previously stated. For this,
the developed optimization framework creates an optimization problem according to the workflow that is subject for optimization and transforms it into a linear one, if
necessary.
Evaluation results show that the proposed approach
for computing optimal solutions to the SSP, which is actually based on Integer Linear Programming (ILP) that is
known to be NP-complete in the worst case, is not “much
worse” in terms of computation time compared to using
Mixed Integer Linear Programming (MILP), which is known
to compute solutions in polynomial time. For instance,
regarding a workflow with 10 tasks and 20 candidate services per task, the proposed ILP-based optimization approach takes 29.4 msec, whereas using MILP leads to a
computation time of 27.2 msec.
In this respect, it has to be noted that it cannot be
guaranteed to obtain valid solutions to the SSP when using
MILP, since a MILP-based optimization approach does not
make sure that exactly one service is selected for each task
of the workflow that has to be optimized. Thus, from a
“functional” perspective, the computation time of the proposed ILPbased optimization approach may not be compared with the computation time achieved by MILP-based
approaches. In fact, the computation time should be compared with other approaches capable of ensuring that the
computed (optimal) solution to the SSP constitutes a valid
one.
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As indicated in Table I, my proposed optimization
approach [7] is capable of addressing workflows that contain OR-blocks, unstructured DAGs as well as unstructured
SEME loops – which are not supported by related approaches – in addition to sequences, AND-/XOR-blocks
and Repeat loops. Thus, due to the lack of available related
approaches, the proposed optimization approach should
actually be compared to an exhaustive enumeration approach, which naively enumerates and checks all possible
solutions for finding an optimal one, because this approach is to date the only related approach capable of
computing valid, optimal solutions to optimization problems accounting for aforementioned patterns. Evaluation
results show that even for small problem instances, the
exhaustive enumeration approach takes a disproportionately high computation time, while the proposed ILPbased approach only requires a few milliseconds. For instance, computing an optimal solution to the aforementioned workflow with 10 tasks and 20 candidate services
per task takes 29.4 msec when using the proposed ILPbased approach, whereas the exhaustive enumeration approach would require approximately three years.

III Adaptation Strategies For
Addressing Stochastic Qos
Behavior
While the optimization approach presented in the previous
section considers deterministic non-functional service attributes, this section focuses on stochastic QoS behavior.

Table I: Addressed workflow patterns of optimal solution approaches
Approach

Seq

AND

XOR

RL

Anselmi et al. [12]

ü

ü

(ü)

(ü)

Ardagna and Pernici [13]–[15]

ü

ü

(ü)

(ü)

Cardellini et al. [16]–[18]

ü

ü

(ü)

Gao et al. [19]–[21]

ü

ü

(ü)

(ü)

Huang et al. [22]

(ü)

(ü)

(ü)

(ü)

Jiang et al. [23]

(ü)

(ü)

(ü)

(ü)

Klein et al. [24]

ü

ü

(ü)

(ü)

Menasce et al. [25], [26]

ü

ü

ü

ü

Meng et al. [27]

ü

ü

Yu et al. [28]

ü

ü

(ü)

(ü)

Zeng et al. [29]

ü

ü

(ü)

(ü)

Schuller [7]

ü

ü

ü

ü

OR

DAG

SEME

ü

ü

ü
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An overview of the stochastic QoS model accounting approach proposed in [7] is provided in Section III-A. In
Section III-B, a differentiation from related work will be
conducted, while an overview of obtained results is presented in Section III-C.

A Stochastic QoS Model Accounting
Approach
In their work in [30], Rosario et al. provide measurement
records for a certain Web service that show that the
response time of this Web service is differing over time.
Also the authors in [31]–[33] provide evidence that QoS
differs over time. Miede et al., for instance, empirically
showed substantial fluctuations in response time for different Web services, while Lampe et al. [33] additionally
accounted for availability and throughput of different services. Such differing QoS values can be traced back to
network latency or server load, i.e., to different data transferring times or different request processing times at the
server side [34].
Thus, since QoS values might change at runtime,
which has been shown by various studies (cf., e.g., [30]–
[34]), the perceived QoS might differ from the QoS expected
at design time when the SSP has been modeled as optimization problem and an optimal solution to it has been
computed. Such potential differences may lead to unexpected – and at worst – to undesired situations, in which
constraints on QoS will still be violated, although an optimal solution to the SSP has been computed beforehand
that satisfied the constraints. Depending on the impact of
such QoS violations, severe consequences may result. For
instance, accounting for a scenario where a service broker
receives requests from his/her customers who require certain tasks and workflows, respectively, to be executed, the
broker takes responsibility for selecting services, invoking
them, and therewith executing the specified workflows,
for which the customers pay the broker a fixed amount of
money. Of course, the customers have requirements on
non-functional properties in addition to functional ones.
Thus, they demand certain QoS levels to be satisfied with
respect to executing their requested workflows. Violating
the customers’ QoS requirements is assumed to lead to
penalties, i.e., the broker will be penalized and will have to
pay certain penalty fees. In order to cope with such negative consequences, a simulation-based adaptation framework along with adaptation strategies and corresponding
adaptation heuristics has been developed in [7]. It explicitly accounts for dynamically changing and therewith for
stochastic QoS behavior, aiming at reducing negative im-

pacts of differing QoS such as penalties. The framework
realizes an integrated three-step approach, comprising an
optimization, a simulation, and an adaptation step. While
optimal solutions to the SSP are computed in the first step
by applying the optimization approach proposed in [7],
these solutions are simulated in the second step in order to
determine QoS behavior and to assess its impact on constraint violation. If undesired QoS behavior is detected, an
adaptation step will be carried out which aims at reducing
the impact of the determined QoS behavior.
In this respect, different adaptation strategies and corresponding heuristics, implementing these strategies, are
proposed and provided in [7]. In effect, the strategies basically try to exchange services with high uncertainties for
services with rather low uncertainties by banning corresponding services from the list of possible candidate services for the different workflow steps depending on their
impact on QoS constraint violation. Using the adapted list
of candidate services, another optimization step is carried
out, leading to a new “optimal” solution – according to the
adapted list of candidate services and therewith to the
pruned list of available services. Subsequently, another
simulation step is conducted in order to determine QoS
behavior again and to assess its impact on constraint
violation. If it is found out that another adaptation step is
necessary, the corresponding adaptation heuristics will be
applied again, so that another iteration of the described
three-step approach will be carried out. This procedure is
repeated until a satisfying compromise between service
invocation and penalty cost is achieved.
Evaluation results show that reductions in total cost
(comprising invocation and penalty cost) up to 30% can be
achieved by reducing penalty costs that accrue due to the
violation of QoS constraints – depending on the considered scenario.

B Differentiation from Related Work
Related work considering stochastic, non-functional service attributes ranges from determining and applying
mean values by considering quantile values up to applying
and aggregating statistical distribution functions. The
work in [7] thereby primarily focuses on reducing potential
negative consequences, such as additionally accruing penalty cost due to violating QoS constraints. Thus, for differentiating the work in [7] from related work, it will be
mainly focused on whether and how (potentially negative)
effects of stochastic QoS is considered. In contrast to related approaches that consider deterministic non-functional service attributes for computing solutions to the
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SSP, related work accounting for stochastic attributes is
rather sparse.
In summary, related approaches considering stochastic non-functional service attributes do not sufficiently
account for (potentially negative) consequences caused by
stochastic QoS behavior. While several authors focus on
aggregating distribution functions (cf., e.g., [34], [35]) and,
thus, do not address the SSP, others consider stochastic
nonfunctional service attributes to the extent that they
predict values for them. These predicted, expected values,
which actually constitute fixed values, are then used for
the optimization. The authors in [36] address stochastic
QoS by considering percentile-based constraints. But they
do not pay attention to negative consequences resulting
from violating QoS constraints. The work in [37] addresses
potentially arising consequences resulting from stochastic
QoS, but the authors only consider stochastic QoS behavior for single services in isolation, whereas the work in [7]
accounts for potential reverse QoS deviations of different
services that probably compensate each other. This way,
the impact of stochastic QoS behavior is considered with
respect to the whole workflow.
Thus, by accounting for potential negative consequences resulting from stochastic QoS behavior as well as
by considering potential reverse QoS deviations balancing
each other, the work in [7] extends related work in this
field.

C Results
For evaluating the proposed stochastic QoS model accounting approach and assessing its capability of reducing
potential negative effects of stochastic QoS behavior, different scenarios have been considered. In this context,
corresponding optimization problems have been generated and solved optimally, i.e., respective services have
been selected, without applying any adaptation approach.
The resulting solution quality, which is represented in this
case by the accruing total cost, has then been compared to
the corresponding solution quality obtained by applying
the developed stochastic QoS model accounting approach.
Applying the corresponding adaptation heuristics thereby
successfully achieved reducing the negative impact of stochastic QoS behavior.
Using the developed simulation-based adaptation framework, significant reductions in total cost, which comprise service invocation cost as well as penalty cost accruing due to QoS violations, have already been achieved
after only 2–4 iterations of the described three-step approach. For instance, accounting for a workflow with eight
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workflow steps containing an interlaced AND-block, total
cost has been reduced from 430.2 monetary units, which
accrue when applying the “optimal” solution to the SSP
without further adaptation, to 380.1 monetary units after
two iterations of the proposed stochastic QoS model accounting approach. This corresponds to a reduction by
11.6%. After six iterations, a reduction by 15.3%, i.e., to
364.3 monetary units, has been realized. For other scenarios and workflows with, e.g., 14 process steps, containing
SEME loops and interlaced OR-blocks, reductions up to
approximately 30% have been achieved.
In this respect, it has to be noted that the presented
absolute as well as relative cost reductions strongly depend on the considered scenario. However, applying the
proposed stochastic QoS model accounting approach successfully reached the goal of reducing potential negative
consequences that arose due to stochastic QoS behavior.

IV Conclusion
In competitive markets with similar products and services,
business processes need to be flexible and efficient. In this
respect, my Ph.D. thesis [7] proposed an approach that
aims at optimizing service-based workflows with respect
to non-functional service properties, i.e., with respect to
QoS and cost, by selecting services among functionally
appropriate ones for accomplishing the tasks of such servicebased workflows. The problem of selecting services
among functionally appropriate ones based on non-functional service properties is actually well-recognized in the
literature. It is commonly referred to as (QoS-aware) Service Selection Problem, respectively. For addressing and
solving the SSP, an optimization framework has been developed (cf. Section II-A) that enables specifying the SSP
as a (linear) optimization problem according to the workflow that is subject for optimization. The work in [7] thereby focuses on complex, interlaced, acyclic as well as cyclic
structured and unstructured workflows, that so far have
not been considered by related work. The corresponding
solution approach for finding optimal solutions to the SSP
by applying Integer Linear Programming constitutes the
main contribution of the work in [7]. In addition to the
proposed ILP-based solution approach, a heuristic solution approach has been developed for addressing scalability issues.
Evaluation results show that the proposed ILP-based
approach for computing optimal solutions to the SSP is
not performing “much worse” regarding required computation time compared to an approach applying MILP.
However, MILPbased approaches cannot ensure that the

Bereitgestellt von | Universitaets- und Landesbibliothek Darmstadt
Angemeldet
Heruntergeladen am | 08.06.15 14:10

146

Dieter Schuller

provided solution is valid. Thus, due to unavailability of
related approaches capable of ensuring that the found
(optimal) solution is valid, the proposed ILP-based approach should actually be compared to an exhaustive
enumeration approach, as described in Section II-C,
which requires unacceptable high computation times for
larger problem sizes.
As shown in various studies in the context of Web
services (cf., e.g., [30]–[34]), QoS is not necessarily always
deterministic. Thus, constraints on non-functional service
attributes may still be violated at runtime and lead to
severe consequences such as penalties even if an optimal
solution has been computed beforehand for which the
constraints were satisfied. In order to assess and reduce
potentially negative consequences of differing QoS, a simulation-based adaptation framework along with adaptation strategies and corresponding adaptation heuristics
has been developed in my Ph.D. thesis [7].
Evaluation results show that a significant decrease in
total cost can be achieved when applying the proposed
adaptation heuristics – up to 30% in the considered scenarios. While the absolute as well as the relative values
indicating the cost reduction strongly depend on the considered scenario, the conducted evaluation nevertheless
provides evidence that a potential negative impact of stochastic QoS behavior can be reduced by applying the
proposed stochastic QoS model accounting approach, thus
meeting the initial objective.
In summary, the two main contributions provided
in [7] are the described approach for computing optimal
solutions to the SSP considering various complex, structured as well as unstructured workflows, and the approach
for addressing stochastic QoS in the context of the SSP
aiming at reducing negative consequences of unexpected
and undesired QoS behavior. Thus, a means for optimal
service selection based on deterministic non-functional
service attributes as well as an approach for reducing
negative impacts of stochastic nonfunctional service attributes has been provided.
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