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Abstract. A complex service-based system (CSBS), which comprises a
multi-layer structure possibly spanning multiple organizations, operates
in a highly dynamic and heterogeneous environment. At run time the
quality of service provided by a CSBS may suddenly change, so that vi-
olations of the Service Level Agreements (SLAs) established within and
across the boundaries of organizations can occur. Hence, a key manage-
ment choice is to design the CSBS as a self-adaptive system, so that
it can properly plan adaptation decisions to maintain the overall qual-
ity defined in the SLAs. However, the challenge in planning the CSBS
adaptation is the uncertainty effect of adaptation actions that can vari-
ously affect the multiple layers of the CSBS. In a dynamic and constantly
evolving environment, there is no guarantee that the adaptation action
taken at a given layer can have an overall positive effect. Furthermore,
the complexity of the cross-layer interactions makes the decision mak-
ing process a non-trivial task. In this paper, we address the problem by
proposing a multi-layer adaptation planning with local and global adap-
tation managers. The local manager is associated with a single planning
model, while the global manager is associated with a multiple planning
model. Both planning models are based on Markov Decision Processes
(MDPs) that provide a suitable technique to model decisions under un-
certainty. We present an example of scenario to show the practicality of
the proposed approach.

Keywords: Self-adaptation, Adaptation planning, Cross-layer services,
Markov Decision Process.

1 Introduction

Service-based systems are becoming increasingly complex (also called CSBS)
due to their multi-layer structure and the heterogeneous and dynamic execution
environment in which they operate [14]. The multi-layer structure of CSBS is
referred to the application, platform, and infrastructure layers. The application
layer consists of the composite software services to fulfill the business process
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activities. The platform layer provides the computing platforms to execute and
manage services, while the infrastructure service layer provides the resources
(computing, storage, network) to provision software services. These layers are
inter-related to fulfill the CSBS’s goals. The complexity of CSBS imposes chal-
lenges in managing its lifecycle in a multi-cloud environment [2], where multiple
Clouds can be used in a concomitant way to offer the service and each of the
CSBS layers may be deployed by different Cloud providers.

Self-adaptation in autonomic computing [13] is the prominent paradigm to
manage and maintain the quality of service (QoS) of CSBS. The key idea of self-
adaptation is to introduce the IBM’s MAPE (Monitor, Analyze, Plan, Execute)
loop into the system. The self-adaptation goal is to alleviate the software man-
agement efforts in managing highly changing and evolving environments. During
run-time, the monitoring component observes the CSBS behavior and detects
or predicts any problematic situation such as failures and SLA violations [22]. If
a problematic condition is detected, the analysis component analyzes the situa-
tion to discover more information such as the impact, or the cause of the failure.
Then, the planning component decides the appropriate adaptation strategies to
be undertaken by the execution component.

The Quality of Service (QoS) of CSBS needs to be maintained during run-
time. The QoS characteristics are specified in an agreement known as Service
Level Agreement (SLA), which contains the contractual service levels to be met
by the services of each layer. The self-adaptation framework can utilize the mul-
tiple SLA information [7] to maintain the QoS of CSBS. The monitoring com-
ponent can use the contractual information to observe, detect, and predict any
SLA violation. The analysis component can use the contractual and the ob-
served information to discover new information, such as the impact region [10].
The planning component can use the discovered information to decide about
appropriate adaptation strategies, such as which layer to be adapted and what
kind of adaptation action to be executed.

Planning and deciding the appropriate adaptation actions are challenging re-
search problems. There are two core factors, namely, the complexity of CSBS
and the uncertainty effect, which need to be taken into consideration at the same
time. In general, there are several sources of uncertainty, such as those discussed
in the context of service delivery [20] and self-adaptive software systems [8].
Herein, the uncertainty effect refers to the CSBS state as a result of execut-
ing the adaptation actions. Meanwhile, the complexity refers to the multi-layer
interactions among services and the CSBS dynamism. These factors demand a
robust adaptation planning and failing to consider these factors may cause a
failure in maintaining the overall QoS of CSBS.

This paper contributes to twofolds. First, a conceptual framework of multi-
layer self-adaptive service-based system. The uniqueness of the framework is the
decentralized adaptation managers to support the multi-layer planning. Second,
a planning model based on Markov Decision Processes (MDPs) to appropriately
select the adaptation action for the respective service layer. This model can
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complement the existing decision making proposals in selecting the adaptation
strategy.

The remainder of this paper is organized as follows. We present a decentral-
ized self-adaptation architecture for multi-layer services in Section 2. Then, we
elaborate the model and the method for solving the adaptation planning prob-
lem in Section 3. We discuss a motivating example to illustrate the practicality
of the approach in Section 4. In Section 5, we analyze the related work. Finally,
we summarize and highlight future work in Section 6.

2 Self-adaptation Framework for CSBS

The key idea to enable self-adaptation in service-based systems is to adopt the
IBM’s MAPE reference framework [13]. It consists of four components (Moni-
tor, Analyze, Plan, and Execute) that interact in a feedback control loop. The
Monitor is responsible to observe the system behavior and to detect or predict
any problematic situation, e.g., a SLA violation. The Analyze component is re-
sponsible to gain more information about the identified problem and to decide
whether it occurs to trigger an adaptation. The Plan component is responsible
to produce a policy or a plan to support the adaptation. The generated plan
can contain which service layer(s) to be adapted and what adaptation action(s)
to be executed. Finally, the Execute component is responsible to execute the
planned adaptation actions.

A single MAPE has been argued as to be insufficient to adapt a CSBS due to
its multi-layer architecture. The main challenge of a multi-layer architecture is
the complexity of the system in dealing with changes and evolution. The com-
plexity is attributed to the vertical and horizontal dependencies among the ser-
vices in the CSBS. Thus, in this paper, we propose a self-adaptation framework
for CSBS with multiple MAPE loops as illustrated in Figure 1.

The framework consists of the adaptation managers and the CSBS. The adap-
tation manager is classified into two types of managers, namely the global adap-
tation manager (GAM) and the local adaptation managers (LAMs), on which
we focus below. The proposed framework follows the hierarchical control pattern
as discussed in [21]. This pattern is suitable to manage the complexity of self-
adaptation by providing a hierarchy of MAPE loops. The higher-level MAPE
loop concerns with the global adaptation, while the lower-level MAPE loops con-
cern with the local adaptation. In the case of demanding the local adaptation
only, this pattern can potentially reduce the adaptation time. Its drawback is
the possibility of not being able to achieve a global adaptation due to conflict
of interests from the lower level. Furthermore, the global MAPE loop might be
dealing with a considerable workload of adaptation requests triggered by the
lower MAPE loops. We will investigate in future work the evaluation of the
effectiveness and efficiency of the hierarchical control pattern.



Towards Self-adaptation Planning for Complex Service-Based Systems 435

Fig. 1. Self-adaptation framework for CSBS

2.1 Adaptation Managers

The framework contains two types of adaptation managers, GAM and LAMs,
which operate at different levels of abstraction and may operate at different time
scales.

The LAM is concerned with a single, specific layer of the service-based system.
It consists of all the MAPE components:(1) Monitor, which is responsible to
determine the abnormality within the layer; (2) Analysis, which is responsible
to determine whether an adaptation is required and what needs to be adapted;
(3) Planning, which is responsible to plan the appropriate adaptation action for
the layer; (4) Executor, which is responsible to execute the adaptation plan.

Meanwhile, the GAM is concerned with the overall service-based system. It
consists of all the MAPE components: (1) Monitor, which is responsible to mon-
itor the abnormality notification triggered by the local monitors; (2) Analysis,
which is in charge to determine the joint effect of the cross-layer adaptation;
(3) Planning, which is in charge to plan the appropriate adaptation strategy for
the entire system; and finally,(4) the Executor, which is in charge to properly
instruct the local executors to perform the adaptation.

2.2 Adaptation Interaction Process

The interaction among GAM, LAMs, and CSBS can be presented in terms of
a UML sequence diagram as depicted in Figure 2. The adaptation process is
perceived as a continuous activity of monitoring and adapting the CSBS.

Each LAM monitors the CSBS behavior at runtime, while the GAM monitors
each LAM. If an abnormal condition is detected at a specific layer, the respective
LAM Analyzer is executed and the respective LAM notifies the GAM. The LAM
proceeds with the local planning and then waits to synchronize with the GAM’s
decision.

From the GAM perspective, it performs a global analysis upon receiving the
notification. Then, the GAM analyzes the abnormal conditions to understand the
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Fig. 2. Interaction model of the adaptation process

effect on the cross-layer system. The outcomes of the analysis may fall into one
of these categories: (1) Affected, which is identified when more than one CSBS
layer is affected; (2) Not Affected, which is identified when the other layers are
not affected by the abnormal condition notified by the LAM.

Based on this outcome, the GAM performs either of the following: (1) let the
LAM operate locally; (2) handle the situation. The first case is triggered if the
GAM’s analysis results in Not Affected. In this case, the GAM skips the planning
activity and notifies the targeted LAM to perform the local adaptation. Upon
receiving this notification, the respective LAM executes the established plan. For
instance, if the LAM refers to the application layer, then a replanning process
will be executed by invoking an existing planner, i.e., the MOSES planner [6,5].

The second case is triggered when the GAM’s analysis results in Affected.
The GAM performs a global planning which determines the adaptation actions
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for the multiple layers. Then, the GAM’s executor instructs all the LAMs to
execute the plan. Herein, the GAM decision will supersede the decision taken by
the respective LAM. Hence, the LAM will update the existing plan with a new
plan and execute the latter.

We provide the design for the planning component in the following section,
while the remaining framework components are beyond the scope of this paper
and are left to future work.

3 Adaptation Planning

In this section we present the adaptation planning component for the CSBS, first
introducing the selected methodology and then analyzing how we determine the
single and multiple planning strategies.

3.1 Overview of the Methodology

The technique we used to model the planning is based on decision-theoretic
planning and specifically on Markov Decision Processes (MDPs), that provide a
suitable framework to model the decision making process under uncertainty and
to take forward-looking decisions [3,17].

The basic MDP model is also known as centralized MDP and is suitable to
model a single planning problem. MDP has been applied in various application
domains, including multi-robot coordination and sensor network management.
The common MDP model consists of states, actions, transition probabilities, and
rewards. In addition, the model can be associated with finite and infinite horizon.
The optimal solution can be obtained by using stochastic dynamic programming
algorithms such as value iteration and policy iteration.

The centralized MDP is also determined as fully observable, which means the
agent has a full knowledge about the underlying state environment. However,
in certain situations an agent may only have a partial information about the
underlying state environment. Hence, a generalization of MDP was proposed,
also known as Partially Observable Markov Decision Process (POMDP) [11]. In
POMDP, the agent needs to establish its belief to the state environment in order
to determine the appropriate policy.

Several variants and generalizations of MDP and POMDP models have been
proposed in literature, especially related to the multi-agent decision processes.
Cooperative multi-agent systems are often modeled by Multi-agent MDP, Multi-
agent POMDP, decentralized MDP, or decentralized POMDP [18]. There are
some common elements to model the multi-agent systems [12], which include
the set of agents, the set of global states, the set of joint actions, the set of joint
observation, the joint transition function, the global reward, and the set of belief
states.
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In this study, we identify two types of planning approaches (i.e., single and
multiple) to support the adaptation planning process. The single planning ap-
proach concerns only a single layer of the CSBS. Hence, we model this type of
planning based on the centralized MDP. On the other hand, the multiple plan-
ning approach deals with multiple layers of the CSBS and therefore we model
this type of planning based on the multi-agent MDP (MMDP) [3], which is a
generalization of the centralized MDP.

3.2 Single Planning

We first present the problem formulation of the single planning using a single
MDP and explain how to achieve the optimal policy. The single planning will be
executed by a LAM. The single planning problem is modeled as a single MDP
with a tuple (S,A, P,R,H), where:

– S refers to the set of violation states associated to the services in a specific
layer. There are three possible stati for the state: normal, expected violation,
and violated.

– A refers to the set of possible adaptation actions to be executed associated
to a specific violation state. The action to be taken will change a state to the
next state. Herein, we consider a significative subset of adaptation actions
that can be executed at a specific service layer. For instance, the actions
that can be taken at the infrastructure layer include adding a new virtual
machine instance or migrating a virtual machine instance from one physical
machine to another machine. The possible actions at the platform layer may
include updating or redeploying a Web server. Meanwhile, the actions to
be considered at the application layer include replanting the workflow or
rebinding to different component services (i.e., through service selection) that
provide the same functionality but with different non-functional parameters
(e.g., response time, cost, availability, reputation).

– P is a transition function P : S×A → Δ(S). P (s′|s, a) denotes the transition
probability (uncertainty effect) of taking action a in state s which results in
a transition to state s′. For instance, a state s, e.g., violated, may change to
the next state s′, e.g., normal, if action a is taken with 0.9 probability.

– R is the reward function R : S×A → �. R(s, a) denotes the reward obtained
when action a is taken from a state s which a state transition to s′ occurs.
The reward can be viewed as a utility value of a specific layer in fulfilling the
layer objective. For instance, the objective of the application layer can be to
minimize the response time, and thus the utility value represents the response
time of taking an adaptation action. The objective of the infrastructure layer
can regard the minimization of the energy consumption and thus the utility
value represents the energy consumed in taking an adaptation action. For
simplicity, we assume the reward value takes either 1, 0, or -1. The reward 1
is assigned when state s′ holds the normal status. The 0 reward is assigned
for the expected violation status, while reward -1 is assigned for the violated
status.
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– H is the finite horizon during which the policy can be computed. This period
is essential to ensure the proposed policy can maintain the quality assurance
of CSBS. For instance, the adaptation cycle can take up to a maximum of t
time to maintain the overall execution time.

Based on these elements, the optimal policy for the adaptation planning can
be formulated. The optimal policy refers to the best adaptation action to be
executed for evolving the state of a service to the next state. The policy is based
on Bellman equation, given as follows:

π∗(s) = argmaxa∈A{R(s, a) +
∑

s′
P (s′|s, a)V ∗(s′)} (1)

In Eq. 1, π∗(s) is the optimal policy (the best action to be taken) for state s.
The best action is obtained based on the maximum reward of the possible action
rewards R(s, a), the transition probability P (s′|s, a) and the value function of
the next state from the previous adaptation cycle V ∗(s′).

In contract to reward, the V value represents the long term objective to be
achieved by the specific layer through a set of adaptation cycle. Technically, the
V value can be formulated as follows:

V k(s) = {R(s, a) +
∑

s′
P (s′|s, a)V k−1(s′)} (2)

In Eq. 2, k refers to one of the steps in the finite horizon H . The optimal
solution can be achieved by using the standard algorithms, namely, the value
iteration in a finite horizon. In the algorithm, the initial V value of all states
can be set 0. Then, for each k, the V value will be computed iteratively until
the value converges, namely, V k(s)− V k−1(s′) < ε. After that, the best V value
is used to select the best action at step k.

3.3 Multiple Planning

The multiple planning is implemented whenever two or more layers are analyzed
as affected. This planning is essential to avoid conflicting adaptation objectives
at the different layers. For instance, the local planning at the infrastructure layer
aims to minimize the energy consumption by migrating some virtual machines.
This decision may affect the application layer which aims to minimize the re-
sponse time by replanning the workflow. Thus, a joint decision is needed and
can be achieved through multiple planning.

We model the multiple planning problem as multi-agent MDP [3] with a tuple
(I, S,A, P,R,H) where I is a set of agents, S is a set of global states, A is a
set of joint actions, P is the global transition function, R is the global reward
function and H is the horizon.

We map the elements in multi-agent MDP to the adaptation planning problem
as follows:

– I is a set of layers, namely the local adaptation managers (LAMs).
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– S is a set of global states of the CSBS. The global states can be factored
into local states observed by LAMs such as, S = Si × Sj where (i, j) ∈ I.
This means, each LAM will have a full observation on the states within a
specific service layer.

– A is a set of joint adaptation actions, A = Ai ×Aj where (i, j) ∈ I. Each Ai

represents the possible local adaptation actions available to a specific service
layer.

– P is a global transition function P : S × A → Δ(S). P (s′|s, a) denotes the
global transition probability of taking joint adaptation action a in global
state s which results in a transition to the global state s′. The global transi-
tion probability can be decomposed into a set of independent local transition
probabilities, given as follows:

P (s′|s, a) = P (s′i|si, ai)× P (s′j |sj , aj) (3)

– R is the global reward function R : S × A → �. R(s, a) denotes the global
reward obtained for taking the joint adaptation action a in state s and
transitioning to state s′. The global reward is obtained by the following:

R(s, a) =
∑

i∈I

Ri(si, ai) (4)

– H is the finite horizon during which the policy can be computed.

Based on the given model, the global optimal policy, which consists of a set
of joint policies, can be obtained on the basis of Eq. 1. In the latter, the reward
function refers to Eq. 4 and the transition function refers to Eq. 3.

4 Example and Discussion

In this section, we provide an example of scenario to show the practicality of
the proposed approach. The scenario refers to the citizen service center scenario
adopted from [1].

The public service center can be abstractly presented as a multi-layer service
as shown in Fig 3. At the highest level there is the application service layer,
which refers to the application of citizen service center. The middle layer is the
software service layer which consists of composite health and mobility services.
This composite service comprises of the booking service, healthcare service, and
mobility service. The lowest layer is the infrastructure service later which refers
to the actual service providers for each service in the software service layer.

Each of these layers is associated to the LAMs. For instance, the application
layer is managed by a specific LAM. Meanwhile, all LAMs are controlled by the
GAM.

To show the adaptation needs, let us assume that the infrastructure service
layer is detected as having a problematic behavior by the LAM’s monitor. The
problem can be due to many reasons, such as one of the call center providers has
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Fig. 3. Citizen service center considered as use case scenario

been detected as unavailable. Due to this problem, the LAM’s analysis of the
infrastructure layer will notify the GAM’s monitor for a global analysis (refer to
Fig. 2).

The GAM’s analysis will assess the impact level of the problematic situation.
Conceptually, there are two possible outcomes; affected or not affected. If the
outcome is not affected, this means the other layers are not affected by the
condition, that is in our example the booking service can behave as a normal
service. In this case, the GAM will notify the LAM of the infrastructure layer
to handle locally the adaptation problem.

If the analysis outcome is affected, it means the other layers may violate
their QoS constraints due to the problematic condition, in this case the software
service layer. Thus, the GAM performs a further analysis to identify the impact
region (a set of affected services) which results in the booking service. Based on
such outcome, the GAM performs a global planning to determine the appropriate
adaptation action for each service in each layer, namely, the booking service and
the respective call center provider.

In the context of local planning, the mapping between the scenario we consider
in this example and the MDP can be viewed as follows:

– States: the state of the call center provider which is violated;
– Actions: renegotiating the SLA or replacing the call center provider;
– Probability: the effect value of taking the possible actions from the current

state to the next state;
– Reward: the value assigned to the next state;
– Horizon: the number of iterations to address the problematic situation;
– Value: a value to quantify the goodness of the action.

By solving the MDP, a set of values will be obtained in relation to the possible
actions. Thus, the best action that maximizes the objective (as specified in Eq. 1)
will be selected and executed by the Executor component.
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5 Related Work

Adaptivity is one of the most challenging research problems for service-based
systems and the existing approaches can be mainly divided into three areas [4]: dy-
namic context-aware adaptation, user-centric adaptation, and multi-layer adap-
tation. In this paper, we address the multi-layer adaptation challenges.

The complexity and the uncertainty of a complex service-based system de-
mand for a robust adaptation planning in order to decide the appropriate adap-
tation actions during the runtime operations. The approach by Pernici and
Siadat [15] proposed a fuzzy-based solution to select the adaptation actions
based on QoS satisfaction. It differs from our work since the uncertainty is as-
sociated to the service behavior rather than to the adaptation action effect.
The works in [9,19,24] proposed and utilized Cross-layer Adaptation Manager
(CLAM) to handle the complexity of service-based systems in the adaptation
process. CLAM covers three aspects: first, the integrated platform to plug in ex-
isting adaptation and analysis tools; second, the cross-layer model of the service-
based system as core input; third, the rule-based analysis to construct alternative
cross-layer adaptation strategies. In contrast to our work, we address the uncer-
tainty planning challenge in deciding the adaptation strategies/actions. This is
essential since the actual effect of executing any adaptation action is unknown
and cannot be guaranteed. In [16] Popescu et al. proposed a methodology for the
dynamic and flexible adaptation of multi-layer applications that uses adaptation
templates and taxonomies of adaptation mismatches. However, their approach
focus on functional properties and cannot handle multiple mismatches that oc-
cur at the same time. Zeginis et al. proposed in [23] a framework that can deal
with both reactive and proactive cross-layer adaptation of service-based sys-
tems. While they focus on a cross-layer monitoring mechanism, we investigate
the adaptation phase.

The Model-based Self-Adaptation of SOA Systems (MOSES) framework [5]
aims to dynamically adapt service-based systems according to non-functional
QoS properties by acting at the SaaS layer. Our work aims to complement such
framework with a planning mechanism that takes the complexity (i.e., the multi-
layer model) and the uncertainty effect of adaptation actions into account.

6 Conclusions and Future Work

In this paper, we have proposed a conceptual architecture and interaction pro-
cess for self-adapting a complex service-based system. The architecture consists
of two adaptation managers to cater the global and local perspectives of the
adaptation. Furthermore, we have proposed a planning model based on MDP
techniques by considering the uncertainty and complexity factors of adapting a
complex service-based system. Our study shows the viability of MDP techniques
for realizing a multi-layer self-adaptation planning component.

In the future, we plan to analyze the performance of the proposed approach
as well as its computational complexity with respect to the system scale. We also
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plan to explore reinforcement learning for realizing a decentralized multi-layer
adaptation planning where full knowledge of system dynamics is not required.
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