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Abstract

Self-adaptation has emerged as a primary concern in the context of modern software systems, due to the high dynamicity of the
environments where they operate, which implies the need for such systems to properly face significant degrees of uncertainty.
To this aim, much work has been done, mainly by coupling autonomic managers to the managed subsystem which perceives
and affects the environment through its sensors and actuators, respectively. Such coupling often results into MAPE-K feedback
loop(s), i.e. a Knowledge (K)-based architectural model that divides the adaptation process into four activities, namely Monitor
(M), Analyze (A), Plan (P) and Execute (E). Performance modeling notations, analysis methods and tools, have been exploited
and coupled to other kinds of techniques (e.g. control theory, machine learning) for modeling and assessing the performance of
autonomic managers, possibly aimed at supporting the identification of more convenient architectural alternatives. Since moving
in such a big arena is not trivial and it is easy to be overwhelmed, in this literature survey, we focus on a particular performance
modeling paradigm, namely Queuing Networks, with the aim of clarifying the state-of-art in exploiting such a notation to model
and assess performance of Self-Adaptive Software Systems. We conclude by bringing out some research opportunities that may be
worth exploring in the near future.
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1. Introduction

Self-adaptation has emerged as a primary concern in the context of modern software systems, due to the high dy-
namicity of the environments where they operate, which implies the need for such systems to properly face significant
degrees of uncertainty [27, 12].
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(Self-Adaptive Software System ) To this aim, much work has been done, mainly by introducing autonomic
- Managing Subsystem \ managers — namely managing subsystems — comprising controllers imple-
Analyze Plan menting the adaptation logic; The latter are coupled with managed subsys-
tems, which comprise the application logic providing system’s domain func-
m tionalities while perceiving and affecting the environment by means of sen-
sors and actuators, respectively [31]. Such coupling often results into MAPE-
b Monitor Execute ’ K feedback loop(s) [21], i.e. a Knowledge (K)-based architectural model that
(" Managed h divides the process of adaptation into four phases: Monitor (M), Analyze (),
Subsystem Plan (P), and Execute (E), as illustrated in the typical reference model for

[ Sensors ] [ Actuators ] self-adaptation illustrated in Figure 1.
In this domain, performance represents a top concern, as highlighted
- - d by several literature reviews that have been conducted in the last decade
- Popcetve - y Rffect ~ [31, 30, 7] in the macro-area of Self-Adaptive Software Systems (SASSs),
Non_contmlf:;ir::}:‘;’::’ hardware, with the aim of classifying the different aspects involved in such a context.
. ECEEy DEVECHIEES GERACH: J In fact, performance modeling notations, analysis methods and tools, have

been introduced and coupled to techniques of different nature, in order to
support performance modeling and assessing of managing subsystems. For
example, Control Theory — i.e. a mathematical approach to properly con-
trol continuously operating dynamical systems — allows to introduce (global or local) MAPE-K feedback controllers
able to provide formal guarantees within performance models such as Queuing Networks (QNs) [3, 4, 18]; Machine
Learning — i.e. an approach that builds mathematical models which allow to make predictions or decisions without
being explicitly programmed to perform the task — and Model-Driven Engineering (MDE) — i.e. a paradigm that
is massively based on (e.g. architectural, analysis) models and their manipulation (by means of, e.g., refactoring,
transformation), in order to introduce automation into the system development process — can be used in heuristics or
semi-formal approaches to (semi-)automatically reason and decide about adaptation, driven by performance require-
ments [20, 13, 5, 17, 6, 11, 24, 22]. However, the main goal of existing approaches is to introduce self-adaptation
mechanisms and validate their performance once enabled. While the mathematical underpinning and soundness of
those techniques are assumed for granted but usually not provided, their different natures and the specificity of the in-
troduced adaptation mechanisms bring to a global under-exploitation of methods and tools in the field, as highlighted
in a study by Weyns et al. [31].

The huge number of dimensions over which such a big arena spans, makes the domain investigation very hard
and subject to entropy. For this reason, we focus onto a particular area, i.e. performance modeling and assessment.
More particularly, with respect to the wide plethora of performance notations (QNs, Petri-nets, Markov-chains, etc.),
we restrict the focus to a specific paradigm, i.e. QNs, aimed at clarifying the state-of-art with respect to approaches
dealing with performance modeling and assessment of SASSs by means of this latter paradigm.

The paper is structured as follows: Section 2 devises the knowledge base carrying out the set of surveyed approaches
(Section 2.1) and illustrates the classification scheme (Section 2.2). On these bases, our findings are provided in
Section 3, together with a discussion of potential strengths and limitations of the surveyed approaches modulo the
classifying dimensions (Sections 3.1 and 3.2, respectively). Section 4 concludes the paper by bringing out some
research opportunities that may be worth exploring in the near future.

Fig. 1. Reference model for self-adaptation.

2. Methodology
2.1. Knowledge base

This survey grounds on a knowledge base selected among a number of literature studies addressing performance
concerns, while spanning over several other dimensions. In particular, we consider two surveys, one by Weyns et al.
[31] and one by Becker et al. [7], which reported the state-of-art on addressing non-functional concerns by means of
formal notations and model-driven engineering, respectively, until 2012. While doing this, we also take into account
possible evolutions/extensions of the considered approaches that might have introduced new features or improved
the existing ones. Additionally, we consider a more recent systematic study by Shevtsov et al. [30], which reviewed
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the literature with respect to approaches exploiting Control Theory to introduce self-adaptation and providing formal
guarantees of non-functional properties.

Among the approaches included in those three studies, five exploit the QN paradigm to address performance mod-
eling and analysis, namely SimuLizar [6], QoSMOS [14, 11], SAFCA [32, 24], ICAC [20]' and Adaptive Queuing
Networks (AQNSs) [3, 4]. SimuLizar [6] extends Palladio’s modeling approach [9] with a self-adaptation viewpoint
and a simulation engine, enabling performance prediction of SASSs and allowing the analysis of transient adap-
tation phases. QoSMOS [14, 11] is a service-based framework capable of dynamically selecting services to face
run-time changes, by choosing among a set of functionally equivalent services for each component of a service-based
system, driven by performance and reliability requirements. SAFCA [32, 24] enables self-adaptation in the context
of distributed and concurrent software architectures, by changing demands for software performance improvement
and/or reliability enhancement. ICAC [20] exploits decision-tree learners to produce rules sets representing adapta-
tion policies for (Layered) QNs. AQNs [3, 4] represent a QN specialization which exploits Control Theory to enable
self-adaptation of QN stations over a set of predefined service rates, in order to maintain a certain queue length for
each station.

Furthermore, by additional search performed on Google Scholar? and Scopus®, two more recent approaches can
be identified: the first one is by Incerto et al. [18] and exploits Efficient Model Predictive Control (EMPC) to enable
performance-driven self-adaptation within QNs*; the second one is by Arcelli et al. [1] and introduces the so-called
SMAPEA QNs exploiting advanced QN constructs such as class-switches in order to enable mode-based adaptation.

All the approaches exploit QNs as analytical models to be solved in order to obtain performance indices of interest
driving self-adaptation. However, self-adaptation is introduced at level of system architecture — grounding on a differ-
ent modeling notation — by SimuLizar [6] and QoSMOS [14, 11], whilst the other approaches introduce self-adaptation
directly into the QNs, as detailed in Section 3.1.

2.2. Classification scheme

In order to compare the contributions of the considered approaches based on some dimensions of interest, we take
inspiration from the different classification schemes introduced by the three systematic studies in the knowledge base,
i.e. [31], [7] and [30]. We thus devise the following classification scheme:

Foundations: This category describes the foundational paradigms of the approaches. For our aims, all the consid-
ered approaches ground on QNs. Besides, examples of foundational paradigms include MDE, Machine Learn-
ing and Control Theory.

Time of application: This category distinguishes between approaches applicable at design-time and/or run-time.
Approaches belonging to the former category may be exploited, e.g., to identify proper adaptation strategies;
whereas, approaches from the latter category may, e.g., “measure the environment” aiming at predicting sys-
tem’s performance trend.

Adaptation: With this category we characterize the approaches based on the following self-adaptation concerns:

Proactive or reactive: “We call an adaptation strategy reactive, if the system triggers its self-adaptation when
a goal is already violated. If the system predicts that it might miss a goal some time in the near future and
hence adapts itself preventively, we call that proactive” [7].

Type: Based on the considered approaches and taking inspiration from [30], we distinguish among three dif-
ferent types of adaptation:

e Component adaptation ‘“‘refers to changes at the level of software components, such as the load of
services and the degree of parallelism that components process requests” [30].

! Since the approach in [20] has not been named, we introduced the acronym ICAC from its publication venue, i.e. the International Conference
on Autonomic Computing.

2 https://scholar.google.it/, last accessed on 10 February, 2020.

3 https://www.scopus.com/, last accessed on 10" February, 2020.

4 Since the approach in [18] has not be named, we introduced the acronym EMPC from its main control technique publication venue, i.e. Efficient
Model Predictive Control.
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o Parametric adaptation “refers to changing the values of variables of the application software or mid-
dleware services. These types of actuators are typically domain-specific; examples are the degree of
video compression and the length of a queue with pending requests that need to be processed” [30].

e Mode adaptation “refers to a variation in the mode of operation, which can be either mode change or
mode switch®. An example of a mode change is an increment in the quality of content that is being
served by a video application; an example of mode switch is an alteration of the buffering schema of
a video application” [30].

o Architecture reconfiguration “refers to a run-time adaptation of the architectural structure or behavior
of the application” [30], which basically means selecting an (optimal) alternative system architecture
and actually re-arranging the current one conforming to implement the former.

Mechanisms: Adaptation mechanisms can be introduced or assumed by the approaches. In the former case,
the approaches introduce MAPE-K feedback loops in order to Monitor software systems and consequently
Execute behavioral adaptation after Analysis and Planning. Hence, the software system “is made self-
adaptive” through the proposed contribution. In the latter case, an approach may assume the system is
self-adaptive by itself, hence the focus shifts on to its non-functional modeling and analysis.

Architecture: In this category, architectural concerns are devised, that are:

Architectural Paradigm: The considered approaches can be based on components, services (Service-Oriented
Architectures — SOA), concurrent architectures or multi-tier applications®.
Architectural Model: In case of approaches exploiting MDE, modeling languages such as UML, BPEL, as well

as Domain-Specific Languages (DSLs), are used to model the system architecture.

Performance Analysis: In accordance with [7], this classification criterion characterizes the approaches according
to the adopted analysis method and models, possible transformations provided by the approach (e.g. from archi-
tectural system model to performance model) and if additional models are exploited (e.g. pivotal intermediate
system abstractions).

Method: Two performance analysis methods are considered by the examined approaches, i.e. analytic and
simulation [19].

Analysis Model: As QNs represent the main foundational paradigm of our approach, we restrict to approaches
exploiting QNs [23] or a particular extension of the latter, namely Layered Queuing Networks (LQNs)
[15], as performance analysis model.

Transformation: Approaches grounding on MDE paradigm, analysis models are derived — automatically or
semi-automatically — by architectural models via model transformations, whose provisioning represent a
classification criterion.

Additional Models: We also report on whether pivotal representations of the system are exploited for perfor-
mance analysis aims.

Applicability: Taking inspiration from [7], the applicability depends on to which extent the approach provides tool
support and it can be shown by a proof-of-concept implementation, or a case study.

Analysis Tools: This represents whether the performance analysis is tool-supported.

MDE Tools: Approaches grounding on the MDE paradigm may provide tool support for the involved MDE
activities, e.g. model transformation from architectural to performance model(s).

Proof-of-concept: The approach validity is shown based on an ad-hoc system model or implementation.

Case Study: The approach validity is illustrated based on a real(istic) system design or implementation.

5 The concept of system mode is known since more that a decade in the context of dynamic adaptive systems and has been used to devise different
run-time configurations among which the system may transit for self-adaptation [25]. This definition makes mode adaptation a particular case of
architecture reconfiguration.

6 Note that the latter two options are not mutually exclusive with the others (e.g. concurrent architectures by component-based modeling);
however, this does not emerge explicitly from the considered approaches.
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3. Results

Table 1 classifies the considered approaches based on the classification scheme devised in Section 2.2.

Table 1. Classification of the surveyed approaches.

SimuLizar QoSMOS SAFCA ICAC AQNs EMPC SMAPEA QNs

References [6] [14], [11] [32], [24] [20] [31, [4] [18] [1]
Systematic studies [7] [71, [31] [7] [31] [30] - -
Foundations
Foundational Ns, Machine Ns, Control Ns, Control
Paradigms QNs, MDE QNs, MDE QNs, MDE ? Learning ? Theory ? Theory QNs
Time of application
Design-/Run-time [ design-time ] run-time [ run-time [ design-time [ design-time [ run-time | both
Adaptation
Pro-/Reactive reactive proactive reactive reactive reactive proactive pro-, reactive
Type arch‘{tecturAe arch‘{tecturAe arch‘{tecturAe arch‘{tecturAe mode comp./p?ar. m(?de

reconfiguration reconfiguration reconfiguration reconfiguration change adaptation switch
Mechanisms introduced introduced introduced introduced introduced introduced assumed
Architecture
Architectural paradigm [ components | SOA [ concurrent [ multi-tier | components | components [  components
Architectural model | PCM | BPEL | (unspecified) | - | - | - | -
Performance analysis
Method simulative analytical analytical analytical simulative analytical simulative
Analysis model QN QN LQN LQN QN QN QN
Transformation yes - - - - yes -
Additional models - - - - - yes -
Applicability
Analysis Tools yes yes yes yes yes yes yes
MDE Tools - yes - - - - -
Proof-of-Concept yes yes yes - yes - yes
Case Study prototypal - - yes - yes -

3.1. Findings

A very important characteristic that distinguishes SMAPEA QNs from other approaches is the fact that the latter are
aimed at introducing adaptation mechanisms (i.e. MAPE-K feedback loops), whilst the former assume such mechanisms
are implemented by the system (i.e. the system is self-adaptive already). In other terms, the “input” taken by related
approaches is a managed system which is made self-adaptive by introducing a managing system that controls it; in
[1], instead, the input is composed by both the managed and managing systems, assuming the latter being in charge
for self-adaptation. As a consequence, since pro- and re-activeness are characteristics owned by managing systems’
and the latter is part of the input, SMAPEA QN5 could be applied to both proactive and reactive self-adaptation. As a
further consequence, the work in [1] has the potential for being adopted to model and assess the performance of other
approaches, in a kind of “meta-application” whose input is the SASS resulting from the union between the managed
system and the corresponding managing system introduced by the other approach.

In most of other approaches, i.e. SimuLizar, QoSMOS, SAFCA and ICAC, self-adaptation is introduced by en-
abling architecture reconfiguration that, in case of SimuLizar and QoSMOS, takes place onto architectural models
rather than performance ones, due to the exploitation of the MDE paradigm, which implies a need for model trans-
formation towards the QN notation; in the other two approaches adopting architecture reconfiguration, i.e. SAFCA
and ICAC, the latter takes place directly onto the QNs, without involving any additional architectural model®. Both
SAFCA and ICAC rely on LQNs [15], i.e. a well-known extension of QNs, as performance analysis notation, which
more likely resulted to be suitable to model the addressed architectural paradigms, i.e. concurrent and multi-tier sys-
tems, respectively. Differently from the four aforementioned existing approaches, EMPC [18] and AQNs [3, 4] — that
rely on control theory — introduce self-adaptation by automatically tuning pre-selected knobs, aimed at satisfying
global [18] or local [3, 4] performance requirements. In particular, EMPC allows software engineers to select routing
probabilities and concurrency level (parameter adaptation), as well as service rates (component adaptation), as knobs;

7 In particular, they concern analysis and planning phases of the MAPE-K feedback loop.
8 Readers interested in a comparison between working at software and performance model sides may refer to [2].
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then, a Model Predictive Control (MPC) formulation is automatically derived, “suitable to continuously configure
the selected knobs and track the desired performance requirements” (e.g. mean system throughput or response time),
in a proactive manner’. In AQNSs, instead, local controllers are properly synthesized and coupled with QN stations
in order to control their queue lengths by adapting, in a reactive manner, over a (discrete) set of predefined service
rates that abstract the provision of different service quality levels (e.g. gold, silver, bronze users), thus resulting into a
mode-change adaptation type.

Like AQNs, SMAPEA QNs address mode adaptation, but they rely on mode-switching, which can be suitably
modeled by exploiting the class-switch QN construct. The latter is able to transform jobs based on the classes they
belong to, conforming to predefined probabilities. For instance, Class; jobs are transformed into Class, and Classs
jobs with probability p and 1 — p, respectively. Mode-specific job classes can be thus devised, which implies the
specification of corresponding switching probabilities. To get the intuition of what these probabilities represent, an
effective example is represented by the case study presented in the corresponding paper [1], i.e. a SASS for emergency
handling that may work either in normal or critical mode: the latter is adopted in case an emergency occurs (e.g. a
fire alarm) and evacuation of a building (e.g. a museum) is needed. Such probabilities are thus fundamental domain-
specific input parameters to be provided, as for any stochastic performance model, representing a part of the system’s
operational profile, often referred as mode profile [26]. To this aim, offline estimation techniques, as well as online
system (prototype) monitoring, might be exploited, possibly using machine-learning. That said, SMAPEA QNs can
be used both at design- and run-time (offline and online, respectively), based on available information that strictly
depends on the current phase of the system’s life-cycle.

Performance analysis methods of the considered QN-based approaches equally distributes between analytical and
simulative. The latter method is adopted when the produced QN models cannot be solved analytically [10] as, e.g., in
case of SMAPEA QNs, which contain fork/join and class-switches.

All the considered approaches rely on available analysis/simulation tools, except SAFCA. In particular: JMT [10]
is used by QoSMOS and SMAPEA QNs; SimuCom [9] and ProtoCom [8] are used by SimuLizar; ICAC relies on
LQNS [15]; Modelica [16] is used by AQNs; finally, EMPC uses the well-known CPLEX tool.

Most of the approaches provide a proof-of-concept implementation, i.e. SimuLizar in its initial version, QoSMOS,
SAFCA and AQNs; ICAC, EMPC and the latest SimuLizar [6], have been applied to real(istic) case studies, that is
the same approach used for validating SMAPEA QNss.

3.2. Discussion

From a notational point of view, exploiting the MDE paradigm allows to deal with more understandable system
designs, but very likely introducing a need of model transformation(s) from/to QNs and/or additional models resulting
into an overhead. Such overhead may significantly increase in case support at both design- and run-time is introduced,
due to the fact that architectural and/or performance models shall be automatically generated at run-time.

Furthermore, although the analytical resolution of QN models may fasten the whole process, simulation might
be needed, e.g., when QNs are not in product-form [23] or when advanced constructs such as class-switches are
exploited. This would very likely introduce significant additional overhead, due to the fact that simulation shall be
executed several times in order to be as confident as possible about the obtained results.

Control Theory and/or Machine Learning may help in making the system more autonomous, both in case of proac-
tive and reactive adaptation. Despite from this, existing approaches tend to support one adaptation type (mostly archi-
tectural reconfiguration), representing the one onto which the approach is tailored.

Assuming that the system is self-adaptive, i.e. involving the managed subsystem in the performance modeling and
the subsequent analyses, is an advancement to take into consideration, since the managed subsystem represents the part
of the system interacting with the environment, hence it is involved in dynamics that can heavily affect performance.

The availability of analysis tools is crucial for the adoption of any approach for self-adaptation, because develop-
ing ad-hoc analysis tools can be very costly. Hence, relying on existing widespread and well-assessed tools such as
[10] represents a valuable choice. Similar arguments apply to system modeling. In fact, while exploiting the MDE

9 The MPC formulation is an additional textual model obtained by means of a Model-to-Text transformation. For this reason, in Table 1 we put
yes into “Transformation” and “Additional Models” classification criterion.
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paradigm, well-assessed modeling notations that allow to embed performance parameters (e.g. workload, demands,
indices), such as the Unified Modeling Language (UML) [28] with MARTE profile [29], shall be preferred to domain-
specific languages. However, the latter might not be avoided in certain contexts, thus introducing the need of develop-
ing additional tools for, e.g., visual editing and model validation.

Finally, although proof-of-concepts are useful for preliminary validation of approaches for SASSs, case studies
coming from the real world, possibly involving a huge number of components, should be addressed. Mathematical
evidence of approach correctness and effectiveness shall be provided in case control theory is exploited, representing
an added-value in general terms (i.e. even in case control theory would not be put in place).

4. Conclusion

In this paper, we have surveyed the literature with respect to approaches dealing with performance modeling and
assessment of self-adaptive software systems by means of the Queuing Network paradigm.

Results have shown that such paradigm can be successfully adopted as performance analysis model in the context
of self-adaptive software systems. Different mechanisms for self-adaptation can be introduced by applying formal
techniques and heuristics relying on Machine Learning or Control Theory, to the analysis or architectural models.
In this latter cases, advanced Model-Driven Engineering techniques such as model transformation may be needed in
order to switch from architectural to analysis perspective and vice-versa.

It is worth to notice that, in the current state-of-art concerning performance modeling and assessment of self-
adaptive software systems by means of the Queuing Network paradigm, meta-heuristics have not been exploited yet.
The latter could provide automated support performance-driven decision-making towards convenient alternative self-
adaptive system architectures, by design-space exploration performed with, e.g., a genetic algorithm.

Mechanisms for self-adaptation are usually enabled by introducing autonomic manager(s) coupled to the parts of
the system that provide system’s domain functionalities, i.e. sensors and actuators. Since these parts of the system
are involved in dynamics that can heavily affect performance, the scope of performance modeling and analysis has
started to be widened, very recently, in such a way that sensors and actuators are part of system abstraction and,
consequently, they are considered during performance analysis. Investigating in this sense represents an interesting
research opportunity for the near future.
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