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A B S T R A C T
Self-adaptation is a crucial feature of autonomous systems that must cope with uncertainties in, e.g., theirenvironment and their internal state. Self-adaptive systems (SASs) can be realised as two-layered systems,introducing a separation of concerns between the domain-specific functionalities of the system (the managedsubsystem) and the adaptation logic (the managing subsystem), i.e., introducing an external feedback loopfor managing adaptation in the system. We present an approach to model SASs as dynamic software productlines (SPLs) and leverage existing approaches to SPL-based analysis for the analysis of SASs. To do so, thefunctionalities of the SAS are modelled in a feature model, capturing the SAS’s variability. This allows us tomodel the managed subsystem of the SAS as a family of systems, where each family member corresponds to avalid feature configuration of the SAS. Thus, the managed subsystem of an SAS is modelled as an SPL model;more precisely, a probabilistic featured transition system. The managing subsystem of an SAS is modelledas a control layer capable of dynamically switching between these valid configurations, depending on bothenvironmental and internal conditions. We demonstrate the approach on a small-scale evaluation of a self-adaptive autonomous underwater vehicle used for pipeline inspection, which we model and analyse with thefeature-aware probabilistic model checker ProFeat. The approach allows us to analyse probabilistic reward andsafety properties for the SAS, as well as the correctness of its adaptation logic.
1. Introduction
This paper proposes an approach to model and analyse self-adaptivesystems (SASs) (Abbas et al., 2023; Weyns, 2020) as dynamic softwareproduct lines (DSPLs) (Hallsteinsen et al., 2013; Hinchey et al., 2012).To demonstrate the usefulness and feasibility of the approach, weconduct a small-scale evaluation (Wohlin and Rainer, 2022) using aself-adaptive autonomous underwater vehicle (AUV).SASs form a fast-evolving field of research and range from applica-tions like smart houses to autonomous robots. They can be realised astwo-layered systems with a managed subsystem responsible for the do-main concerns and a managing subsystem responsible for the adaptationlogic, i.e., adapting the managed subsystem to changes in the systemand its environment. Self-adaptation is extensively applied in industry,for example in the web, mobile and cloud domains and for embedded,cyber–physical and IoT systems (Abbas et al., 2023). An SAS is able toadapt its behaviour during runtime to, e.g., changes in the environment,failures of the system, or varying user requirements by exploiting
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existing redundancies of the system. Many SASs include design-timeas well as runtime variability. Considering, e.g., self-adaptive robots,the hardware as well as the software can be configured during designtime according to, e.g., customers’ preferences and the applicationdomain (García et al., 2019). During runtime, variability in the robotcould for example include different localisation techniques that can beselected according to the current environmental conditions. Softwareproduct lines (SPLs) have previously been proposed to model staticvariability of robotic systems (Gherardi and Brugali, 2014), i.e., vari-ability during design time, and DSPLs have been proposed to managevariability during runtime for self-adaptive robots (Brugali et al., 2015;Gherardi and Hochgeschwender, 2015).Although the idea of using DSPLs to manage runtime variabilityfor self-adaptive robots is appealing (Brugali et al., 2015), it is stillconsidered an unsolved challenge (García et al., 2019). Managingruntime variability for SASs is in general very difficult and ‘‘there isa need to validate the proposals, either in an industrial environment
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or in different test cases, expanding the application areas’’, accordingto a review on variability management in DSPLs for SASs (Aguayoand Sepúlveda, 2022), which considers 84 papers published during010–2021. While DSPLs have been used before to manage runtimevariability of self-adaptive robots, formal verification techniques thathave been applied in the past to DSPLs have not been used to analyseSASs: a recent literature review (Araujo et al., 2023) on testing, val-idation, and verification of robotic and autonomous systems does notdiscuss any work using family-based analysis techniques for SASs.One way to specify SPL models is by means of featured transitionystems (FTSs) (Classen et al., 2013). An FTS models the behaviour ofall configurations of an SPL in a single transition system by associatingransitions with features that condition the possibility of executing theransition in specific configurations, governed by a feature (variability)odel (Apel et al., 2013; Schobbens et al., 2006; ter Beek et al., 2019b).Thus, an FTS realises a so-called 150% family model that contains manysuperimposed variants (Schaefer et al., 2012; Thüm et al., 2019). Whennalysing the SPL, the compact structure of an FTS is exploited to rea-son about the whole SPL, i.e., all variants, at once. This approach wasextended to DSPLs by allowing dynamic feature reconfiguration (Cordyet al., 2013a) and by supporting probabilistic and non-deterministicchoices as well as allowing quantitative analysis (Dubslaff et al., 2014).
Methodology

In this paper, we use family-based techniques from DSPLs to modeland analyse a two-layered SAS focusing on runtime variability in theform of activating and deactivating features. To do so, we present amethodology that shows how two-layered SASs can be seen as DSPLsand how existing techniques for modelling and analysing DSPLs canbe applied to SASs. Thereby, we highlight the natural correspondencebetween SASs and family-based DSPL modelling, and show in particularhow family-based analysis methods can be used for SASs. In thispaper, we thus propose to use existing techniques and tools knownfor modelling and analysing DSPLs, to model and analyse SASs. Morespecifically, we highlight the correspondence between the features ofa feature model and the configurations of a managed subsystem, aswell as the correspondence between dynamically changing the featureconfiguration of the managed subsystem and the managing subsystemof the SAS. Using these correspondences, existing tools for the analysisof DSPLs can be leveraged for the analysis of SASs. To demonstrate this,we conduct a small-scale evaluation that exemplifies our approach.In the small-scale evaluation used in this paper, an AUV is modelledas a probabilistic FTS with dynamic feature switching. As the behaviourof the AUV depends on external conditions, which are hard to control,we opted for a probabilistic model in which uncontrolled events, likea thruster failure, occur with given probabilities. Using a probabilisticmodel enables us to provide safety guarantees of the system even inthe presence of uncertainties. The managed subsystem of the AUV,handling the domain concerns, is modelled as a family of systemswhose family members correspond to valid feature configurations, anda feature model captures the domain-specific functionalities of theAUV, making the dependencies and requirements between the com-ponents of the AUV explicit. The adaptation behaviour of the AUV(the managing subsystem) is modelled as a control layer with dynamic
feature switches, changing the feature configurations of the managedsubsystem according to input from a probabilistic environment model,a probabilistic hardware failures model and the managed subsystem.As our focus in this paper is on how family-based DSPL modellingand family-based analysis can be used to analyse SASs, our small-scale evaluation presents a simplified version of an AUV, with limitedvariability. Although the presented model can be extended to a morerealistic underwater robot, the small-scale evaluation is sufficient toillustrate the idea.In our small-scale evaluation, the analysis can give system operatorsan estimate of the mission duration and of the AUV’s energy consump-tion, provide safety guarantees, and ensure that the implementation
2 
of the adaptation logic satisfies certain correctness properties. Ouranalyses have been performed with ProFeat (Chrszon et al., 2018), atool for probabilistic family-based model checking. Family-based modelchecking provides a means to simultaneously model check, in a singlerun, properties of a family of models, each representing a differentconfiguration (Thüm et al., 2014). We describe families of probabilisticystems as probabilistic FTS models, augmented with costs and rewards,hich are useful for quantitative analysis, i.e., the resulting FTSs areeatured Markov decision processes (Baier and Katoen, 2008).
Contributions. This paper is an extension of Päßler et al. (2023b),ith related artifact (Päßler et al., 2023a), recently published as anoriginal software publication (Päßler et al., 2025), which introduceda small-scale evaluation of an SAS from the underwater robotics do-main, modelled as a probabilistic FTS with dynamic feature switching,and used family-based analysis to verify some essential (quantita-tive) properties. The contributions of that paper are here extended byincluding:

• a background discussion and context for the proposed approach tomodelling and analysing two-layered SASs as DSPLs (Section 2);
• an extended small-scale evaluation of an SAS from the underwaterrobotics domain, adding sensors used with different priorities as apossibility for the need to abort the mission and as another reasonfor adaptation (Section 3);
• an extended probabilistic FTS model with dynamic feature switch-ing, including a new module for modelling sensor failures, anextended managed subsystem and a more complex managingsubsystem (Section 4);
• new analyses, including analysing sensor failures and correctnessissues of the adaptation logic (Section 5);
• an evaluation of how the proposed approach supports extensibil-ity of the model, to what extent it supports the analysis of an SAS,and how the correctness of the adaptation logic with respect toits specification can be analysed (Section 6).
Overall, we propose to leverage existing techniques for modellingnd analysing DSPLs, and apply them to the modelling and analysis ofASs instead of focusing on modelling and analysing a realistic SAS.o show the feasibility of this proposed approach by means of a prooff concept, we conduct a small-scale evaluation of a simplified AUVmission that allows us to highlight the correspondence between a two-ayered self-adaptive robotic system and an FTS with its correspondingfeature controller for dynamic feature switching.

Outline. The paper is structured as follows. Section 2 discusses the cor-espondence between SASs and family-based DSPL modelling. Section 3presents the extended small-scale evaluation of a pipeline inspectionwith an AUV. Section 4 substantiates the discussion in terms of oursmall-scale evaluation and how it can be modelled as a family-basedsystem, while Section 5 presents the analysis results. Section 6 presentsn evaluation of our approach. Section 7 provides an overview ofrelated work, and Section 8 discusses our results and some ideas forfuture work.
2. Family-based modelling and analysis of SASs

In this section, we consider SASs from the perspective of runtimevariability and family-based analysis. Since SPLs offer a high-level,structured view of a configuration space, self-adaptation can be under-stood in terms of runtime variability and DSPLs. However, taking thisview on self-adaptation triggers the following question: how can weuse family-based DSPL modelling and family-based analysis techniquesto analyse self-adaptive behaviour in an SAS to increase its reliability?We argue that analysis techniques for family-based models like FTSs,combined with a model that captures the adaptation logic for runtime
variability, moving between different valid products of the product
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family, can be a natural fit for the analysis of SASs.In the remainder of this section we detail our argument by (1) giv-ng an overview of what SASs are and the uncertainties that triggereconfiguration, in particular, uncertainties in physical environments, aery important aspect of resilience in the context of autonomous robots;2) giving an overview of product variability approaches at runtimend family-based analysis techniques that mostly explore techniques tonalyse a family of products under known contexts; and (3) discussinghe natural fit between SASs and DSPLs and summarising our proposalor how to leverage family-based modelling and analysis techniqueso explore properties in the reconfiguration space that are valid underertain uncertainties that are captured in the model.
2.1. SASs and uncertainties that trigger reconfiguration

What are SASs? Many software systems are subject to different formsf uncertainty like changes in the surrounding environment, internalailures and changing user requirements. Often, manually maintainingnd adapting these systems during runtime by a system operator isprohibitively expensive and error-prone. Enabling systems to adaptthemselves provides several advantages. For example, a system that isable to perform self-adaptation can also be deployed in environmentshere communication between an operator and the system is veryimited or impossible, e.g., in space or under water. Self-adaptationgives a system a higher level of autonomy.SASs can be realised by internal or external self-adaptation (Kephartand Chess, 2003; Salehie and Tahvildari, 2009; Weyns, 2020). Aninternal self-adaptation mechanism embeds the adaptation logic withinthe application logic of the system itself using, e.g., exception han-dling or fault-tolerance mechanisms. Internal self-adaptation has beencriticised for poor maintainability and scalability. In contrast, exter-nal self-adaptation introduces a separation of concerns between theapplication logic and the adaptation logic of the SAS through anexternal feedback loop. Using external self-adaptation has ‘‘the advan-tage that [it] localize[s] the adaptation concerns in sparable systemlements that can be analyzed, modified, and reused across differ-ent self-adaptive systems’’ (Weyns, 2020). In this paper, we focus onexternal self-adaptation.SASs with external self-adaptation can be implemented using a two-layered approach which decomposes the system into a managed anda managing subsystem (Kephart and Chess, 2003) (see Fig. 1). The
anaged subsystem deals with the domain concerns of the applicationogic and tries to reach the goals set by the user of the system,.g., navigating a robot to a specific location. The managing subsystemandles the adaptation concerns and defines an adaptation logic thatpecifies a strategy on how the system can fulfil the goals underuncertainty (Weyns, 2020), e.g., adapting to changing environmentalonditions. While the managed subsystem may affect the environmentith its actions, the managing subsystem monitors the environment andhe internal state of the managed subsystem. Using the adaptation logic,he managing subsystem deducts whether and which reconfiguration ofhe managed subsystem is needed and adapts the managed subsystemccordingly, exploiting so-called hardware and software redundanciesf the managed subsystem to do so. For example, for robots, this cane realised in practice (Rezende Silva et al., 2023) using, e.g., theSystem Modes package (Nordmann et al., 2021) of the Robot OperatingSystem (ROS) (Quigley et al., 2009). Self-adaptive mission controlhas been realised in several studies (e.g., Hernández Corbato (2013)nd Romero-Garcés et al. (2022)), enabling on-the-fly manipulation ofcontrol strategies (e.g., by activation or deactivation). There are alsoimplementations of some of these systems in ROS (Bozhinoski et al.,2022; Brugali, 2020). We refer to Siciliano and Khatib (2016, Chapter12: Robotic Systems Architectures and Programming) for further robotsystems control architectures.In two-layered SASs, managing subsystems can be realised using MAPE-K feedback loop (Kephart and Chess, 2003). Systems imple-enting a MAPE-K loop Monitor the environment and the managed
3 
Fig. 1. A two-layered architecture for an SAS (Päßler et al., 2023b).

subsystem during runtime (collecting, e.g., sensor readings and in-ormation about the internal state of the managed subsystem); thisnformation is then Analysed to decide whether an adaptation of theanaged subsystem is needed; if this is the case, the managing sub-system Plans a reconfiguration of the managed subsystem, which itafterwards Executes. These steps are all performed in the context of ashared Knowledge base.The adaptation logic of the Plan phase of the MAPE-K loop isypically specified using either rule-based or goal-based approachesBencomo et al., 2012), relating the monitored data about the managedubsystem and the environment (e.g., component status informationnd sensor data) to models in the Knowledge base (e.g., valid componentconfigurations and metrics) to systematically plan how to achieve agoal (e.g., safely navigating a robot to a location). Rule-based ap-proaches provide deterministic, predetermined actions in response tochanges in the environment and the managed subsystem, whereas goal-ased approaches provide more flexibility for optimisation, possiblyy systematically exploring all possible configurations before making decision.
SAS in physical environments. One of the most important challenges foran SAS that operates in a physical environment (see Fig. 1) is to han-le the uncertainties that are induced by this environment (Hezavehiet al., 2021). SASs that operate in a physical environment, such as,.g., robots, have to face and overcome this additional uncertainty.xamples of uncertainties in the environment that a robot needs tovercome include unexpected obstacles, erosion or avalanches, andlimate events like rain or wind, which affect the robot’s ability to ma-oeuvre or to inspect an asset. While there is no established approachor how to handle uncertainty in general, many practitioners use formalechniques and learning, along with general paradigms like the MAPE- feedback loop, to develop an adaptation logic that can handle thencertainties of these environments (Hezavehi et al., 2021).To understand how changes in the environment affect the behaviourof the SAS, it is crucial to analyse behavioural requirements whendeveloping an SAS that operates under the uncertainties of a phys-ical environment. These requirements often use quantitative metricsthat change during runtime, such as monitored information about themanaged subsystem and the environment. For instance, for behaviouralrequirements concerning energy consumption, the metric should beminimised, while for safety requirements, the metric should be max-imised. Both rule-based and goal-based adaptation logics can be usedto enable the SAS to meet its behavioural requirements. Many practi-tioners rely on formal methods to provide evidence for the system’scompliance with such requirements (Luckcuck et al., 2019; Weynset al., 2012), but many different methods are used (Araujo et al., 2023;Hezavehi et al., 2021).
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2.2. Towards managing variability for a family of products

What are DSPLs? DSPLs are a generalisation of SPLs for develop-ing highly-configurable, runtime-adaptive systems, i.e., they allow toswitch from one product to another at runtime (Bencomo et al., 2012;Hinchey et al., 2012; Schmid et al., 2008). In particular, DSPLs struc-ure the configuration space for runtime variability as an SPL. Theyan, e.g., be realised by means of a logic for self-adaptation thatespects the structure of a feature model; different solutions to supportuntime variability mechanisms have been proposed (Capilla et al.,2014; Valdezate et al., 2022). DSPLs may be found in applicationdomains such as service-oriented systems, mobile software, ecosystemsand SASs (Capilla et al., 2014).A crucial distinction within the DSPL design landscape (Bencomot al., 2012) is between bounded adaptivity, which deals with contextariation that is anticipated at design time, and open adaptivity, whicheals with context variation that is not planned at design time andequires model extension. For bounded adaptivity, DSPLs have beendvocated as a means to constrain the evolution of SASs and to en-ble the assessment of important properties of a system even beforetarting its implementation (Baresi, 2014). For open adaptivity, dy-namic feature models have been proposed to model variability duringruntime (Dinkelaker et al., 2010). More recently, DSPLs have beenadvocated to provide a conceptual framework for managing the vari-ability in cyber–physical systems which need to frequently reconfiguretheir software components (e.g., due to the addition, update or removalf physical components) without being shut down (Quinton et al.,2021).
Analysis of family-based models. A range of techniques have been ex-plored for the analysis of SPLs, including type checking, static analysis,heorem proving, and model checking. Thüm et al. (2014) providedan overview of these analysis techniques, emphasising in particular
family-based analysis techniques for SPLs. Family-based techniques arell-in-one techniques, according to which the behaviour of all productonfigurations (variants) of the SPL is examined in the same analysis,imultaneously. Family-based analysis differs from brute-force enumer-tive product-based analysis, in which the behaviour of every productvariant) is examined individually, one-by-one.Family-based model checking is a prominent family-based analysistechnique that provides a means to simultaneously model check, inone single run, properties of multiple models, each representing thebehaviour of a different product configuration (variant) of the SPL.TSs were introduced to model the behaviour of SPLs for family-basedodel checking (Classen et al., 2010). Their action-labelled transitionsre equipped with feature expressions that condition the presence ofransitions in specific product configurations, which are representedby ordinary labelled transition systems obtainable by projection. Thecompact structure of an FTS enables reasoning on the behaviour of thewhole SPL at once. The properties of FTSs can be verified by dedicatedfamily-based model-checking tools such as SNIP (Classen et al., 2012,2013), ProVeLines (Cordy et al., 2013b), (FTS4)VMC (ter Beek et al.,2016; ter Beek and Mazzanti, 2014; ter Beek et al., 2012, 2022) andNuSMV (Classen et al., 2014; Dimovski et al., 2019). Statistical family-based model checking is supported by QFLan (ter Beek et al., 2020a;Vandin et al., 2018) and probabilistic family-based model checkingy ProFeat (Chrszon et al., 2018; Dubslaff et al., 2015), which isdesigned to analyse quantitative properties for families of stochasticsystems. Next to dedicated SPL model-checking tools, suitable abstrac-tions or encodings have made well-known classical model checkerssuch as SPIN (Dimovski et al., 2015, 2017; Dimovski and Wąsowski,2017), PRISM (Dubslaff et al., 2015), Maude (Lochau et al., 2016),mCRL2 (ter Beek et al., 2017, 2020b) and NuSMV (Dimovski, 2020)menable to family-based model checking. The advantage of using well-stablished and typically highly optimised off-the-shelf model checkersith a broad user base is to avoid having to maintain dedicated SPL
4 
model checkers. For example, ProFeat uses PRISM as a back-end tool:after translating its input models to PRISM input models, PRISM isinvoked for the actual analysis, after which the output of PRISM ispost-processed by ProFeat.The development of family-based analysis techniques for DSPLsas so far received limited attention. Model-based approaches to han-le feature changes at the code level in DSPLs have been proposedAdelsberger et al., 2014; Damiani et al., 2018; Muschevici et al., 2013),ombining delta- and feature-oriented programming (Apel et al., 2013,2012; Schaefer et al., 2010) with techniques for dynamic softwarepdates such as object migration. More recently, a family-based algo-ithm, based on modelling the configuration space of a DSPL as anTS, estimates the quality of service (expressed as the sum of weights)rovided by each configuration of a weighted FTS over an observedxecution trace (Olaechea et al., 2018); the authors analyse the qualityof service obtained for the trace using different configurations of theDSPL but do not analyse a self-adaptation policy as such. In contrast,
feature controllers, which enable the dynamic activation or deactivationof features in the FTS, are supported by the family-based probabilisticmodel checker ProFeat (Chrszon et al., 2018). Observe that such afeature controller, expressed as a transition system, is restricted to afinite state space and therefore to bounded adaptivity.
2.3. Family-based modelling and analysis of two-layered SASs

In this paper, we propose a family-based approach to model andanalyse two-layered SASs. The managed subsystem of an SAS needs toinclude hardware and software redundancies to enable self-adaptation.These redundancies, which can, e.g., be (partially) redundant com-ponents, algorithms, and parameters, can be used by the managingsubsystem to adapt the managed subsystem if a redundant part doesnot work as expected or cannot be used in the current (environmental)conditions. For example, an underwater robot might include differentsensors that can be used to observe the environment, like a cameraand a sonar. Due to energy restrictions, the managing subsystem mightonly want to use one sensor at a time. However, if one of the sensorsbreaks or the environmental conditions change, it can still adapt themanaged subsystem to use the other sensor even though it mightnot provide optimal performance. From the SPL perspective, theseredundancies can be seen as features of the managed subsystem. Eachconfiguration of the managed subsystem then corresponds to a choiceof features. Thus, a managed subsystem can be considered as a familyof configurations that share the same core functionalities (features) anddiffer in their optional features. Consequently, the managed subsystemcan be understood as an SPL where a product (variant) corresponds toa configuration of the managed subsystem. The managing subsystemcan then be understood as an adaptation logic for runtime variabilityfor the SPL of the managed subsystem.Note that we consider all points of variability of the managedubsystem that can be adapted by the managing subsystem to beeatures1. For example, if the managing subsystem adapts parametersof the managed subsystem, these parameters are considered to befeatures since we want to analyse the interaction between the managedand managing subsystem. While the more common SPL modellingapproaches typically would not consider all such variability points tobe features, there exist many different definitions of what constitutesa feature (Classen et al., 2008) and our approach is in line with thatf Czarnecki and Eisenecker (2000, Chapter 4: Feature Modeling):‘‘anything users or client programs might want to control about aconcept is a feature’’.Modelling the behaviour of a managed subsystem of an SAS asa 150% SPL model, such as an FTS model, enables analysing the
1 The opinions on what constitutes a feature differ between the SPL andthe SAS communities.
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behaviour of all possible configurations of the managed subsystem inne run. However, this 150% SPL model is not sufficient to analysehe two-layered SAS; the model still lacks the managing subsystem.he managing subsystem of the SAS can be seen as a controller thatwitches between different configurations of the managed subsystemhen needed. Triggered by, e.g., changes in the physical environment,he managing subsystem changes the active features of the managedubsystem. Considering an FTS model of the behaviour of a managedubsystem, the managing subsystem enables and disables transitionsi.e., behaviour) dynamically during runtime. Hence, an SAS can bemodelled as a 150% SPL model together with a controller that enablesand disables behaviour during runtime (Dubslaff et al., 2014). Toapture the uncertainties in the managed subsystem, a probabilisticodel can be chosen.Therefore, we propose to model a two-layered SAS as a family-based system by modelling the managed subsystem of an SAS as arobabilistic FTS and the managing subsystem as a non-deterministic
ontroller activating and deactivating features. This enables the analysisf all possible configurations and re-configurations of the managedubsystem in one single run. The family-based model of the two-layeredAS makes it possible to analyse optimal strategies for the managingubsystem with respect to different desired properties of the managedubsystem. Furthermore, since FTSs have been in use for SPL analysisor some time now, there are already existing, mature tools that can bexploited for the analysis of SASs.In his keynote address ‘‘The 20-year journey of SPLE in Hitachi andhe next’’ at the 2023 SPL Conference (SPLC 2023), Kentaro Yoshimura,hief researcher at Hitachi, presented the use of DSPLs for autonomousobotic systems as a new industrial challenge. He mentioned that thedynamicity is in the runtime behaviour of the autonomous robots thatneed to adapt and reconfigure based on input perceived from the envi-ronment without continuous human guidance. To meet this challenge,we capture the uncertainties of the environment as a probabilisticransition system that we compose with the probabilistic FTS modelf the SAS; the idea is that we do not model how or why changesccur in the environment but rather the probabilities with which theSAS observes these changes.By combining the family-based model of the two-layered SAS with atochastic model of its environment, we obtain a Markov decision pro-ess that can be enriched with costs and rewards, and model checkedlso for non-functional properties as well as for optimal adaptationtrategies. It is worth remarking that this approach is restricted toounded adaptivity in the sense that we do not extend the models.However, the underspecified (or non-deterministic) adaptation logicenables the proposed family-based analysis to find the optimal adapta-tion logic for a given environment model. The adaptation logic need note fully understood or specified a priori for all environments; rather, theadaptation logic of the two-level SAS can be automatically adapted todifferent environment models by means of the proposed family-basedanalysis.To demonstrate the proposed methodology of family-based analysisof two-level SASs, Section 3 presents a small-scale evaluation of an SASwith a rule-based managing subsystem. Goal-based systems, which mayneed to consider multiple possible configurations, fit equally well withfamily-based models by exploring multiple variants at a time. Section 3also details how the managed subsystem of the SAS can be vieweds a family-based system, and the managing subsystem as a controllerwitching between configurations of the managed subsystem. Section 4then details how the proposed methodology was implemented in thetool ProFeat (Chrszon et al., 2018).
3. Small-scale evaluation: Pipeline inspection by AUV

In this section, we introduce our small-scale evaluation of an AUVused for pipeline inspection, which was inspired by the exemplarSUAVE (Rezende Silva et al., 2023). This work extends the small-scalevaluation described and modelled in our previous work (Päßler et al.,2023b,a) by including two sensors for vision, a camera and a (side-scan)
onar.
 p

5 
Fig. 2. The priorities for choosing the vision sensors; if both vision sensors fail, themission is aborted.

3.1. An overview of the small-scale evaluation

An AUV has the mission to first find and then inspect a pipelinelocated on a seabed. During system operation, it can use either theamera or the sonar as a vision sensor. Both can be used for searchingfor the pipeline and for inspecting it. However, the sonar is preferredfor searching because it can cover a wider area and operate at a higherltitude, while the camera is preferred for following and inspecting theipeline because it is easier to detect faults in the pipeline with theamera, see Fig. 2. The water visibility (i.e., the distance in meterswithin which the AUV can perceive objects with the camera) mighthange during runtime (e.g., due to currents that swirl up the seabed),ffecting at which altitude the AUV can operate when using the camera.urthermore, one or more of the AUV’s thrusters might fail and needo be restarted before the mission can be continued. In addition, theamera and the sonar can have a permanent software or hardwareailure, making it necessary to use the other vision sensor or aborthe mission if both sensors fail. The camera can also get blocked,.g., because of natural or human waste sticking to the camera. Inhis case, the camera is only temporarily unavailable and there is arobability of the camera getting unblocked, thus the camera becomingvailable again.The AUV can choose to operate at four different altitudes, low, med(for medium), high and very high. A higher altitude allows the AUV tohave a wider field of view and thus increases its chances of findingthe pipeline during its search. The probability of a thruster failureis lower at a higher altitude because, e.g., seaweed typically mightwrap around the thrusters at a lower altitude. However, when usingthe camera, the altitude at which the AUV can perceive the seabeddepends on the water visibility, and the AUV can never perceive theeabed from a very high altitude. With low water visibility, the AUVannot perceive the seabed with the camera from a high or mediumltitude. Thus, it is not always possible to operate at a high or mediumltitude, and the altitude of the AUV needs to be changed during theearch when using the camera, depending on the current environmentalonditions. However, when using the sonar for searching, the AUV canlways operate at a very high altitude because the water visibility doesot affect the sonar; see Fig. 3 for an illustration of the maximumaltitudes when operating with the sonar and the camera in differentnvironmental conditions.Once the pipeline is found, the AUV will follow it at a low altitude toincrease the resolution of the camera and sonar images. However, theUV can also lose the pipeline again, e.g., when the pipeline is partlyovered by sand or the AUV’s thrusters failed for some time causinghe AUV to drift off its path. In this case, the AUV has to search for the
ipeline again, enabling all four altitudes.
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Fig. 3. The maximum altitudes in different water visibilities when operating with the sonar (left AUV in each image) and with the camera (right AUV in each image). The leftimage shows good visibility, the middle medium visibility and the right bad visibility.
Fig. 4. Feature model of the small-scale evaluation.

3.2. Two-layered view of the AUV as a family-based model

Considering the AUV as a two-layered SAS, the AUV’s managedsubsystem is responsible for the following tasks: (1) the search forthe pipeline and (2) the inspection of the pipeline. Depending on thecurrent task, altitude, and available sensors of the AUV, a differentconfiguration of the managed subsystem must be chosen. Thus, themanaged subsystem can be seen as a family of systems where eachfamily member corresponds to a valid configuration of the AUV, i.e., itcan be seen as an SPL as discussed in Section 2. To do so, the differentaltitudes for navigation (low, med, high, and very high), the tasks searchand follow, and the vision sensors camera and sonar can be seen as
features of the managed subsystem that adhere to the feature modelin Fig. 4, which models the dependencies and constraints among thefeatures (Apel et al., 2013; Meinicke et al., 2017). Each configurationof the AUV contains exactly one feature for navigation and one forpipeline inspection, and feature follow requires feature low. The config-uration also includes one or no feature for vision, but the feature cameraexcludes the feature very high. This yields nine different configurationsof the managed subsystem of the AUV, i.e., nine different products ofthe SPL.The managing subsystem of the AUV switches between these config-urations during runtime by activating and deactivating the subfeaturesof navigation, pipeline inspection and vision, while the resulting featureconfiguration has to adhere to the feature model in Fig. 4, i.e., a validproduct of the SPL has to be chosen. The managing subsystem choosesthe feature sonar when searching for the pipeline if the sonar did notfail. If the sonar fails, it chooses the feature camera also for searching forthe pipeline. When using the camera for the search, the features low,
med and high are activated and deactivated according to the currentwater visibility. If the water visibility is good, the features low, med, and
high can be activated; if the water visibility is average, high cannot be
6 
activated; and if the water visibility is poor, only low can be activated.The managing subsystem switches from the feature search to follow ifthe pipeline was found, and from follow to search if the pipeline waslost. When the AUV is following the pipeline, the managing subsystemprefers to choose the feature camera for inspecting it if the camera didnot fail and is not blocked. If the camera fails during or before theinspection or is blocked during the inspection, the managing subsystemchooses the feature sonar for inspecting the pipeline. It deactivates bothvision subfeatures if both the camera and the sonar failed, resulting ina configuration without an active vision subfeature and in the need toabort the mission.Thus, we do not explicitly model the MAPE-K loop discussed inSection 2.1 but abstract from it. This is because the MAPE-K loop canbe used for realising a managing subsystem, but it does not impactthe analysis we want to conduct with the model. In this paper, theanalysis focuses on the interaction between the managed and managingsubsystem, independent of the realisation of the managing subsystem.
3.3. Separation of concerns between managed and managing subsystem

As described before, the managed subsystem of the AUV consistsof several different hardware and software components that can becombined in predefined ways to form a valid configuration of theAUV, modelled by the feature model in Fig. 4. The feature modelspecifies all possible valid configurations of the managed subsystem.However, the managed subsystem does not know whether these config-urations make sense in certain scenarios, such knowledge is capturedby a separate subsystem that implements how to adapt the AUV. Themanaging subsystem implements such an adaptation logic. Thus, itchooses configurations of the managed subsystem depending on thecurrent environmental and internal conditions. Depending on the non-functional requirements of the system, a different managing subsystemcan be implemented, e.g., minimising the energy consumption or thetime taken for the mission. Therefore, a managing subsystem might notchoose certain configurations of the managed subsystem that are possi-ble since they are not useful for the strategy of the managing subsystem.Thus, there is a separation of concerns between the managed and themanaging subsystem.In this small-scale evaluation, the configurations using the sonarfor the search at a high, medium or low altitude are permitted bythe managed subsystem because they do not cause problems. However,the managing subsystem implemented here does not use these config-urations because it prefers searching for the pipeline with the sonarat a very high altitude. Nonetheless, another managing subsystem,implementing a different strategy, might choose them.
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4. Modelling the AUV small-scale evaluation with ProFeat
In this section, we describe the behavioural models of the managedand managing subsystems, of the environment, and the hardware fail-res, i.e., we describe the behaviour of how the camera and the sonarmay run into hardware and software failures and of how the cameramay get blocked. Furthermore, we model the small-scale evaluationwith the family-based model checker ProFeat.ProFeat23 (Chrszon et al., 2018) provides a means to both specifyrobabilistic system families and perform family-based (quantitative)nalysis on them. Thus, different from classical FTSs, it also catersor probabilistic models as well as costs and rewards for quantita-ive analysis. ProFeat extends the probabilistic model checker PRISM4(Kwiatkowska et al., 2011) with functionalities such as family mod-els, features and feature switches. Thereby, it enables family-basedmodelling and (quantitative) analysis of probabilistic systems in whichfeature configurations may dynamically change during runtime. Thus,ProFeat fits well for modelling DSPLs as considered in this paper. Thehole model can be analysed with probabilistic family-based modelhecking using PRISM. The probabilities used in our model are esti-mates and have not been validated by experiments, since in this paperur goal is not to make a model that is as realistic as possible, but rathero show the feasibility of our methodology.Similar to an SAS, a ProFeat model can be seen as a two-layeredodel, as illustrated in Fig. 1. The behaviour of a family of systemsthat differ in their features, such as the managed subsystem of an SAS,or more generally a DSPL, can be specified. Then a so-called feature

controller can activate and deactivate the features during runtime,and thus change the behaviour of the system, such as the managingsubsystem of an SAS that changes the configuration of the managedsubsystem. Furthermore, the environment and other parts of the systemlike, e.g., the behaviour of the hardware, e.g., failures, can be specifiedas separate modules that interact with the managed and managingsubsystem. Thus, ProFeat is well-suited to model and analyse thesmall-scale evaluation described in Section 3.A ProFeat model consists of three parts: an obligatory feature modelthat specifies features and their relations and constraints, obligatoryodules that specify the behaviour of the features, and an optionaleature controller that activates or deactivates features.The pipeline inspection small-scale evaluation was modelled asa Markov decision process in ProFeat.5 The ProFeat model consistsf (1) the implementation of the feature model of Fig. 4, which isexplained in Section 4.1; (2) modules describing the behaviour of themanaged subsystem of the AUV, called AUV module (see Fig. 6), thatof the environment (see Fig. 7) and that of the hardware failures (seeTable 1), which are explained in Sections 4.2, 4.3, and 4.4, respectively;and (3) the feature controller that switches between features duringruntime, corresponding to the managing subsystem of the AUV (seeFig. 8), whose behaviour is explained in Section 4.5.An overview of the different components, and how they fit into thetwo-layered view of an SAS as presented in Fig. 1, is shown in Fig. 5.The managing subsystem is modelled by the feature controller; themanaged subsystem is modelled by the feature model, the AUV module,and the hardware failure module; and the environment is modelledby the environment module. The feature controller monitors the en-vironment by receiving information about the current water visibility,and it monitors the managed subsystem by receiving information aboutsensor failures (which sensors failed or are blocked) from the hardwarefailure module; information about the state of the AUV and the active
2 https://pchrszon.github.io/profeat.3 https://github.com/pchrszon/profeat.4 https://www.prismmodelchecker.org/manual.5 The complete ProFeat model of the small-scale evaluation is publiclyavailable (Päßler et al., 2024).
7 
Fig. 5. The two-layered view (cf. Fig. 1) of the self-adaptive AUV modelled in ProFeat,including the components of the ProFeat model and how information concerningfeatures, environmental conditions, failures and states flows between them.

features from the AUV module; and information about valid featurecombinations from the feature model. Using this information, it decidesnon-deterministically which features to activate and deactivate andupdates the information about active and inactive features in the AUVmodule, corresponding to an adaptation of the managed subsystem.his updated information determines which transition the AUV modulean take. In our model, there is no direct information flow between thenvironment and the managed subsystem.Starting from Section 4.2, the subsequent sections are all structuredn the same way: first, we describe the behaviour of the module and,econd, we describe its ProFeat implementation. Therefore, a readernly interested in the high-level behaviour can easily navigate theections without reading the implementation details.
4.1. The feature model

This section explains how the feature model of the small-scale eval-ation is expressed in ProFeat, including connections and constraintsmong features. Each feature is specified within a feature . . . endfeaturelock, whereas the declaration of the root feature is done in a (unique)
oot feature . . . endfeature block.

The root feature. An excerpt of the implementation of the root featureof the pipeline inspection small-scale evaluation according to Fig. 4is displayed in Listing 1. The root feature can be decomposed intosubfeatures; in this case only one, the subfeature robot, see Line 2.The all of keyword indicates that all subfeatures have to be includedin the feature configuration if the parent feature (in this case the rootfeature) is included. It is, e.g., also possible to use the one of keywordif exactly one subfeature has to be included, see Line 2 of Listing 2,or [m..n] if between m and n features have to be included, see Line7 of Listing 2. It is possible to specify the behaviour of a (set of)features in so-called modules. The modules implementing a feature’sbehaviour can be specified following the keyword modules. In thissmall-scale evaluation, the root feature is the only feature specifyingmodules, thus the behaviour of all features is modelled in the modules
auv, environment and hardware described later. Using separate modulesenables to introduce a separation of concerns between the different
parts of the model.

https://pchrszon.github.io/profeat
https://github.com/pchrszon/profeat
https://www.prismmodelchecker.org/manual
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1 root feature2 a l l of robot ;3 modules auv , environment , hardware ;4 rewards " time "5 [ step ] true : 1;6 endrewards7 rewards " energy "8 / / Costs for being in a recovery state9 ( s=recover_very_high ) : 2;10 / / . . omitted code . .1112 / / Costs for switching a l t i tudes13 ( s=search_very_high ) & act ive ( high ) : 2;14 ( s=search_very_high ) & act ive (med) : 4;15 ( s=search_very_high ) & act ive ( low ) : 6;16 / / . . omitted code . .1718 / / Costs for going to a low a l t i tude when the pipel ine19 / / i s found20 ( s=found ) & act ive ( very_high ) : 6;21 ( s=found ) & act ive ( high ) : 4;22 ( s=found ) & act ive (med) : 2;23 / / . . omitted code . .2425 / / Additional costs for the sonar because i t takes more26 / / energy than the camera27 act ive ( sonar ) : 3;28 endrewards29 endfeature

Listing 1: An excerpt of the declaration of the root feature of thesmall-scale evaluation
Unlike common feature models, ProFeat allows to specify feature-pecific rewards in the declaration of a feature. Rewards are real valueshat can be attached to transitions and states to analyse quantitativeroperties of the system, e.g., the expected energy consumption orission time. Even though they are called ‘‘rewards’’ in ProFeat andRISM, they can also be interpreted as costs, i.e., they can be usedoth to motivate and to penalise going to a state or taking a transition.ach reward is encapsulated in a rewards . . . endrewards block. In themall-scale evaluation, we consider the rewards time and energy, seeines 4–28 of Listing 1. During each transition that the AUV moduletakes, the reward time is increased by 1; it is a transition-based reward,ee Line 5. We assume that one time step corresponds to one minute,allowing us to compute an estimate of a mission’s duration.The reward energy is a state-based reward and can be used tostimate the necessary battery level for a mission completion. If ahruster of the AUV fails and needs to be recovered, a reward of 2s given, see Line 9. The model also reflects that switching betweenthe search altitudes requires significant energy. Since the altitude isswitched if the AUV is in a search state and a navigation subfeaturethat does not correspond to the current search altitude that is active,a higher energy reward is given in these states. If the AUV needs toswitch between low and very high altitudes, such as, e.g., in Line 15,an energy reward of 6 is given; if it needs to switch between very highand medium or between high and low altitude, such as, e.g., in Line14, an energy reward of 4 is given; while all other altitude switchesreceive a reward of 2, see, e.g., Line 13. Since the altitude must bechanged to low once the pipeline is found, these cases also receive anenergy reward as explained above, see Lines 20–22. All other states,part from the state in which the mission is aborted, receive an energyreward of 1. Since the sonar uses more energy than the camera, anadditional energy reward of 3 is given if the sonar is used, see Line27. We use the function active to determine which feature is active,i.e., included in the current feature configuration; given a feature, thefunction returns true if it is active and false otherwise. Note that both

time and energy rewards are interpreted as costs.
Ordinary features. The remainder of the feature model is implementedimilarly to the root feature, but the features do not contain feature-specific modules or rewards. The features are implemented and namedaccording to the feature model in Fig. 4. To have only one initial state,e initialise the model with the features search, very_high and sonar
 c

8 
active, using the keyword initial constraint, see for example Lines 3 and8 of Listing 2. As examples of the implementation of other features, thedeclarations of the features navigation and vision are given in Listing 2.
1 feature navigation2 one of low , med, high , very_high ;3 i n i t i a l constra int act ive ( very_high ) ;4 endfeature56 feature vision7 [ 0 . . 1 ] of sonar , camera ;8 i n i t i a l constra int act ive ( sonar ) ;9 endfeature

Listing 2: The declaration of the navigation and vision features of thesmall-scale evaluation
4.2. The managed subsystem

The behavioural model of the managed subsystem. The behaviour of theanaged subsystem of the AUV can be described by a probabilistictransition system equipped with features that guard transitions (a prob-abilistic FTS). Only if the feature guarding a transition is included inthe current configuration of the managed subsystem of the AUV, theransition can be taken. This transition system adheres to the featureodel in Fig. 4 and is depicted in Fig. 6, where some details have beenomitted to avoid cluttering (in particular, all probabilities and someguards such as camera or sonar). The details can be obtained from thepublicly available model (Päßler et al., 2024). The probabilistic modelallows to easily model the possibilities of, e.g., finding and losing thepipeline depending on the system configuration.The transition system can roughly be divided into two parts, oneoncerning the search for and one the following of the pipeline, ashown by the grey boxes in Fig. 6. When the AUV starts its mission,i.e., in state start task, the AUV can either immediately start followingthe pipeline if it was deployed right above it, or start searching for it.During the search for the pipeline, i.e., when the AUV is in the greyarea labelled search, the feature search should be active and remainactive until the state found is reached. The managing subsystem canswitch between the features low, med high and very high during everytransition, but the state search very high can only be reached whenthe feature sonar is active, not with the feature camera. Note thatthis probabilistic FTS does not reflect that the altitude should only bechanged according to the water visibility if the feature camera is active,as described in Section 3, since this logic is encoded in the managingsubsystem, see Section 4.5.Once the pipeline is found, the managing subsystem has to deac-tivate the feature search and activate the feature follow, which alsoimplies activating the feature low and deactivating med, high and very
high due to the feature constraints in Fig. 4. We assume that the man-ging subsystem activates and deactivates features during transitions,so the features follow and low should be activated during the transitionfrom the state found to the state start task. When the AUV is followingthe pipeline, i.e., in the grey area labelled follow, it can lose the pipelineagain, e.g., because of sand covering it or because it drifted off its pathdue to thruster failures. Then the managing subsystem has to activatethe feature search during the transition from lost pipe to start task.Observe that the feature model does not require to have a visionfeature active, see Line 7 of Listing 2, capturing that both visionensors can have a hardware or software failure and can no longer besed. If both vision sensors fail, then the pipeline inspection cannote accomplished and the managed subsystem goes to the state abort

ission, which can be reached from every state of the probabilistic FTS.Additionally, observe that apart from the state search very high andits recovery state, which can only be reached when the feature sonars active, the probabilistic FTS does not reflect which vision feature isurrently active. It would also be possible to duplicate the search states
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Fig. 6. The managed subsystem of the AUV, focusing on the tasks and the search altitude. (For interpretation of the references to colour in this figure legend, the reader iseferred to the web version of this article.)
art
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to, e.g., have a search low camera and a search low sonar state, but thiswould increase the state space considerably. Since we are not interestedn analysing properties associated with these different states, we opt fora probabilistic FTS with no explicit representation of the vision features.In the model, we distinguish between two kinds of transitions:transitions that model the behaviour of a certain configuration of themanaged subsystem (black transitions) and (featured) transitions thatswitch between configurations, enabled by the managing subsystemduring runtime (blue transitions). The labels search, follow, low, med,
igh, very high, sonar and implicitly camera on the transitions representhe features that have to be active to execute the respective tran-ition. The transitions between configurations (blue) implicitly carryhe action to start the task or go to the altitude specified by theeature associated with the transition. For instance, the transitionsrom search low to search medium can be taken if the feature med isctive because the transition has the guard med. When taking thisransition, the AUV should perform the action of going to a mediumltitude. The transitions inside a configuration (black) with a featureabel contain the implicit action to stay at the current altitude becausehe navigation subfeature has not been changed during the previousransition. However, as described above, the blue transitions do notepresent all transitions between configurations. If the configuration ishanged from the camera to the sonar or the other way around, this isot reflected in the probabilistic FTS in Fig. 6.Whether a transition inside the configuration or between configura-tions is executed in the search states search low, search medium, search
igh and search very high depends on the managing subsystem, i.e., theontroller switching between features (see Section 4.5). If the managingsubsystem switched between the features low, med, high and very highduring the last transition, a transition to the search state correspondingto the new feature will be executed, i.e., the configuration will bechanged (for switching to the search very high state, also the feature

sonar has to be active). Otherwise, a transition inside the configurationwill be executed. For instance, consider the state search low. If the
feature low is active, a black transition will be executed. If, however,
9 
the managing subsystem deactivated the feature low during the lasttransition and activated med, high or very high, then the AUV willperform a transition to the state search medium, search high or search
very high, respectively.
The implementation of the managed subsystem in ProFeat. The module
auv models the behaviour of the managed subsystem of the AUV asdisplayed in Fig. 6, see Listing 3 for an excerpt of the model. Asdepicted in Fig. 6, there are sixteen enumerated states in the ProFeatmodule with names that correspond to the state labels in the figure. Therecovery states are named according to the state they are connected to(e.g., the recovery state connected to search_high is called recover_high). The variable s in Line 2 represents the current state of the AUVnd is initialised using the keyword init with the state start_task. Toecord how many meters of the pipeline have already been inspected,he variable d_insp in Line 3 represents the distance the AUV hasalready inspected the pipeline, it is initialised by 0. The variable inspectrepresents the desired inspection length and can be set by the userduring design time. Since the number of times a thruster failed impactsow much the AUV deviates from its path, the variable t_failed in Line 4can be increased if a thruster fails while the AUV follows the pipeline.It is bounded by the influence a thruster failure can have on the system( infl_tf ) that can be set by the user during design time.

1 module auv2 s : [ 0 . . 1 5 ] i n i t s ta r t _ task ;3 d_insp : [ 0 . . inspect ] i n i t 0;4 t _ f a i l ed : [ 0 . . i n f l _ t f ] i n i t 0;56 / / To the correct task7 [ step ] ( s=s ta r t _ task & act ive ( search )8 & ( act ive ( camera ) | act ive ( sonar ) ) )9 −> 1: ( s ’= start_search ) ;10 [ step ] ( s=s ta r t _ task & act ive ( follow )11 & ( act ive ( camera ) | act ive ( sonar ) ) )12 −> 1: ( s ’= following ) ;1314 / / . . omitted code . .
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Fig. 7. The behaviour of the environment (Päßler et al., 2023b).
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15 / / From search state to another state16 [ step ] ( s=search_high & act ive ( high )17 & ( act ive ( camera ) | act ive ( sonar ) ) )18 −> 0 . 59 : ( s ’= found )19 + 0 . 4 : ( s ’= search_high )20 + 0 . 01 : ( s ’= recover_high ) ;21 [ step ] ( s=search_high & act ive ( very_high ) & act ive ( sonar ) )22 −> 1 : ( s ’= search_very_high ) ;23 [ step ] ( s=search_high & act ive (med)24 & ( act ive ( camera ) | act ive ( sonar ) ) )25 −> 1 : ( s ’=search_med ) ;26 [ step ] ( s=search_high & act ive ( low )27 & ( act ive ( camera ) | act ive ( sonar ) ) )28 −> 1 : ( s ’= search_low ) ;29 / / . . omitted code . .3031 / / Go to other task i f pipel ine i s found32 [ step ] ( s=found ) & ( act ive ( camera ) | act ive ( sonar ) )33 −> 1 : ( s ’= s ta r t _ task ) ;3435 / / Following the pipel ine36 [ step ] ( s=following ) & ( d_insp<inspect ) & ( t _ f a i l ed =0)37 & ( act ive ( camera ) | act ive ( sonar ) )38 −> 0 .92 : ( s ’= following ) & ( d_insp ’= d_insp+1)39 + 0 .05 : ( s ’= lost_pipe )40 + 0 . 03 : ( s ’= recover_following )41 & ( t _ fa i l ed ’ = ( t _ fa i l ed < i n f l _ t f ?42 t _ f a i l ed +1 : t _ f a i l ed ) ) ;43 [ step ] ( s=following ) & ( d_insp<inspect ) & ( t _ fa i l ed >0)44 & ( act ive ( camera ) | act ive ( sonar ) )45 −> 0.92∗(1− t _ f a i l ed / i n f l _ t f ) : ( s ’= following )46 & ( d_insp ’= d_insp+1) & ( t _ fa i l ed ’= t _ fa i l ed −1)47 + 0.05∗ (1+((0.92∗ t _ f a i l ed ) / (0 .05∗ i n f l _ t f ) ) ) :48 ( s ’= lost_pipe )49 + 0 . 03 : ( s ’= recover_following )50 & ( t _ fa i l ed ’ = ( t _ fa i l ed < i n f l _ t f ?51 t _ f a i l ed +1 : t _ f a i l ed ) ) ;52 [ step ] ( s=following ) & ( d_insp=inspect )53 & ( act ive ( camera ) | act ive ( sonar ) ) −> ( s ’=done) ;5455 / / Lost the pipel ine56 [ step ] ( s= lost_pipe ) & ( act ive ( camera ) | act ive ( sonar ) )57 −> 1: ( s ’= s ta r t _ task ) & ( t _ fa i l ed ’ =0 ) ;5859 / / Recovery states60 [ step ] ( s=recover_high ) & ( act ive ( camera ) | act ive ( sonar ) )61 −> 0 . 5 : ( s ’= recover_high ) + 0 . 5 : ( s ’= search_high ) ;62 / / . . omitted code . .6364 / / Abort the mission i f both sensors f a i l ed65 / / ( i f the mission has not been f in ished yet )66 [ step ] ( s !=done) & ( s !=abort_mission )67 & ( camera_failed & sonar_fai led )68 −> 1: ( s ’= abort_mission ) ;6970 / / Wait that the camera gets unblocked i f i t i s blocked but71 / / didn ’ t f a i l and the sonar f a i l ed72 [ step ] ( s !=done) & ( s !=abort_mission )73 & ! act ive ( sonar ) & ! act ive ( camera ) & ! camera_failed74 −> 1: true ;75 / / . . omitted code . .76 endmodule

Listing 3: An excerpt of the ProFeat AUV module of the small-scaleevaluation
The behaviour of the module is specified with guarded commands,orresponding to possible, probabilistic transitions of the followingorm:

[action] guard −> prob_1: update_1 + ... + prob_n: update_n;
A command may have an optional label action to annotate it or toynchronise with other modules. In PRISM, the guard is a predicate over
10 
global and local variables of the model, which can also come from othermodules. ProFeat extends the guards by, e.g., enabling the use of theunction active. If the guard is true, then the system state is changedith probability prob_i using update_i for all 𝑖. An update describesow the system should perform a transition by giving new values forariables, either directly or as a function using other variables.For instance, consider the command in Lines 16–20, which can beread as follows. If the system is in state search_high, the feature highand at least one of the features sonar and camera is active, then with aprobability of 0.59, the system changes its state to found, with a prob-bility of 0.4 it changes to search_high and with a probability of 0.01 itchanges to recover_high. These are exactly the black transitions shownin Fig. 6 exiting from state search high. This command also has an actionlabel, step. Using this action label, the managed subsystem synchroniseswith the environment and hardware failures modules, and with thefeature controller, as described later.The blue transitions exiting from the state search high in Fig. 6 aremodelled in Lines 21–28, where the transition to state search_very_highis only represented implicitly in Fig. 6. If the model is in state
search_high, but the feature low, med or very_high is active, indicatinghat the AUV should go to the respective altitude, then the state ishanged to the respective search state. The transitions exiting the states
earch_very_high, search_med and search_low are modelled similarly.owever, the probability of going to the state found is highest fromtate search_very_high and lowest from search_low because the AUVas a wider field of view when performing the search at a higherltitude. Furthermore, the probability of a thruster failure, i.e., of goingo the respective recover state, is highest in state search_low and lowestn states search_high and search_very_high because the probability ofeaweed getting stuck in the thrusters is higher at a lower altitude. Ifhe AUV found the pipeline, then a transition to start_task is taken, seeines 32–33.From the state start_task, a transition to either start_search or
ollowing can be taken, depending on which subfeature of pipeline_ins
ection is currently active, see Lines 7–12.From the following state, the transitions that can be taken depend onthe variables d_insp and t_failed. Lines 36–42 consider the case wherethe distance of the pipeline that has already been inspected (d_insp)is less than the distance the pipeline should be inspected (inspect) andthe variable t_failed is 0, indicating that there were no recent thrusterfailures. Then the AUV stays in the following state and inspects thepipeline one more meter, it loses the pipeline, or a thruster fails andit transitions to the failure state and increases t_failed if t_failed is notat its maximum. Lines 43–51 consider the case where d_insp is less than

inspect and t_failed is greater than 0. In this case, the probabilities ofollowing and of losing the pipeline depend on the value of t_failed.he bigger the value, the more likely it is to lose the pipeline becauset indicates that the AUV’s thrusters did not work for some time, causingit to drift off its path. If the already inspected distance is equal to theequired inspection distance, the AUV transitions to the done state (seeLines 52–53) and finishes the pipeline inspection. If the AUV lost theipeline (see Lines 56–57), then a transition to start_task is taken andthe variable t_failed is set to 0 again.When the AUV is in a recovery state, it can either stay there foranother time step or exit it again to the state from where the recoverywas triggered, see Lines 60–61.Note that all transitions have a guard active(camera) | active(sonar)(apart from the transitions to the search_very_high state which have
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a guard active(sonar)). Thus, these transitions can only be taken ifne of the two features is active, i.e., they cannot be taken if boththe sonar and camera failed or if the sonar failed and the cameras blocked. If both vision sensors failed, indicated by the variables
amera_failed and sensor_failed, then the pipeline inspection has to beborted, modelled in Lines 66–68. Note that the check camera_failed
& sonar_failed cannot be replaced by !active(camera) & !active(sonar)because the feature camera is also inactive if the camera is blocked,which is not a permanent fault but can be unblocked. Thus, if bothfeatures camera and sonar are inactive but the camera did not fail, thenthe managed subsystem does nothing and waits for the camera to getunblocked, see Lines 72–74.All commands in the module auv are labelled with step. Thus, everyransition receives a time reward of 1, i.e., the time advances with everyransition the AUV takes, see Lines 4–6 of Listing 1.

4.3. The environment

The behavioural model of the environment. The only parameter of theenvironment considered in this small-scale evaluation is the watervisibility, which influences at which altitude the AUV can operate whenusing the camera as a vision sensor. We assume that there is a minimumand maximum visibility of the environment, depending on where theAUV is deployed and set by the user during design time. Furthermore,different environments also have different probabilities of currents thatinfluence the water visibility. This can also be set during design time.he behaviour of the environment is then modelled as depicted inFig. 7, where cp represents the current probability. With the probability
cp of currents, the water visibility decreases by 1, while it stays thesame or increases by 1 with probability (1-cp)/2. If the water visibilitys already at minimum visibility, the water visibility stays the same withrobability (1+cp)/2 and, at maximum visibility, it stays the same withrobability (1-cp).
The implementation of the environment in ProFeat. The environment ismodelled in a separate environment module, see Listing 4. The vari-able water_visib in Line 2 reflects the current water visibility and isinitialised parametrically, depending on the minimum and maximumvisibility, see Line 3. The function round() is pre-implemented in thePRISM language and rounds to the nearest integer. The environmentodule synchronises with the other modules and the feature controllervia the label of its command, step. Since the guard of the only commandin the environment module is true, the environment executes a transi-tion every time the other modules and the feature controller do. Byecoupling the environment module from the AUV module, we obtain separation of concerns which makes it easier to change the model ofhe environment if needed.

1 module environment2 water_visib : [ min_visib . . max_visib ]3 i n i t round ( ( max_visib−min_visib ) / 2 ) ;4 [ step ] true −> current_prob : ( water_visib ’=5 ( water_visib=min_visib? min_visib : water_visib−1) )6 + (1−current_prob ) / 2 : ( water_visib ’=7 ( water_visib=max_visib? max_visib : water_visib +1) )8 + (1−current_prob ) / 2 : true ;9 endmodule

Listing 4: The ProFeat environment module of the small-scaleevaluation
4.4. The hardware failures

The behavioural model of the hardware failures. The hardware failuresodule models how the vision sensors, the camera and the sonar, canail and get blocked (in case of the camera) during runtime, causing theeed for switching between vision sensors or aborting the mission. In

11 
Table 1Transition matrix, aw stands for ‘‘all working’’, cf for ‘‘camerafailure’’, sf for ‘‘sonar failure’’, and cb for ‘‘camera blocked’’;a 1 indicates that there is a transition, a 0 that there is none.
from to aw cf sf cb cfsf cfcb sfcb

cfsfcbaw 1 1 1 1 1 1 1 1cf 0 1 0 0 1 1 0 1sf 0 0 1 0 1 0 1 1cb 1 1 1 1 1 1 1 1cf, sf 0 0 0 0 1 0 0 1cf, cb 0 1 0 0 1 1 0 1sf, cb 0 0 1 0 1 0 1 1cf, sf, cb 0 0 0 0 1 0 0 1

our model, we assume to know probabilities for the failure of the sonarnd the camera that could be provided by the sensor manufacturersin practice. The probability of the camera getting blocked can beetermined depending on the environment the AUV is deployed in,.g., depending on the amount of natural and human waste, whilethe probability of the camera getting unblocked can be determinedepending on the probability of currents as the currents might takeway the blockage of the camera.Every time step, the camera and sonar can fail and the camera canet blocked or unblocked (if it was blocked). In fact, between none andall of these things can happen simultaneously. Table 1 shows the statesand transitions of the hardware failures module. It is possible that allsensors are working (aw), that the camera or sonar failed (cf and sf,respectively), that the camera is blocked (cb), or a combination of thelast three. The table contains a 1 if the respective transition exists anda 0 otherwise. For example, there exists a transition from sonar failedand camera blocked (sf, cb) to sonar failed (sf ), namely, if the cameraets unblocked, but no transition to camera blocked (cb) because thesonar cannot recover once it failed.Note that the thruster failures are not modelled in this module sincethey are embedded in the managed subsystem. This is because we onlyonsider internal self-adaptation for thruster failures, i.e., exceptionandling; if a thruster failure occurs, the system goes to the correspond-ng recovery state and tries to restart the thruster. On the other hand,dapting to failed sensors (or changes in the water visibility) is realisedith external self-adaptation and is thus not included in the managedubsystem but in separate modules to create a separation of concernsetween the behaviour of the managed subsystem and the uncertaintiest is subject to. This also makes it easier to include more uncertainties,equiring external adaptation, to the small-scale evaluation.
The implementation of the hardware failures in ProFeat. The hardwarefailures are modelled in a separate hardware module, see Listing 5.The Boolean variables sonar_failed, camera_failed and camera_blockedin Lines 2–4 indicate whether the sonar failed, the camera failed or theamera is blocked, respectively. They are initialised to be false.If both the sonar and the camera did not fail and the camera is notlocked, one of the sensors can fail or get blocked (see Lines 8–16),wo sensors can fail or get blocked at the same time (see Lines 19–30)or both sensors fail and the camera gets blocked at the same time (seeines 33–38). These commands reflect the transitions in the first line ofTable 1. Similar commands exist for the other transitions indicated inthe table. Like the environment module, the hardware failures modulesynchronises with the other modules and the feature controller via theabel of its commands, step.

1 module hardware2 sonar_fai led : bool i n i t fa l se ;3 camera_failed : bool i n i t fa lse ;4 camera_blocked : bool i n i t fa l se ;56 / / / / / / / Everything i s working
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7 / / One of the sensors f a i l s / gets blocked8 [ step ] ( ! sonar_fai led & ! camera_failed & ! camera_blocked )9 −> sonar_fai l_prob : ( sonar_fai led ’ = true )10 + (1−sonar_fai l_prob ) : true ;11 [ step ] ( ! sonar_fai led & ! camera_failed & ! camera_blocked )12 −> camera_fail_prob : ( camera_failed ’ = true )13 + (1−camera_fail_prob ) : true ;14 [ step ] ( ! sonar_fai led & ! camera_failed & ! camera_blocked )15 −> camera_block_prob : ( camera_blocked ’ = true )16 + (1−camera_block_prob ) : true ;1718 / / Two sensors f a i l / get blocked at the same time19 [ step ] ( ! sonar_fai led & ! camera_failed & ! camera_blocked )20 −> camera_fail_prob∗sonar_fai l_prob :21 ( camera_failed ’ = true ) & ( sonar_fai led ’ = true )22 + (1−camera_fail_prob∗sonar_fai l_prob ) : true ;23 [ step ] ( ! sonar_fai led & ! camera_blocked & ! camera_blocked )24 −> sonar_fai l_prob∗camera_block_prob :25 ( camera_blocked ’ = true ) & ( sonar_fai led ’ = true )26 + (1−sonar_fai l_prob∗camera_block_prob ) : true ;27 [ step ] ( ! camera_failed & ! camera_blocked & ! camera_blocked )28 −> camera_fail_prob∗camera_block_prob :29 ( camera_blocked ’ = true ) & ( camera_failed ’ = true )30 + (1−camera_fail_prob∗camera_block_prob ) : true ;3132 / / Everything f a i l s / gets blocked at the same time33 [ step ] ( ! camera_failed & ! camera_blocked & ! sonar_fai led )34 −> camera_fail_prob∗camera_block_prob∗sonar_fai l_prob :35 ( camera_blocked ’ = true ) & ( camera_failed ’ = true )36 & ( sonar_fai led ’ = true )37 + (1−camera_fail_prob∗camera_block_prob38 ∗sonar_fai l_prob ) : true ;39 / / . . omitted code . .40 endmodule

Listing 5: An excerpt of the ProFeat hardware failures module of thesmall-scale evaluation
4.5. The managing subsystem

The behavioural model of the managing subsystem. As described in Sec-tion 3, the managing subsystem of the AUV implements the AUV’sadaptation logic, which corresponds to activating and deactivating thefeatures of the managed subsystem. The behaviour of the managingubsystem of the AUV is depicted in Fig. 8. As in the figure of themanaged subsystem (Fig. 6), the transition system is divided into twoarts, one part for searching for the pipeline and one for following it,indicated by the grey boxes. For better readability, both parts are againivided into a part for using the camera and one for using the sonar,ndicated by the black-framed boxes. Each transition contains a guard,ritten in black, and an action, written in grey separated by a verticalbar. The guards of transitions in our model are Boolean operations overthe states of the managed subsystem, checks over active features andvalues of variables. The action means activating the indicated featureand implicitly deactivating the other subfeatures of the same category,e.g., activating the feature camera and deactivating the feature sonar.The dashed transitions connect every state of the box/part where theystart to the box where they end. For example, the dashed transitionbetween the search part and the camera box in the following partconnects the states search altitude low, search altitude medium, search
altitude high and search altitude very high to the state follow camera.All transitions in the search part of the figure contain the guards
!=abort mission, s!=found and active(search), where s refers to thecurrent state of the managed subsystem. Since the sonar is the preferredsensor for searching for the pipeline, see Fig. 2, the camera part of searchlso contains the guard sonar failed, so transitions can only be taken ifthe sonar failed, and there are only transitions from the sonar part of

search to the camera part of search. Furthermore, all transitions in the
camera part of search contain the guard !camera unavailable because thecamera cannot be used if it is unavailable.When searching with the sonar, the managing subsystem alwayschooses to activate the feature very high, as indicated in grey on thetransition, since this gives the biggest field of view, and thus the highest
12 
probability of finding the pipeline. Implicitly, the other subfeaturesof navigation are deactivated. Since the transition in the sonar partontains the guard !sonar failed, it can only be taken if the sonar did notail. If the sonar failed but the camera is available, i.e., it did not fail ands not blocked, a transition to the camera part is taken, depending on theurrent water visibility. When searching with the camera, the managingubsystem activates and deactivates the features low, med, and highccording to the current water visibility as described in Section 3. Bothhen searching with the sonar and the camera, a transition to the state
wait is taken if the sonar failed and the camera did not fail but isblocked, and a transition to the state mission aborted is taken if boththe sonar and the camera failed.Once the pipeline has been found, i.e., the managed subsystem isin state found, one of the transitions between the search and followart is taken. These transitions include the action of activating follow,
ow, and either camera or sonar (and deactivating the other features).he camera is preferred for following the pipeline, see Fig. 2, so atransition to the camera part of follow is taken if the camera is available.Otherwise, a transition to the sonar part is taken. In the follow part,every transition contains the guards s!=abort mission, s!=lost pipe and
active(follow), where s again refers to the current state of the man-aged subsystem. When following the pipeline, the managing subsystemswitches to the feature sonar if the camera becomes unavailable, andback to the feature camera if the camera becomes available again. As inthe search part, a transition to the state wait or mission aborted is takenif the respective guards are satisfied.When the AUV loses the pipeline, i.e., the managed subsystem isn state lost pipe, the managing subsystem activates search and either
onar or camera, depending on whether the sonar failed or not. If theonar did not fail, the managing subsystem also activates the feature
ery high to search at a very high altitude. Otherwise, the AUV willtart searching for the pipeline with the camera at a low altitude.From the state wait, the managing subsystem will transition to the

search or follow part, depending on the active feature, if the camera getsunblocked.
The implementation of the managing subsystem in ProFeat. The managingsubsystem of the AUV is implemented as a feature controller in ProFeat.The feature controller can use commands to change the state of thesystem. Such commands are similar to those used in a module; they aremostly of the form [action] guard −> update. Each command can havean optional label action to synchronise with the modules, and its guardis a predicate of global and local variables of the model and can alsocontain the function active. In contrast to the commands in the modules,the feature controller can activate and deactivate features in the updateof a command. Several features can be activated and deactivated at thesame time, but this cannot be done probabilistically and the resultingfeature configuration has to adhere to the feature model.In the pipeline inspection small-scale evaluation, subfeatures of
navigation (i.e., the different altitudes at which the AUV can operate),subfeatures of pipeline_inspection (i.e., the tasks the robot has to fulfil),and the subfeatures of vision (i.e., the vision sensors of the AUV) canbe switched by the feature controller while the AUV is operating (atruntime), see Listing 6.

1 formula med_visib = ( max_visib−min_visib ) / 3 ;2 formula high_visib = 2∗(max_visib−min_visib ) / 3 ;3 formula camera_unavailable = camera_failed | camera_blocked ;45 contro l le r6 / / / / / / / Searching7 / / Prefer searching with the sonar i f i t i s avai lable8 / / Sonar should search on a very high a l t i tude9 [ step ] ( s !=abort_mission ) & ( s !=found ) & act ive ( search )10 & ! sonar_fai led11 −> act iva te ( very_high ) & deactivate ( high )12 & deactivate (med) & deactivate ( low )13 & act iva te ( sonar ) & deactivate ( camera ) ;
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Fig. 8. The managing subsystem of the AUV, showing the transitions between feature configurations; the dashed transitions connect every state of the box where the transitiontarts to every state of the box where the transition ends.

1415 / / Use the camera i f the sonar i s not avai lable and16 / / the camera i s avai lable17 / / Change the a l t i tude depending on the water v i s i b i l i t y18 / / ( not possible at very high a l t i tude )19 [ step ] ( s !=abort_mission ) & ( s !=found ) & act ive ( search )20 & sonar_fai led & ! camera_unavailable21 & med_visib<=water_visib & water_visib <high_visib22 −> act iva te ( low ) & deactivate (med) & deactivate ( high )23 & deactivate ( very_high ) & act iva te ( camera )24 & deactivate ( sonar ) ;25 [ step ] ( s !=abort_mission ) & ( s !=found ) & act ive ( search )26 & sonar_fai led & ! camera_unavailable27 & med_visib<=water_visib & water_visib <high_visib28 −> act iva te (med) & deactivate ( low ) & deactivate ( high )29 & deactivate ( very_high ) & act iva te ( camera )30 & deactivate ( sonar ) ;31 / / . . omitted code . .3233 / / / / / / / Switch task from " search " to " follow "34 / / Prefer the camera for following i f i t i s avai lable35 [ step ] ( s=found ) & act ive ( search ) & ! camera_unavailable36 −> deactivate ( search ) & act iva te ( follow )37 & act iva te ( camera ) & deactivate ( sonar )38 & act iva te ( low ) & deactivate (med)39 & deactivate ( high ) & deactivate ( very_high ) ;40 [ step ] ( s=found ) & act ive ( search ) & camera_unavailable41 & ! sonar_fai led
13 
42 −> deactivate ( search ) & act iva te ( follow )43 & act iva te ( sonar ) & deactivate ( camera )44 & act iva te ( low ) & deactivate (med)45 & deactivate ( high ) & deactivate ( very_high ) ;4647 / / / / / / / Switch task from " follow " to " search "48 / / Prefer sonar for searching i f i t i s avai lable49 [ step ] ( s= lost_pipe ) & act ive ( follow ) & ! sonar_fai led50 −> deactivate ( follow ) & act iva te ( search )51 & act iva te ( sonar ) & deactivate ( camera )52 & act iva te ( very_high ) & deactivate ( high )53 & deactivate (med) & deactivate ( low ) ;54 [ step ] ( s= lost_pipe ) & act ive ( follow ) & sonar_fai led55 & ! camera_unavailable56 −> deactivate ( follow ) & act iva te ( search )57 & act iva te ( camera ) & deactivate ( sonar ) ;5859 / / / / / / / Follow the pipel ine60 / / Use the camera for following / inspecting i f i t i s avai lable61 [ step ] ( s !=abort_mission ) & ( s != lost_pipe ) & act ive ( follow )62 & ! camera_unavailable63 −> act iva te ( camera ) & deactivate ( sonar ) ;64 [ step ] ( s !=abort_mission ) & ( s != lost_pipe ) & act ive ( follow )65 & camera_unavailable & ! sonar_fai led66 −> act iva te ( sonar ) & deactivate ( camera ) ;6768 / / Deactivate vision sensors when they are broken69 [ step ] ( s !=abort_mission ) & camera_failed & sonar_fai led
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70 −> deactivate ( camera ) & deactivate ( sonar ) ;7172 / / Wait for the camera to get unblocked73 / / ( sonar f a i l ed and camera i s blocked but did not f a i l )74 [ step ] sonar_fai led & camera_blocked & ! camera_failed75 −> 1: true ;7677 / / Avoid deadlock with broken sensors78 [ step ] ( s=abort_mission ) −> 1: true ;79 endcontroller

Listing 6: An excerpt of the ProFeat feature controller of thesmall-scale evaluation
When the feature search is active and the pipeline has not beenfound yet, the feature controller prefers activating the sonar and onlyactivates the camera if the sonar failed. This is achieved by checkingf the Boolean sonar_failed, which can be changed probabilistically bythe hardware module, is true, see Lines 9–10. If it is false, the features

very high and sonar are activated and the other navigation and visionsubfeatures are deactivated, see Lines 11–13. Note that it is alsoossible to activate or deactivate a feature if it is already active ornactive, respectively.If sonar_failed is true, the feature controller checks if the camera isavailable, i.e., it did not fail and is not blocked, enabled by the variable
camera_unavailable, see Line 3 (in PRISM and ProFeat, a formula cane used to assign an identifier to an expression). If the camera isvailable, the feature camera is activated and the feature controllerctivates and deactivates the altitude features low, med, and highon-deterministically, but according to the current water visibility, asescribed before. The minimum and maximum water visibility can beet by the user during design time and influence the altitudes associatedith the features low, med, and high; i.e., it influences when the featureontroller can switch features (the altitude associated with the feature
ery high does not depend on the water visibility). To reflect this,he variables med_visib and high_visib are declared as in Lines 1–2.If the water visibility is less than med_visib, the feature controllerctivates the feature low because the AUV cannot perceive the seabedrom a higher altitude. If the water visibility is between med_visiband high_visib, it chooses non-deterministically between low and med(see Lines 19–30), whereas it chooses non-deterministically between allthree altitudes if the water visibility is above high_visib.When the pipeline is found, i.e., the managed subsystem is instate found, the feature controller activates the features follow and lowand deactivates the other pipeline inspection and navigation subfeaturessince the AUV should follow the pipeline at a low altitude. The camerais the preferred sensor for following the pipeline, so it is activated if itis available, and otherwise the sonar is activated, see Lines 35–45. Thesame holds when the AUV is following the pipeline, see Lines 61–66.If the AUV loses the pipeline, i.e., the managed subsystem is in state
ost_pipe, the feature controller activates search and deactivates followto start the search for the pipeline. Since the sonar is the preferredensor for searching for the pipeline, the feature controller activateshe feature sonar if the sonar is available and camera otherwise, seeines 49–57. Note that the feature controller also activates the feature
ery_high and deactivates the other navigation subfeatures if the sonaris activated, see Lines 52–53, because the AUV should search for thepipeline at a very high altitude with the sonar. However, if the sonaris not available and the feature controller activates the feature camera,it does not change the navigation subfeature, i.e., the AUV will startsearching for the pipeline at a low altitude with the camera.All commands described so far have guards to ensure that it is notthe case that both the sonar and the camera are unavailable. If both ofhem failed, the features sonar and camera should both be deactivated,ee Lines 69–70, leading to the managed subsystem going to state
bort_mission. If the sonar failed and the camera is blocked but did notfail, then the feature controller waits for the camera to get unblocked,i.e., it does nothing, see Lines 74–75.
14 
Table 2Two different scenarios used for analysis.Scenario min_visib max_visib current_prob inspect c_block_prob
1 (North Sea) 1 10 0.6 10 0.052 (Caribbean Sea) 3 20 0.3 30 0.03

Table 3The probabilities for finishing the inspection and aborting the mission for bothscenarios.Scenario Finish inspection Abort mission
min max min max

1 (North Sea) 0.962 1.0 0.0 0.0382 (Caribbean Sea) 0.747 1.0 0.0 0.253

The feature controller synchronises with the auv, environment, and
ardware modules via action label step. Since all transitions of theodules and feature controller have the same action label, they cannly execute a transition if there is a transition with a guard evaluatingo true in all modules and in the feature controller. Thus, the featureontroller needs to include a transition doing nothing if the managedubsystem is in state abort_mission, see Line 78.
5. Analysis

ProFeat automatically converts models to PRISM for probabilisticmodel checking. To analyse a PRISM model, properties can be spec-ified in the PRISM property specification language, which includesseveral probabilistic temporal logics like PCTL, CSL, and probabilis-tic LTL. For family-based analysis, ProFeat extends this specificationlanguage to include, e.g., the function active. The properties specifiedith ProFeat are automatically translated into the PRISM propertypecification language such that the PRISM engine can be used forrobabilistic, family-based model checking. When specifying propertiesn ProFeat, ProFeat constructs, including variables and features, haveo be specified in $ {...} to be correctly translated to the PRISM propertypecification language.The operators used for analysis in this paper are P and R, whichreason about probabilities of events and about expected rewards, re-spectively. Since we use Markov decision processes that involve non-eterminism, these operators must be further specified to ask for the
inimum or maximum probability and expected cost, respectively, forll possible resolutions of non-determinism.The analysis of the model considers four different aspects. First,we analyse properties related to sensor failures in Section 5.1. Sec-ond, the rewards energy and time are used to compute some safetyguarantees that can be used for the deployment of the AUV, which isdetailed in Section 5.2. We analyse safety properties concerning unsafestates in Section 5.3. Lastly, correctness issues of the adaptation logicwith respect to its specification described in Section 3 are analysedn Section 5.4. Note that it is not necessary to analyse whether theodel satisfies the constraints of the feature model because this isutomatically ensured by ProFeat. In addition to the analyses describedn this section, complementary complex analyses could be performed,.g., comparing different implementations of the feature controller. Inhis paper, we just give a taste of possible analyses to demonstrate theeasibility of our methodology.

Deployment scenarios. We analyse two different scenarios, the valuessed in these scenarios are reported in Table 2. Scenario 1 is intendedto capture a deployment of the AUV in the North Sea, and Scenario 2in the Caribbean Sea. In Scenario 1, the minimum and maximum watervisibility (in 0.5 m units) are relatively low and the probability ofcurrents that decrease the water visibility is relatively high. In this case,only 10 m of the pipeline have to be inspected, and the probability ofthe camera getting blocked is higher than in the Caribbean Sea since we
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Table 4The probabilities for finishing an inspection without a sonar failure or a camerafailure.Scenario No sonar failure No camera failure
min max min max

1 (North Sea) 0.809 1.0 0.899 1.02 (Caribbean Sea) 0.592 1.0 0.721 1.0

assume that in this scenario, there is more natural and human waste inthe water than in the other scenario. Scenario 2, in the Caribbean Sea,has a higher minimum and maximum visibility and a lower probabilityof currents compared to the North Sea. In this scenario, 30 m of pipelinehave to be inspected, and it has a lower probability of the cameragetting blocked than in the North Sea.For both scenarios, we first analyse whether it is always possibleo finish the pipeline inspection, i.e., reach the state done, and howikely it is to abort the mission. The results are reported in Table 3.As expected, it holds that the minimum probability of aborting themission is equal to 1 minus the maximum probability of finishing theinspection, and similarly for the maximum probability of aborting themission.
5.1. Sensor failures

1 / / The minimum and maximum probabi l i ty that the sonar does not2 / / f a i l un t i l the pipel ine inspection i s f in ished3 Pmin=? [ $ { ! sonar_fai led } U $ { s=done } ] ;4 Pmax=? [ $ { ! sonar_fai led } U $ { s=done } ] ;56 / / The minimum and maximum probabi l i ty that the camera does not7 / / f a i l un t i l the pipel ine inspection i s f in ished8 Pmin=? [ $ { ! camera_failed } U $ { s=done } ] ;9 Pmax=? [ $ { ! camera_failed } U $ { s=done } ] ;
Listing 7: Analysis of finishing the inspection without a sensor failure

Sensor failures can lessen the results the end-user gets from apipeline inspection. If the sonar fails and the AUV has to search for thepipeline with the camera, then it will probably take more time becausethe search cannot be done at a very high altitude and it will probablytake more energy since the AUV has to change altitudes dependingon the water visibility. Thus, since the battery of the AUV is limited,less pipeline can be inspected compared to when both sensors work. If,on the other hand, the camera fails, then the inspection results whenusing the sonar will not be as good because fewer details can be seenwhen inspecting with the sonar. For example, detecting tiny holes inthe pipeline which could be found when inspecting with the camerabecause of bubbles rising from the pipeline, cannot be discoveredwhen inspecting with the sonar. Thus, in both cases, the results fromthe pipeline inspection will probably not be as good as with workingsensors.Therefore, it is interesting to know how likely it is for the camerand sonar to fail before the inspection is finished. The commands inisting 7 give the minimum and maximum probability of reaching thestate done without a sonar failure (Lines 3–4) and without a camerafailure (Lines 8–9). The results for Scenarios 1 and 2 are reportedn Table 4. It can be seen that the length of pipeline that has toe inspected (a longer pipeline in Scenario 2) has an impact on theinimum probability of finishing the inspection without a camera oronar failure.
5.2. Reward properties

The rewards time and energy are used to analyse some safetyroperties related to the execution of the AUV. Since the AUV has only limited amount of battery, an estimation of the energy needed toomplete the mission is required. This ensures that the AUV is only

15 
Table 5Expected minimum/maximum rewards for completing the mission for both scenarios.Scenario Energy Time
min max min max

1 (North Sea) 49.28 ∞ 22.29 ∞2 (Caribbean Sea) 97.33 ∞ 53.78 ∞

deployed for the mission if it has sufficient battery to complete it.The commands in Listing 8 are used to compute the minimum andmaximum expected energy (for all resolutions of non-determinism) tocomplete the mission. Since the model includes two reward structures,the name of the reward has to be specified in {"..."} after the Roperator. Similarly, the minimum and maximum expected time tocomplete the mission is analysed to give the system operators anestimate of how long the mission might last. The results for Scenarios 1and 2 are reported in Table 5. It can be seen that the variation ofthe parameters in the two scenarios strongly influences the expectedenergy consumption and time duration of the mission, leading to anlmost doubled minimum energy consumption and a more than dou-led minimum time duration for Scenario 2. The maximum rewards forompleting the mission are infinite. In PRISM, if a reachability rewards computed and “the probability of satisfying the formula is less than 1,he expected reward is defined to be infinite”.6 Thus, the maximumrewards are infinite because the minimum probability for completingthe pipeline inspection is less than 1, see Table 3, i.e., there are casesin which the pipeline inspection cannot be completed. Note that thisis different from the results reported in previous work (Päßler et al.,2023b) because the mission can be aborted in the extended small-scaleevaluation considered here.
1 R{ " energy " }min=? [ F $ { s=done } ] ;2 R{ " energy " }max=? [ F $ { s=done } ] ;

Listing 8: Analysis using the rewards
5.3. Unsafe states

1 label " unsafe " = s=recover_very_high | s=recover_high2 | s=recover_med | s=recover_low3 | s=recover_following | s=abort_mission ;4 label " safe " = s=lost_pipe | s=s ta r t _ task | s=start_search5 | s=search_very_high | s=search_high | s=search_med6 | s=search_low | s=found | s=following | s=done ;7 label " th rus te r_ fa i lu re " = s=recover_very_high | s=recover_high8 | s=recover_med | s=recover_low9 | s=recover_following ;10 Pmin=? [G " safe " ] ;11 Pmax=? [ F " unsafe " ] ;12 f i l t e r (max, Pmax=? [ F<=k " th rus te r_ fa i lu re " ] , " safe " ) ;13 f i l t e r ( avg , Pmax=? [ F<=k " th rus te r_ fa i lu re " ] , " safe " ) ;
Listing 9: Analysis of unsafe states

Thruster failures, although we assume that they can be repaired,ose a threat to the AUV. Unforeseen events like strong currents mightause the AUV to be damaged, e.g., by causing it to crash into a rock. Toanalyse this, the states are grouped into safe, unsafe and thruster failurestates, where the unsafe states contain all thruster failure states and the
abort mission state, and all other states are safe. The grouping of statess achieved by using labels, see Lines 1–9 of Listing 9. These labelsare then used to calculate the probability of several properties. Theminimum probability of only taking safe states (see Line 10) is shownto be 0.686 for Scenario 1 and 0.29 for Scenario 2. As expected, therobability of only taking safe states is higher for a shorter pipeline

6 https://www.prismmodelchecker.org/manual/PropertySpecification/Reward-basedProperties.

https://www.prismmodelchecker.org/manual/PropertySpecification/Reward-basedProperties
https://www.prismmodelchecker.org/manual/PropertySpecification/Reward-basedProperties
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Fig. 9. Results for reaching a thruster failure state from a safe state in k time steps.

inspection. Furthermore, the maximum probability of finally reachingan unsafe state (see Line 11), i.e., a state where either a thrusterfailed or the mission was aborted, is reported to be 0.31 in Scenario 1and 0.71 in Scenario 2. Again, the fact that the probability is muchhigher for Scenario 2 probably comes from the fact that the length ofpipeline that needs to be inspected is much higher in Scenario 2 thanin Scenario 1.The probability of going to a thruster failure state from a safe stateshould be as small as possible. This is analysed with the propertiesin Lines 12–13. First, the maximum probability (over all possibleresolutions of non-determinism) for reaching a thruster failure statefrom a safe state in k time steps is calculated, and then the maximum(or average) over all these probabilities is taken. PRISM experimentsallow analysing this property automatically for a specified range of k;the plotted graphs for Scenarios 1 and 2 are displayed in Fig. 9. Theyshow that the probability of reaching a thruster failure state from a safestate increases with the number of considered time steps. Furthermore,the maximum probability of reaching a thruster failure state from asafe state stabilises much later and at a higher value than the averageprobability (for both scenarios). While the maximum probability ofreaching a thruster failure state from a safe state stabilises after about270 time steps at ≈0.84 in Scenario 1 and after about 280 time stepsat ≈0.91 in Scenario 2, the average probability stabilises after about180 time steps at ≈0.16 in Scenario 1 and after about 250 time stepsat ≈0.31 in Scenario 2.
5.4. Correctness issues of the adaptation logic

1 / / The features camera and sonar are deactivated2 / / i f the respective sensor f a i l ed3 P>=1.0 [G ( $ { camera_failed } => ( F G $ { ! act ive ( camera ) } ) ) ] ;4 P>=1.0 [G ( $ { sonar_fai led } => ( F G $ { ! act ive ( sonar ) } ) ) ] ;56 / / The feature camera i s deactivated i f the camera i s blocked7 / / ( unless the camera got unblocked again )8 P>=1.0 [G ( $ { camera_blocked }9 => ( F ( $ { ! act ive ( camera ) } | $ { ! camera_blocked } ) ) ) ] ;1011 / / I f the camera i s blocked , i t wi l l eventually be unblocked12 P>=1.0 [G ( $ { camera_blocked } => ( F $ { ! camera_blocked } ) ) ] ;1314 / / When using the camera for searching , the managing subsystem15 / / wi l l eventually choose a correct a l t i tude according to the16 / / water v i s i b i l i t y ( unless the water v i s i b i l i t y changed again )17 P>=1.0 [G ( ( $ { act ive ( camera ) } & $ { act ive ( search ) }18 & $ { water_visib <med_visib } )19 => ( F ( $ { act ive ( low ) } | $ { water_visib >=med_visib } ) ) ) ] ;
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20 P>=1.0 [G ( ( $ { act ive ( camera ) } & $ { act ive ( search ) }21 & $ { water_visib >=med_visib }22 & $ { water_visib <high_visib } )23 => ( F ( $ { act ive (med) } | $ { act ive ( low ) }24 | $ { water_visib >=high_visib } ) ) ) ] ;2526 / / The sonar i s used for searching for the pipel ine27 / / i f i t did not f a i l28 P>=1.0 [G ( ( $ { act ive ( search ) } & $ { ! sonar_fai led } )29 => ( F ( $ { act ive ( sonar ) } | $ { sonar_fai led } ) ) ) ] ;3031 / / The camera i s used for following the pipel ine32 / / i f i t did not f a i l and i s not blocked33 P>=1.0 [G ( ( $ { act ive ( follow ) } & $ { ! camera_unavailable } )34 => ( F ( $ { act ive ( camera ) } | $ { camera_unavailable } ) ) ) ] ;
Listing 10: Analysis of the correctness of the adaptation logic

Since adaptation is a crucial part of the small-scale evaluation, it isimportant to check that (1) the adaptation logic described in Section 3was correctly implemented, and that (2) the managing subsystem isable to adapt the managed subsystem correctly. Both are analysed withthe properties in Listing 10.First, we want to ensure that, if the camera or sonar failed, thefeatures camera and sonar, respectively, are deactivated. For the cam-era, this was achieved by checking that it always holds that if thecamera failed, i.e., camera_failed is true, eventually the feature camerawill always be inactive, see Line 3. By writing P>=1.0 in front ofthis property, ProFeat will return true, if the property always holds,i.e., if its minimum probability is 1.0, and false otherwise. The same isanalysed for the sonar, see Line 4.Similarly, it is important to ensure that, if the camera is blocked,the feature camera will eventually be inactive or the camera will getunblocked, see Lines 8–9, and that the camera will eventually beunblocked if it was blocked, see Line 12.Furthermore, the properties in Lines 17–19 and Lines 20–24 ensurethat, when searching for the pipeline with the camera, the managingsubsystem will eventually choose a correct altitude according to thewater visibility. To do so, we ask whether the probability is greaterthan or equal to 1 that it is always the case that if the features cameraand search are active (i.e., the AUV is searching for the pipelinewith the camera) and the water visibility is low (i.e., water_visib <
med_visib), then eventually the feature low will be active (i.e., theAUV goes to a low altitude), or the water visibility will have increased(i.e., water_visib >= med_visib), see Lines 17–19. A similar propertyshould hold if the water visibility is medium, see Lines 20–24, exceptthat in this case we need to ensure that either the feature low or medwill be active. Note that for the case of the water visibility being
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high, i.e., water_visib >= high_visib, no analysis is needed since all threealtitudes can be chosen, depending on the strategy of the managingsubsystem.Lastly, we need to check whether the managing subsystem main-ains the priorities defined in Fig. 2, i.e., the sonar is used for searchingfor the pipeline if it did not fail and the camera is used for following theipeline if it did not fail. In Lines 28–29, this is analysed by checkingif the probability is greater than or equal to 1 that it is always thecase that, if the feature search is active and the sonar did not fail,hen eventually the feature sonar will be active or the sonar will fail.This is analysed similarly for the camera, see Lines 33–34, excepthat the variable camera_failed is not used, but instead the variable
camera_unavailable is used, since the camera should only be used if itdid not fail and is not blocked, i.e., is not unavailable.The analysis showed that the properties described in this subsectionare true for both scenarios.
6. Evaluation

To evaluate our methodology with the help of the small-scale eval-uation detailed in Section 4 and analysed in Section 5, we consider thefollowing research questions (RQs):
Q1 How does the proposed methodology of modelling an SAS as aDSPL support extensibility?
Q2 To what extent does the proposed methodology enable the anal-ysis of the reliability of SASs?
Q3 How can one analyse whether the adaptation logic has beenrealised according to its specification?

6.1. RQ1: How does the proposed methodology of modelling an SAS as a
SPL support extensibility?

We consider different kinds of model extensions:
1. Adding variability to the managed subsystem;2. Adding behaviour of the managed subsystem;3. Adding uncertainties;4. Extending the adaptation logic (to account for new uncertain-ties).

All of these extensions have been covered by the extension of thesmall-scale evaluation in comparison to the model in our previouspaper (Päßler et al., 2023b), hereafter called the ‘‘old model’’.
Adding variability. Adding variability to the managed subsystem isdone by extending the feature model with new features. The variabilityan be restricted by adding new constraints to the feature model.oth of these changes have been done in the extension presented inhis paper by adding four new features (very high, vision, sonar and
amera) where the camera excludes the feature very high, adding a newonstraint. Adding these features and constraints to the ProFeat modelas straightforward, see Section 4.1.

Adding behaviour. New features are introduced to model new be-haviour and new constraints can restrict the already existing behaviour.These behavioural changes have to be included in the behaviouralmodel of the managed subsystem where the behaviour of all valid con-figurations and the possible re-configurations are modelled. All changesmentioned here have to be done in the model of the behaviour of themanaged subsystem (the auv module of our small-scale evaluation).If a new constraint has been added to the previous feature model,his is reflected by including additional guards to some of the tran-itions of the module modelling the behaviour of the system. If neweatures (and constraints relating to these features) are included, thisan also be reflected in the guards of transitions. For example, in thisaper, we added the features camera and sonar to the feature model

17 
of the old model in Päßler et al. (2023b), where either of them has tobe active to be able to perform the mission. If none is active, then theission should be aborted. Thus, all transitions present in the old modeleed to receive a guard stating that either the camera or the sonar isctive (see, e.g., Line 7 of Listing 3).Furthermore, introducing new behaviour can also require introduc-ing new states and transitions. In our model, we had to include thetates search very high and its corresponding recovery state, as well asthe state abort mission, see Fig. 6. The new states and the states from theold model had to be connected with transitions whose feature guardsmay include new features. For example, from each of the search statesof the old model, a transition guarded by the features very high and
sonar was added to reflect going to a very high altitude if the features
very high and sonar are active (see, e.g., Lines 21–22 of Listing 3).Extending our model with new behaviour was straightforward. Itmostly required to keep track of the states, transitions, and constraintsthat have already been added and the ones that still need to be added.
Adding uncertainties. Uncertainties in the managed subsystem can beadded by including probabilistic updates in transitions or in the sameway as uncertainties were added in the environment, by includinga module that models these uncertainties and synchronises with thether modules. In this paper, we added the uncertainty of failures (andblockages) of the camera and sonar. These failures can occur withgiven probabilities and are modelled in a separate module that onlyodels the sensor failures and blockages but synchronises with thether modules. Thus, uncertainties can be added to the model withoutchanging the already existing model.
Extending the adaptation logic. When uncertainties or variability in themanaged subsystem are introduced, the adaptation logic (modelled inthe feature controller) will often have to be updated too. As for addingbehaviour to the managed subsystem, this can include an extension ofthe guards of already existing transitions, restricting when the adap-tation rule is applicable, and adding new transitions, corresponding tonew adaptation rules. In our model extension, the transitions (adap-tation rules) were modified to reflect the priorities for searching withthe sonar and inspecting with the camera. This included extending theuards with the variables changed by the hardware failures module thateflect whether the sonar or camera failed or the camera is blockedsee Listing 6). Extending the adaptation logic was straightforward and,similar to adding behaviour to the managed subsystem, it requiredkeeping track of which adaptations have already been implemented.In conclusion, the proposed methodology supports extensibility ofthe variability model by adding features to the feature model; it catersor an extension of the behaviour of the managed subsystem by addingnew states and transitions; it supports an extension of uncertaintiesy including new modules that synchronise with the already exist-ng ones; and it provides extensibility of the adaptation logic by in-luding new adaptation rules in the form of guarded commands. Allf the mentioned extensions were implemented into the model in atraightforward manner.
6.2. RQ2: To what extent does the proposed methodology enable the anal-
ysis of SASs?

In our small-scale evaluation, we consider different kinds of relia-ility analysis:
1. Analysing how likely it is for a mission to be successful;2. Analysing sensor failures;3. Analysing rewards;4. Analysing unsafe states and thruster failures.
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Successful mission. We analysed both best- and worst-case scenarios forinishing the pipeline inspection and aborting the mission (see Table 3).It can be seen that, depending on the chosen scenario, the probabilityof finishing the inspection and the probability of aborting the missionvary. While the minimum probability of a successful mission is 0.962 incenario 1, it is only 0.747 in Scenario 2. Therefore, the chosen scenarioan have a big impact on the probability of a successful mission and itan thus be useful to analyse the impact of the scenario on a successfulission beforehand.
Sensor failures. In Section 5.1, we analyse the probability of sonar andamera failures in the different scenarios. Table 4 reports the results ofhis analysis. It can be seen that the scenario has a significant impactn the probability of achieving a mission without a sensor failure.ven though the maximum probability of finishing the mission without camera or sonar failure is always 1.0, the minimum probabilityf finishing without a sensor failure is much lower in Scenario 2ompared to Scenario 1 (for the sonar, 0.592 in Scenario 2 vs. 0.809in Scenario 1). Furthermore, the probability of a camera failure duringthe mission is less than the probability of a sonar failure, where thedifference varies again with the scenarios.
Rewards. In Section 5.2, we analysed the minimum and the maxi-mum expected energy consumption as well as the minimum and themaximum expected mission time for finishing the mission. As in thepreviously described analyses, the scenario has an impact on the anal-sis results such that the minimum rewards for both energy and timeare approximately doubled in Scenario 2 compared to Scenario 1. Sincethe probability of finishing the pipeline inspection is not 1.0 (becausethe mission can be aborted if both the camera and the sonar failed),the maximum expected energy and time are defined to be infinite.
Unsafe states and thruster failures. By grouping the set of states intoifferent parts, it can be analysed how likely it is to go to these states. Inection 5.3, we analysed how likely it is to eventually reach an unsafestate, i.e., a thruster failure state or the mission aborted state, andhow likely it is to only take safe states. As in the previously presentedanalyses, the scenario has a big impact on the analysis results, makingunsafe states in a mission execution more likely in Scenario 2 thann Scenario 1. Furthermore, PRISM experiments could be exploited tohow how the probability of going to a thruster failure state increasesith the amount of considered time steps.To conclude, these reliability analyses are enabled by the two-layered modelling approach that provides a separation of concernsetween the managed and the managing subsystem, i.e., between thepplication logic and the adaptation logic. Of course, the analysisresented here is not exhaustive, we just give a taste of the possiblenalyses. In Section 8, we provide further ideas of analyses possible forhe model.
6.3. RQ3: How can one analyse whether the adaptation logic has been
realised according to its specification?

To analyse whether the adaptation logic has been implementedccording to its specification, we considered two aspects in our small-scale evaluation (see Section 5.4): we analysed whether changes in thesystem like sensor failures and changing water visibility triggered thecorrect adaptations and whether the managing subsystem is able tomaintain the desired sensor priorities. Using this analysis, we coulddetermine that the adaptation logic was implemented according to itsspecification. Depending on the implemented adaptation logic, otherproperties could be analysed to determine that the adaptation logicas implemented according to its specification, such as, e.g., that andaptation happens within a certain amount of time.Again, the two-layered approach enabled this analysis and alsoakes it straightforward to modify the adaptation logic in case the anal-sis reveals that it has not been realised according to its specification.

18 
6.4. Threats to validity

Formal methods research typically ignores the main empirical re-search strategies as defined in software engineering (Stol and Fitzger-ald, 2018). A summary of these strategies, specifically adapted for theirpplication in formal methods, including guidelines for selecting theost appropriate research strategy in light of the peculiarity of formalethods research, is reported in ter Beek and Ferrari (2022).Typical threats to validity of research involving case studies ormall-scale evaluations are related to the representativeness of the datand analysis (external validity), i.e., to what extent can the results bepplied to contexts other than the one of the study (scope of validity),he soundness of the design (internal validity), including, e.g., thexpectations or inclinations of the researcher that may have impactedhe design or model (researcher bias), and the definition of variablesnd associated measures (construct validity), i.e., to what extent thebstract constructs of interest are well-defined as variables that canffectively be measured quantitatively or evaluated qualitatively. Therere many well-known trade-offs between internal and external validity,etween the knowledge depth that can be achieved, and concerning theeneralisability of the results (e.g., a model may have realistic elements,et its results are typically hardly applicable to real-world cases).Considering the small-scale evaluation presented in this paper, thereight be other kinds of model extensions that we did not consider andthat are more complicated or not possible to realise, limiting the scopef validity. It also remains to be seen how well our methodology scales.One limitation is that the different cases that have to be consideredare sometimes hard to track and cases can easily be forgotten. For thedaptation logic, such kind of mistakes can be caught using the analysispresented in Section 5.4. However, catching mistakes in the managedubsystem might require more effort. Further construct validity followsrom the fact that more complicated requirements for the adaptationlogic might be harder to analyse because they are not expressible inone of the logics supported by PRISM. Finally, since the developmentof the modelling and analysis methodology as well as its evaluationave been performed by the same group of researchers, there mightlso be a researcher bias.
7. Related work

A comprehensive literature study of state-of-the-art techniques fortesting, validation, and verification of robotic and autonomous systemsis given in a recent survey (Araujo et al., 2023) and recently AUVbehaviour has been modelled and analysed with timed automata andUPPAAL (Quijano et al., 2024); however, work using family-basednalysis and DSPLs models was not found in this survey, which indi-cates the novelty of the general approach taken in our work. In thissection, complementing the related work already discussed throughoutthe paper, we provide further references and context and consider moreetail of work related to the family-based analysis of SPL models, theodelling of DSPLs, using SPLs for robotics, and the analysis of SASss DSPLs.
Family-based analysis of SPL models. As already discussed in Section 2,the properties of FTSs can be verified with dedicated SPL model-checking tools. Most of these tools accept FTS-like input models, butVMC for instance accepts as input either an FTS through its front-endtool FTS4VMC for static analysis and family-based model checking,or a Modal Transition System (MTS) with a set of logical variabilityconstraints (MTS𝜐), akin to an FTS’ feature expressions. MTSs wereintroduced to capture the refinement of partial descriptions into moredetailed ones (Larsen and Thomsen, 1988; Křetínský, 2017). MTS𝜐swere introduced to compactly model product family behaviour, whoseindividual variant (product) behaviour can be obtained through aspecial-purpose refinement relation or by an equivalent operationalderivation procedure (ter Beek et al., 2016). Such MTSs are equally
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expressive as FTSs (ter Beek et al., 2019a). Also other well-knownormalisms have been extended with features for SPL modelling andnalysis, including variable (modal) I/O automata (Larsen et al., 2007;Lauenroth et al., 2009), feature (Petri) nets (Muschevici et al., 2010,2016), and featured team automata (ter Beek et al., 2021). Yet, to thebest of our knowledge, none of these can natively deal with DSPLs.While featured modal contract automata (Basile et al., 2017, 2020) cane used to synthesise the dynamic composition and orchestration ofPLs valid products, the associated toolset (Basile and ter Beek, 2022)oes not offer family-based model checking nor quantitative analysis.
Modelling of DSPLs. Cordy et al. (2013a) showed how to model DSPLsith Adaptive FTSs, which are FTSs whose set of features is partitionednto (adaptable) system features and environment features, and whichimplicitly capture the environment by means of macrostates that aretriples formed of the system’s state and the configurations of bothsystem and environment. No specific tooling is available and failuresre modelled as subtypes of environment features, which allows one toescribe failure modes and effects but not their probabilities. In thispaper, we therefore used ProFeat (Chrszon et al., 2018), a softwareool built on top of PRISM for the analysis of feature-aware proba-ilistic models. It provides a guarded-command language to model SPLodels of probabilistic systems as well as an automatic translation ofPL models to the input language of PRISM (i.e., featureless models).ProFeat can deal with probabilistic DSPLs by offering dynamic featureswitching (i.e., activation and deactivation of features at runtime), aswe have seen in this paper, and with feature attributes. Moreover, aseparate feature controller, i.e., orthogonal to the behavioural model,is responsible for feature switching. We used this in this paper, as itneatly fits the concept adopted here to split an SAS into a managedand a managing subsystem (see Fig. 1). Alternatively, QFLan (ter Beekt al., 2020a; Vandin et al., 2018) offers probabilistic simulationso yield statistical approximations, thus trading 100% precision forcalability. However, in QFLan features can be (un)installed or replacedby operational store actions, i.e., as part of the behavioural model,hich interact with a declarative store of constraints. Also approachesased on dynamic Delta-Oriented Programming (Damiani and Schaefer,2011; Damiani et al., 2018) or reconfiguration automata (Bürdek et al.,2014; Lochau et al., 2017) allow the installation of new features as partf (staged) reconfigurations.Saller et al. (2013) proposed a model-based approach for designingontext-aware DSPLs, i.e., DSPLs with a feature model enriched duringesign time with context information that is exploited during runtime.he focus is on mobile devices and resource constraint systems ina non-probabilistic setting. Model-based approaches for engineeringsupervisory controllers for DSPLs in non-probabilistic settings havebeen proposed in Basile et al. (2017, 2020) and Thuijsman and Reniers(2024). Supervisory controllers control (i.e., manage) a system by guar-nteeing the maximally permissive behaviour allowed under a given setof constraints.
Using SPLs for robotics. There are several approaches that model, but donot analyse, SASs as (dynamic) SPLs (e.g., Ayala et al. (2021), Bencomot al. (2008), Dhungana et al. (2007) and Hallsteinsen et al. (2006)).For robotics, Gherardi and Brugali (2014) proposed their toolchainyperFlex to model robotic systems as SPLs. HyperFlex supports thedesign and reuse of reference architectures for robotic systems andwas extended with the Robot Perception Specification Language forrobotic perception systems by Brugali and Hochgeschwender (Brugaliand Hochgeschwender, 2017). It supports the representation of vari-ability at different abstraction levels, and feature models from differ-ent parts of the system can be composed in several different ways.However, contrary to the approach used in this paper, HyperFlexonly considers design time variability. Furthermore, it is only usedfor modelling robotic systems, not for analysing them. Gherardi andochgeschwender (Gherardi and Hochgeschwender, 2015) provide anpproach to model both design time and runtime variability of robotic
 t
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systems based on (D)SPLs. They also use features to model the func-tionalities of the robot and change features during runtime dependingon the environment. However, the approach is focused on achievingadaptation in a real robot and does not consider analysis of the system.The relevance of SPLs for robotic systems is underlined by Brugali(2021). He argues that most of the costs for robotic systems come fromnon-reusable software. A robotic system mostly contains software thatis tailored to the specific application and embodiment of the robot, andoften even software libraries for common robotic functionalities arenot reusable. Therefore, they have to be re-developed each and everytime. The author thus proposes a new approach for the development ofrobotic software using SPLs.
Analysis of SASs as DSPLs. Chrszon et al. (2020, 2023) model andnalyse configurable systems as role-based systems, an extension ofeature-oriented systems, with a focus on feature interaction; in contrasto our paper, a separation between managed and managing subsystems not considered.A number of studies (Cordy et al., 2013; Göttmann et al., 2021,2020; Pfannemuller et al., 2017) address the analysis of SASs specifieds DSPLs along a dimension orthogonal to the one considered in ourork, namely, they focus on reconfiguration costs and real-time con-traints of reconfiguration decisions. Sousa et al. (2017) proposed these of temporal constraints and reconfiguration operations to modelthe reconfiguration lifecycle of a DSPL. They address modelling theariability of cloud systems and identifying reconfigurations that meetiven criteria.
8. Discussion and future work

The work presented in this paper shows the natural correspondenceetween an SAS that is implemented using external self-adaptation with managed and a managing subsystem, and a DSPL in the form of a50% SPL family model with a controller switching between featuresuring runtime. We exploit this correspondence to analyse a two-evel SAS operating in an uncontrolled environment, using family-basednalysis techniques.To showcase how an SAS in an uncontrolled environment can bemodelled as an FTS model, we used a feature model together with aprobabilistic FTS to model the managed subystem of an AUV used forpipeline inspection, and a controller switching between these featuresto model the managing subsystem of the AUV. This allowed modellingthe managed subsystem of the AUV as a family of systems, whereeach family member corresponds to a valid feature configuration of theAUV. The managing subsystem could then be considered as a controllayer capable of dynamically switching between these feature config-urations depending on both environmental and internal conditions.Furthermore, we showed that these kinds of models can be analysedby means of probabilistic family-based model checking. In our small-scale evaluation, the tool ProFeat was used for this, analysing rewardand safety properties.ProFeat allowed to model the two different layers of abstraction ofan SAS, the managed and managing subsystem, which also makes iteasier to understand the model and the adaptation logic. As shown inSection 6, this type of modelling enables extensions of the model in astraightforward manner (see RQ1). Furthermore, it makes analysing allconfigurations of the managed subsystem more efficient by enablingfamily-based model checking. It also enabled us to analyse not onlywhether the adaptation logic was implemented correctly (see RQ3), butalso enabled an analysis of important system properties (see RQ2). Weare unaware of other work that exploits the family-based modelling andanalysis capabilities of ProFeat for SASs, but we believe this is a naturalfit. The family-based analysis proposed in this paper is subject to theusual restrictions of automata-based analyses, and it remains to studyhe degree to which these can be circumvented. In particular, au-omata modelling of complex systems is known to suffer from the
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state-space explosion (i.e., the number of states needed to accuratelymodel a system may exceed the amount of available computer mem-ry). Techniques to mitigate the state-space explosion can be basedn compositionality or abstraction. Compositional analysis techniquesor FTSs have not been extensively studied so far (but see, e.g., tereek and de Vink (2014) and Dubslaff (2019)). In our work, it hasso far been sufficient to use finite representations of the managedsubsystem and of the environment. Techniques to discretise continuousystems exist (Alur et al., 2000; Girard and Pappas, 2007), but, to thebest of our knowledge, it is an open problem to what extent thesetechniques reduce the precision of optimised strategies produced by thefamily-based analysis.In addition to the analyses showcased in this paper, the modelsallow for many other kinds of analysis, some of which we list here.y implementing different environment and hardware failure modules,t can be analysed how the behaviour of the environment and theardware failures influences the behaviour of the AUV. Furthermore,arametric model checking, where certain variables are left unspec-fied, can be used to, e.g., analyse in which scenarios the AUV cane deployed in while still ensuring certain safety properties. Lastly, its possible to use multi-objective analysis to analyse properties whereeveral objectives have to be satisfied, e.g., minimising both time andnergy.It remains to be seen how the modelling and analysis scale withore complex systems. Concerning the modelling, we believe that theompositional approach we took makes it easier to develop modelsf complex systems compared to a monolithic approach, because dif-erent concerns can be modelled in distinct, synchronising modules.his makes both developing and modifying the model easier. Oneroblem for modelling might be that the adaptation logic of a complexystem can get very complicated and introducing errors when mod-lling becomes more likely. Here, the proposed analysis for analysinghe adaptation logic can help to find mistakes that were introducedhen modelling the adaptation logic. As described above, the analysisf complex systems often suffers from a state-space explosion, andeveloping a finite representation of the different parts of the systemight become a challenge. It would be interesting to investigate if theproposed techniques for mitigating these risks can be applied to ourmethodology.The small-scale evaluation in this paper is of course a highly sim-plified model of an AUV and its mission. However, we showed thatit is feasible to model and analyse a two-layered self-adaptive cyber–physical system as a family of configurations with a controller switch-ing between them. There are many ways of extending the model.First, more functionalities and variability points of the AUV as wellas new tasks can be incorporated in the model by including morefeatures in the feature model. This also necessitates adapting the modelof the managed subsystem to include the new behaviour, as well asadapting the model of the managing subsystem to include the newariability points in the adaptation logic. Furthermore, including newncertainties that lead to adaptation needs (like the environment andhe hardware failures in this paper) can be done by including new mod-ules that model the uncertainties and including them in the adaptationogic of the managing subsystem. It would also be possible to consider awarm of AUVs working together by leveraging ProFeat’s functionalityf module parametrisation. However, of the extensions mentioned here,his is probably the most difficult one and likely requires remodellingf most parts of the small-scale evaluation. Furthermore, the modelof the environment could easily be exchanged with a more realisticne. All these changes would require some modelling effort, however,here should not be challenges concerning the analysis of the extendedmodels. To analyse a real AUV, the models of the AUV and of theenvironment, and in particular the probabilities, have to be adapted tothe robot and the environment with the help of real data and domainexperts. We plan to investigate this together with an industrial partnerof the MSCA network REMARO (Reliable AI for Marine Robotics).
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In the future, we plan to find optimal strategies for the manag-ing subsystem, i.e., the controller switching between features, e.g., tominimise energy consumption. We would also like to find patternsetween choosing a certain feature configuration and the effect of thisn quality criteria of the system. Finding such control patterns couldelp to improve the adaptation logic of the managing subsystem tobe more resilient towards faults. Furthermore, it would be interestingto investigate more complex ways of representing relations betweenfeatures, for example, representing in the feature model that the AUVhas to follow the pipeline at a low altitude when using the camera andat a medium altitude when using the sonar. Finally, analysing a systemwith and without adaptation to determine both the gains and the costsf using self-adaptation would be interesting.
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