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Abstract

Self-adaptive systems can be realised as layered systems with a feedback loop: a managing system
monitors a managed system, updates an internal model, and adjusts the managed system by means
of controllers to maintain given requirements. For example, a digital twin coupled with its physical
twin constitute such a self-adaptive system. As the managed system shifts between different stages
in its lifecycle, these requirements, as well as the associated analysers and controllers, may need to
change. The exact triggers for such shifts in a managed system are often hard to predict: they may be
difficult to describe or even unknown. However, the shifts can generally be observed once they have
occurred, in terms of changes in the system behaviour. This paper proposes an automated method
for self-adaptation in self-adaptive systems to address shifts between lifecycle stages in a managed
system. Our method is based on declarative descriptions of lifecycle stages for assets in a managed
system and their associated counterparts in the managing system. Declarative lifecycle management
provides a high-level, flexible method of self-adaptation for self-adaptive systems to reflect disruptive
shifts between stages in a managed system.
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1 Introduction

This paper presents a declarative method to
specify the adaptation logic for autonomous, self-
adaptive systems (SASs) in terms of lifecycle
changes. A lifecycle change affects the overall sys-
tem requirements that the SAS aims to maintain
or how the system aims to maintain these require-
ments; i.e., lifecycle changes affect the adaptation
logic of the SAS. The triggers for these lifecycle
changes may be unknown, or difficult to specify.
A declarative approach shifts the focus of self-
adaptation from how the environment changes to

how to react when the environment has changed,
enabling a higher level of abstraction [1] in the
description of the adaptation logic. The paper
further provides a self-adaptive architecture that
enables changes to the adaptation logic of the SAS
and an automated method for declarative lifecycle
management that handles such changes.
Autonomous systems are subject to different
forms of uncertainty, such as changes in system
requirements, evolution or failures of the system’s
assets (i.e., the system’s components of interest,
which may be physical as well as in software), or
unexpected changes in their environment. These



uncertainties can be addressed by giving the au-
tonomous system self-adaptive capabilities. Self-
adaptive systems (SASs) form a rapidly growing
field of research [2—4], with an increasing industrial
penetration [5], ranging from e.g., IoT systems,
robotic systems and, more recently, digital twins.

A SAS can be organised as a layered system
with a feedback loop between a managing and
managed system, where that managed system is
realising the application logic, and a managing
system is realising the adaptation logic [4]. The
feedback loop of the SAS enables adjustments to
fine-tune the controllers for the managed system,
thereby realising behavioural self-adaptation [6].
Thus, the managing system of the SAS can adapt
its managed system to changes in the environment
or in the managed system itself, to ensure that
overall system requirements are still met.

However, disruptive shifts in the behaviour
of the managed system, its environment or in
the associated overall system requirements, may
invalidate not only configurations of the man-
aged system but also their associated components
in the managing system, triggering the need for
so-called architectural self-adaptation. These com-
ponents may include requirement analysers and
controllers used by the feedback loop to realise
the adaptation logic. Whereas behavioural self-
adaptation amounts to adjusting the behaviour of
the managed system, architectural self-adaptation
corresponds to reconfiguring the managing sys-
tem itself, to reflect changes in the structure and
requirements of the managed system.

These disruptive shifts can often be under-
stood as transitions between different stages in
the lifecycle of the managed system. For example,
(i) a data warehouse under a security attack may
shift its overall system requirements from making
its data easily available to making them inaccessi-
ble; (ii) physical assets in engineering pass through
stages, from design or commissioning to decom-
missioning (via construction and operation) that
need to be matched in the digital twin; (iii) a pro-
duction line in a factory might be well-functioning
until some part suddenly breaks down, poten-
tially requiring a completely different management
strategy for the entire factory; and (iv) a plant
in a greenhouse, which used to be healthy, might
get infected, and suddenly require pesticide and a
different watering regime than a healthy plant.

Uncertainties in the transitions between differ-
ent lifecycle stages of the managed system may be
hard or even impossible to predict accurately by
the managing system at runtime. In fact, the trig-
gers for the transitions between different stages of
this lifecycle might be unknown; e.g., a failure that
causes degradation in the behaviour of a physical
component. The correct configuration of the man-
aging system depends on the current components
of the managed system and their lifecycle stages.

This paper proposes a two-layered self-
adaptive architecture (depicted in Fig. 1) that
enables a SAS to adapt to lifecycles changes in
the components of a managed system. The novel
notion of stage management is used for architec-
tural self-adaptation of the SAS to reconfigure
the adaptation logic of the managing system,
thereby reflecting lifecycle changes in the com-
ponents of the managed system. Thus, our work
separates behavioural (e.g., adjusting existing con-
trollers to better maintain a desired policy) and
architectural self-adaptation (e.g., the coordinated
addition of new controllers to the configuration
in Layer 1), as advocated in, e.g., the MORPH
reference architecture [6].

In this paper, we consider how declarative
stage management can address architectural self-
adaptation and the corresponding notion of ar-
chitectural coherence between the managing and
managed systems of the SAS. Together, architec-
tural self-adaptation and architectural coherence
provide the means to resolve uncertainties by an-
swering important questions about the SAS; e.g.,
is the behavioural feedback loop of the managing
system currently using the correct components?
Does the analyser component correctly evaluate
the current requirements? How well do the con-
trollers that manipulate the assets of the managed
system (in the ezecutor component) reflect the
current control policy?

Whereas behavioural self-adaptation can be
realised by a MAPE-K feedback loop [2, 7] the pro-
posed architectural self-adaptation will be realised
by a second MAPE-K feedback loop (depicted in
blue in Fig. 1). In this additional feedback loop,
the analyser is concerned with the coherence of
the SAS with respect to the managed system and
the execute component is concerned with repair
functions over the components of the managing
system of the first MAPE-K feedback loop; i.e.,
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Figure 1: A two-layered self-adaptive architecture with MAPE-K feedback loops for behavioural (Layer 1,

grey) and architectural (Layer 2, blue) self-adaptation.

architectural self-adaptation consists of reconfig-
uring or replacing the Layer 1 components. We
need to express the relation between the assets
(i.e., the components of the managed system) and
the Layer 1 components at any point in its life-
cycle, detect the stages of assets in their lifecycles
and adapt to stage changes by reconfiguring the
Layer 1 components.

The conditions that trigger transitions be-
tween lifecycle stages represent uncertainties in
the SAS: the conditions that trigger these tran-
sitions need not be known. Instead, we specify
conditions that express when an asset in the SAS
should be considered to be in certain stages, and
use stage analysers to detect these conditions.
Compatibility conditions between stages are iden-
tified to ensure that self-adaptation does not fail.
In our architecture, the knowledge base is used
to concretely represent the specifications of the
declarative lifecycle stages. To provide reasoning
and querying capabilities for stage management,
we consider the use of knowledge graphs in the
knowledge base of our architecture.

Contributions

In short, the main contributions of this paper are:

1. A two-layered self-adaptive architecture for
SAS, in which a feedback loop for architectural
self-adaptation is used to reconfigure the SAS’s
behavioural feedback loop;

2. Declarative lifecycle stages: a design method for
modelling change in terms of the lifecycle stages
of the system’s assets, and its formalisation as a
semantic model that can be used in knowledge
bases;

3. Compositional, multi-asset lifecycle stages: a
generalisation of declarative lifecycle stages in
which the changes to the adaptation logic of the
SAS can depend on the lifecycle changes of mul-
tiple assets in the managed system, and that
enables compositionality and reuse of stage
specifications; and

. Lifecycle stage management: an automated
method for architectural self-adaptation that
selects the appropriate configuration of a SAS,
based on the modelled declarative stages.

We also provide a prototype implementation of
the self-adaptive architecture, based on the Green-
houseDT digital twin exemplar [8],! in which
lifecycle stages are realised as semantic stages
in a knowledge graph [9], and an evaluation to
assess the overhead when using semantic tech-
nologies to implement declarative stages over a
time-consuming and error-prone manual imple-
mentation by answering the following research
questions:

RQ1: Can declarative stages be used to model an
existing SAS?

RQ2: Can multi-asset stages be used to model
mutually dependent assets and their lifecycles in a

SAS?

RQ3: How does using semantic stages over non-
semantic declarative stages affect performance?

This paper extends a paper that was origi-
nally presented at EDTconf 2024 [10]. Building

LAll auxiliary material is available as a Zenodo artefact:
https://doi.org/10.5281/zenodo.18034484.
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upon the results in [10], we here generalise declar-
ative lifecycle management from an adaptation
logic that is triggered by changes to single as-
sets to an adaptation logic that can be triggered
by multiple assets and that supports composition-
ality (Sections 5 and 6.1). We further broaden
the scope of discussion from digital twins to a
broader context of SASs based on external self-
adaptation (Sections 1 and 7) and extended the
implementation, evaluation and related work.

Overview

This paper is structured as follows. We present a
motivating example in Sect. 2 and briefly intro-
duce the state-of-the-art and preliminaries of dig-
ital twins, semantic technologies and asset models
in Sect. 3. In Sect. 4 we explain declarative stages
and in Sect. 5 their compositional extension to
handle multiple assets. In Sect. 6 we describe their
formalisation using semantic technologies. We de-
tail a digital twin architecture with self-adaptation
based on declarative stages in Sect. 7 and evaluate
it in Sect. 8. We conclude in Sect. 10.

2 Motivating Example

To illustrate self-adaptation with declarative
stages, consider a digital twin for a “smart mini-
greenhouse” with a basil plant (see Fig. 2). The
physical twin consists of the basil plant, NVDI?

2Normalised difference vegetation index (NVDI) is a mea-
sure that can be used for the health analysis of vegetation [11].

and soil moisture sensors, two pumps (one for wa-
ter, one for pesticide) and a camera. The digital
twin consists of a model of the basil, the pumps,
and the camera, together with requirement anal-
ysers for the moisture and NVDI sensors, and
requirement analysers and controllers for each
pump.

Observe that multiple lifecycles, each with dif-
ferent stages, can be needed to describe the assets
of this physical system. We here consider the fol-
lowing lifecycles, and the sensors used to detect
their stages:

1. The basil is either healthy or sick, which can be
detected using the NVDI measurement,

2. the basil is either a seed or a plant, which can
be detected using image classification,

3. the pumps are either wunreliable or reliable,
which can be detected by the pump’s require-
ment analyser.

The basil requires a different target moisture
level m depending on its stage, say m < 0.5 for
sick plants and m < 0.7 for healthy plants, and
thus a different controller. Similarly, the pumps
will need different controllers with varying degrees
of precision, depending on their stages. The exam-
ple shows how multiple lifecycles can be useful to
describe a physical system, and may even involve
the same physical component (e.g., the basil in our
example). As these may evolve independently, the
digital twin’s self-adaptive behaviour will need to
adapt to combinations of stages from the different
lifecycles.

3 Background
3.1 Self-Adaptation

We now introduce self-adaptive systems, in partic-
ular feedback loops and digital twins. Digital twins
(DTs) are a natural setting for adapting the con-
figuration of a cyber-physical system, even though
their exact definition remains elusive [12, 13]. Re-
mark that an automatic behavioural control loop,
a common aspect of DT definitions (e.g., accord-
ing to Kritzinger et al. [14]), is not necessary for
the framework considered here. We target general
self-adaptive systems and use DTs as their most
modern manifestation.



3.1.1 Preliminaries

A SAS with external self-adaptation separates the
application logic, the so-called managed system
and the adaptation logic, the so-called managing
system [4].

The MAPE-K feedback loop [2, 4, 7| has
been used to underpin properties of SAS and will
form the basis for our framework. Behavioural
self-adaptation is realised in terms of a MAPE-
K feedback loop with the following components:
monitor components that collect streams of ob-
servations from the assets of the physical twin
and updates the knowledge model of these assets,
analyser components that analyse these streams
with respect to a set of requirements and trig-
gers the need of behavioural self-adaptation when
these requirements are no longer met, planner
components that determine which adaptation ac-
tions are needed to meet the requirements, and
executor components that execute the changes in
the behaviour of the controller that control the
managed system via given actuators. SASs can be
model-centric, as these components interact with
a knowledge base that maintains a model of the
physical system. behavioural self-adaptation cor-
responds to the Layer 1 feedback loop depicted in
grey in Fig. 1.

Digital Twins

Our work presented here uses the MAPE-K loop
for DTs, for which MAPE-K loops have been ex-
plored previously [15-20]. DTs can be used to
illustrate the central concepts of SASs with an ex-
ternal layer for behavioural self-adaptation. DTs
are dynamically updated with live data from the
twinned system, have analytic capability, and in-
form decisions that realise value [21]. DTs are typ-
ically found and used in engineering disciplines,
and they are commonly associated with cyber-
physical systems (CPS), where the physical part,
the so-called physical twin, consists of different
physical assets, and the digital part, the DT it-
self, consists of digital components (hereafter, DT
components), that capture the structure, context,
and behaviour of the system they are twinning.
The DT needs to be kept in sync with the twinned
physical system to avoid model drift [22—24].
From the perspective of self-adaptation, a DT
can be seen as a managing system and the physical

twin as the managed system. The self-adaptive ca-
pabilities requires to monitor, analyse and control
the behaviour of the physical assets [25]. Self-
adaptation happens in a feedback loop while the
digital and physical twins interact: observations
flow from the physical to the DT and trigger self-
adaptive decisions that flow back from the digital
to the physical twin.

The physical twin forms the managed sys-
tem of behavioural self-adaptation. Behavioural
self-adaptation is concerned with adjusting the be-
haviour of the assets in the physical twin, based
on the analysis of a model of these assets. We as-
sume that a physical twin consists of a number
of assets, and sensors and actuators associated to
these assets.

In contrast, architectural self-adaptation
adapts the structure of the system to react to
unforeseen circumstances and aims to main-
tain architectural coherence, i.e., it is concerned
with the consistency of the components of DTs.
Architectural self-adaptation and behavioural
self-adaptation interact if the components of
behavioural self-adaptation must be consid-
ered in the consistency notion that is used
by architectural self-adaptation. Architectural
self-adaptation is needed to, e.g., handle differ-
ent lifecycle stages in the underlying physical
system: Each lifecycle stage may have its own
requirements on the behavioural self-adaptation
components.

In the remainder of this section, we posi-
tion our work in the context of related research
on self-adaptive systems, with a particular fo-
cus on self-adaptive DT architectures, which have
inspired both our approach and the motivating
example.

3.1.2 State-of-the-Art: Structured
Self-Adaptation

Behavioural and architectural self-adaptation can
be understood as two different, but interlinked
feedback loops. In the case of our two-layered ar-
chitecture, cf. Fig. 1, the two loops are stacked
on top as layers and target lifecycle stages, but
other approaches for linking two self-adaptation
mechanisms have been proposed. In particular
in robotics, two-layered self-adaptive frameworks



have been explored to enable autonomous con-
trol systems to resolve uncertainties from the
environment [26].

Metacontrol [27], used in applications such
as autonomous underwater robots [28], builds
on the TOMASys [29] ontology for autonomous
systems [30]. Metacontrol introduces a second self-
adaptive feedback loop that manipulates and com-
bines controllers to meet different combinations
of requirements and adapt to unforeseen changes
in the underlying system. However, the different
controllers are not related to each other; their se-
lection by the second self-adaptation layer is based
purely on the state of the environment. Thus,
instead of addressing lifecycle management, Meta-
control focuses on exchanging controllers based
on application-specific KPIs rather than arbitrary
components of the inner self-adaptive system.

The Reconfiguration Framework for dis-
tributed Embedded systems for Software and
Hardware (ReFrESH) [31] is a layered framework
that aims to increase fault tolerance in robots. It
allows reconfiguring, i.e. exchange software com-
ponents, if a fault is detected, and the component
is needed for the current task. These software
components can also be controllers, i.e., a lower
layer of self-adaptation. ReFrESH is restricted to
robotic software and does not consider relations
between possible components, thus not providing
support for modelling.

Architecture-based self-adaptation is a well-
established approach that has been explored
across various application domains. It focuses
on adapting the software architecture of a sys-
tem, using an architectural model [26]. This is
closely related to our notion of structure. However,
structure for us includes not only the software
architecture, but also the additional modelling
of lifecycles, domain knowledge and asset infor-
mation. In particular, while we reconfigure the
software of the managed system, we also consider
the non-software parts of the overall system, i.e.,
the physical twin.

Our modelling of the relation between possible
software components addresses a major short-
coming in the current architecture-based self-
adaptation: The mechanisms are rarely reusable,
and focus only on functionality (i.e., configuring
to fulfil a task) [32]. Our two-layered architec-
ture furthermore targets a self-adaptive system
as its adaptation target, not a specific robotic

software architecture. The MORPH reference ar-
chitecture [6] is more fine-grained to achieve reuse,
distinguishing between these architectural adap-
tations because of degradation of the system and
those because of environmental changes.

Architectures that build on MAPE-K can
structure or distribute MAPE-K loops in different
ways, depending on how the different MAPE com-
ponents are organised. Interestingly the local and
global knowledge in these patterns is orthogonal to
the decentralisation, since knowledge can be (par-
tially) shared between the components, following
its own hierarchical or distributed pattern. In par-
ticular, hierarchical MAPE-K patterns have a long
history for self-adaptive software systems [33, 34],
although managing and designing the hierarchy
can be a challenge [35, 36]. Our approach fits
within the general concept of hierarchical MAPE-
K loops, and focuses on replacing components in
the lower layer according to its detected lifecy-
cle stage. In our work, declarative modelling is
introduced to address the design challenge.

Recently, in the specific area of autonomous
robotics, Alberts et al. [26] presented a systematic
mapping of robotics software architecture-based
self-adaptive systems, highlighting the robotics
community’s interest in addressing both be-
havioural and architectural self-adaptation using
external feedback loops. Similarly, in IoT sys-
tems, characterised by software assets in the man-
aged system, architectural self-adaptation has also
gained significant attention. For example, Weyns
et al. [37] proposed the MARTAS framework,
which combines formal models with statistical
techniques at runtime to optimise configurations
of the managed system, while Alfonso et al. [38] in-
troduced a domain-specific language for modelling
the architectures of IoT systems.

An orthogonal perspective on two-layered
adaptation can be found in business process mod-
elling (BPM), with the following notions of adap-
tation [39-41]: Process-level and instance-level
adaptation. Instance-level adaptation happens on
a process instance, while process-level adaptation
is concerned with adapting the abstract process
model. While neither is self-adaptation in the
sense of fully automatic, closed loops that react
to unexpected changes, they are semi-automatic
closed loops for a similar purpose. However, the
implementation and modelling mechanics are dif-
ferent, and humans have to interact with the



adaptation, especially at the process-level [41].
Most work in DTs, including ours, focuses on
instance-level self-adaptation.

3.1.3 State-of-the-Art: Self-Adaptation
for DTs and Lifecycles

Architectural self-adaptation has been considered
for DTs [42-44] and targets the relationships be-
tween assets using a simple notion of consistency,
but does not consider lifecycles or behavioural
self-adaptation at a lower layer. This line of work
resembles the architectural approaches to robotics
software engineering described above. Unlike ear-
lier approaches, we model asset information by
directly representing the DT’s architectural con-
figuration in the knowledge base, together with
lifecycle information.

MAPE-K loops have previously been used in
a DT context and examined for models@runtime,
an earlier architecture that captures many as-
pects of modern DTs [45-47|. This runtime model
supports dynamic runtime analysis and pro-
vides enhanced capabilities for self-adaptation and
decision-making. Bibow et al. [48] describes a self-
adaptive DT that handles changes in the structure
of a cyber-physical production system by react-
ing to events by pre-defined actions that are used
in planning. SplettstoRer et al. [17] extend this
system to also consider quality attributes with
regards to the sensor data, thus realising self-
adaptation with respect to both architecture and
behaviour. However, lifecycles of neither the dig-
ital nor the physical components are modelled,
even with the detection of quality attributes.

For purely behavioural self-adaptation, Feng
et al.[49] integrated a MAPE-K loop in a DT
for to provide self-adaptive decisions in a CPS
case study. Similarly, Flammini et al.[15], used
a MAPE-K loop to perform DT functionalities
such as behaviour modelling and real-time data
monitoring to support anomaly detection, using
Conformance Checking (CC) and supervised Ma-
chine Learning using CC diagnoses. Other MAPE-
K loop-based DT architectures exist [16, 18, 19],
but do not tackle the problem of architectural self-
adaptation of the DTs for lifecycle management
addressed in our work.

Self-adaptation can be seen as the autonomous
reestablishment of consistency for a DT. However,
investigations into the notion of consistency for

DTs so far focus on the relation between models
within a DT [50-52], not on its reestablishment.

A substantial body of research examines DT
architectures and platforms (see the survey by
Lehner et al. [53]. Many of these studies focus on
components and composition, although the termi-
nology varies. For example, Josifovska et al. [54]
describe the links between components as inter-
relations. Lehner et al. [55] Lehner et al. [55]
compose service-oriented DTs using declarative
templates. However, none of these works employs
declarative modelling for lifecycle management or
relates it to self-adaptation.

In the context of digital engineering, or model-
based system engineering, DTs either focus on one
part of the overall lifecycle, or on data exchange
between different stages. While Tong et al. [56]
propose a framework for co-evolution of archi-
tecture and models, their notion of a lifecycle is
concerned with the whole cyber-physical system,
i.e., design, operations, maintenance etc., and not
the lifecycle of components or subsystems dur-
ing operations. The former is a common view in
model-driven engineering [57]. Mertens et al. [58]
investigate the lifecycle evolution of DTs and how
their architecture has to change. However, they do
so manually and without a self-adaptation loop.

Esterle et al. [59] point out that selecting the
correct model, and model parameters, is a chal-
lenge when based only on data from the physical
system. This is for technological reasons, such as
model swapping for simulations, but also to detect
whether a model for a certain situation is already
available. Modelling the lifecycle of a physical or
digital components, as proposed here, addresses
this challenge.

The seminal paper by Goldsby et al. [60]
organises self-adaptive systems as collections of
steady-state systems, where only one steady-state
system can be active at any time. Adaptations are
treated as dynamic transitions from one steady-
state system to another. In this approach, steady-
state systems bear similarities to our work on
the stages (cf. Sect. 4). Additionally, the levels of
requirements engineering (RE) identified in [60],
including requirements for runtime monitoring
infrastructure and decision-making mechanisms,
complement our work on lifecycle stages.



Research Gap

To the best of our knowledge, no previous work
(i) models a two-layer self-adaptive framework
by explicitly analysing the interactions between
two hierarchical MAPE-K loops that link be-
havioural and architectural self-adaptation, i.e.,
an upper layer that interacts with behavioural self-
adaptation, or (ii) couples such a framework with
a lifecycle-based consistency criterion.

3.2 Semantic Technologies
3.2.1 Preliminaries

We introduce knowledge graphs and ontologies by
example, with a focus on the underlying tech-
nologies and their capabilities. In particular, we
focus on the Web Ontology Language (OWL) [61]
and its Manchester syntax [62], which we use for
modelling and queries.

Knowledge Graphs

A knowledge graph consists of a set of triples and
an ontology (discussed below). In a triple (s, p, o),
the subject s is an individual or class name, p a
predicate and object o an individual, class name
or data value.

Example 1. We can express that an asset ast is
a basil and has the NVDI value 4 with the triples

(astl,nvdi,4) ,
(astl, a, Basil) .

Here, astl is an individual, nvdi a property, 4 a
data value, Basil a class name and a a property for
class membership.

Ontologies

Ontologies have been proposed for knowledge rep-
resentation in numerous DTs applications [63]. An
ontology is a set of axioms over classes C and prop-
erties P, describing conditions that must hold for
all triples in a knowledge graph. We briefly in-
troduce OWL classes and properties, using the
standard OWL 2.0.3> OWL also has data types, for
now we will only need the type int for integers.
OWL distinguishes between object properties that
are relations between individuals, and data prop-
erties, which are relations between individuals and

3For details on OWL 2.0, see https://www.w3.org/TR/
owl2-overview/.

data values. Below, the notation (
optional elements.

An object property is a named relation between
two classes; for example, an object property P with
a domain C; and a range Co can be expressed by

ObjectProperty: P (SubPropertyOf: S)?
Domain: C; Range:C, .

- )7 denotes

where the optional clause SubPropertyOf: S ex-
presses that it is a subset of another object
property S. Similarly, a data property is a named
relation between a class and a data type; for ex-
ample, a data property D with a domain C and a
range T can be expressed by

DataProperty: D Domain: C Range: T
(Characteristics: functional)?

The optional clause Characteristics: functional addi-
tionally expresses that the relation P is a function.

A class is a named set of individuals. We here
describe classes C using axioms of the following
form, where C', C; are other class names:

Class: C SubClassOf: C’
(EquivalentTo: Rst)?
(DisjointUnionOf: C},...,C])?

The SubClassOf: D clause expresses that the class C
is a subclass of D, while DisjointWith: expresses dis-
jointness. The EquivalentTo: clause describes how
to derive the membership of an individual to C and
DisjointUnionOf: describes that class C is a union
of certain other classes, which are all pairwise dis-
joint. The symbol Rst is a conjunction (using the
symbol and) of class names with restrictions. Let
D be a data property, P, P’ object properties, n a
number literal, I, 1y, ..., |, individuals, and T a
numerical data type. Restrictions take one of the
following forms:

® D some T[> n]: every individual has at least one
triple with predicate D that relates it to an
object that is strictly bigger than n.

® D some T[<n]: every individual has at least one
triple with predicate D that relates it to an
object that is smaller or equal to n.

® P some C: every individual has at least one triple
with predicate P that relates it to an object of
class C.

® P min n P': every individual has at least n triples
with predicate P’.

® P exactly n P': every individual has exactly n
triples with predicate P’.
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® Ponly {ly, ..
are related to objects in the set {ly, ..

., lp}: all triples with predicate P
I

Additionally, two special forms of axioms are
considered. The first expresses that a set of classes
is pairwise disjoint. The second expresses the
above restrictions for single individuals.

(DisjointClasses: C/,...,C.)?
{I} only Rst .

Queries

Queries are answered by logical deduction over
the defined structure. Given a knowledge graph,
a membership query member(C) returns all indi-
viduals that are members of the class C. Given

an ontology, a disjointness query disjoint(Cy, ..., C
n) decides whether the classes Cy, ..., C,, share
individuals.

3.2.2 State-of-the-Art

Semantic technologies, including ontologies and
knowledge graphs, have been recognised as crucial
for information and data integration, as well as for
federation of DTs [43, 63—65], but asset modelling
and lifecycle management are so far decoupled and
ontological representations are yet to be exploited
for architectural self-adaptation. As demonstrated
in Sect. 5, knowledge graphs and ontologies meet
the technological demands of our two-layer archi-
tecture. A knowledge graph serves as an efficient
store that supports fast queries to determine an
asset’s lifecycle stage, while the accompanying
ontology enables (a) reasoning about the archi-
tectural consistency of the model, (b) precise
stage-membership inference, and (c) seamless in-
teroperability with existing industrial information
models.

Industrial information models such as the in-
dustrial data ontology (ISO 23726) and the in-
tegrated asset planning lifecycle ontology (ISO
15926-13), and wrappers to existing standards,
such as the asset administration shell [66], com-
plement our work on declarative lifecycles by
providing standardised data and concepts that
could be integrated in our work as a starting point
for modelling lifecycles for physical assets.

Sahlab et al. [67] use knowledge graphs to con-
figure DTs at design time, Li et al. [68] use ontolo-
gies to detect errors in simulator configurations,

and Kiritsis et al. [69] and Ren et al. [70] use on-
tologies for data exchange and component config-
uration in DT platforms. Compared to our work,
these approaches do not consider self-adaptation
or (re)configuration at runtime and do not use se-
mantic technology to model lifecycles. The DTs
of Abburu et al, [71] and Ghanadbashi et al. [72]
use knowledge graphs to adapt to unforeseen situ-
ations on the level of behavioural self-adaptation,
i.e., the structure remains unchanged and is not
relative to lifecycles.

Abbasi et al. [73] discuss four layers of semantic
drift, where different parts of a DT can drift from
their representation in the system: data, models,
meta-models and ontologies. Our work maps to
the two lowest layers: drift in the data and models.
Their work does not discuss modelling or react-
ing to drift, but gives a conceptual framework to
structure it.

Feldmann et al. propose a classification of
different approaches to inter-model inconsisten-
cies [74], where our approach falls under the rule-
based category. Some case studies on inter-model
consistency in model-based systems engineering
are also based on knowledge graphs [75] and there
are similar approaches to phrase inconsistencies
between models using graphs [76, 77]. The clos-
est work is the original framework from [78],
which defines consistency in terms of links between
models. However, it lacks the distinction between
physical asset and twin component; i.e., it does
not distinguish between membership in a stage,
and consistency of the layer-1 components with
the assets. Thus, no relation to self-adaptation
framework like MAPE-K is given.

Addressing both drift and inconsistencies,
David et al. [79, 80] discuss possible causes for in-
consistencies in evolution of DTs. Their taxonomy
groups inconsistency causes into model, data, or
system evolution and operation causes. As their
work is concerned with single models and focuses
on behaviour, i.e., layer-1 or behavioural self-
adaptation in our terminology, declarative stages
(cf. Sect. 4) do not directly map into their tax-
onomy. Their work also does not discuss how to
model or repair inconsistencies.

Our approach is intentionally domain-agnostic;
we therefore avoid binding it to any single on-
tology. Domains differ markedly, e.g., BRICK
or BIM-OIM for buildings [81, 82], SAREF



for ToT [83], and a range of industrial asset-
information models. Qureshi et al. [84] similarly
identify core concepts for requirements of self-
adaptation and encode them in an ontology. How-
ever, hard-coding one ontology would merely shift
the alignment burden to practitioners who deploy
the framework in a different domain.

Research Gap

Semantic technologies already underpin asset de-
scriptions in many DT solutions, but have so far
not been applied to architectural self-adaptation
nor to reasoning about relationships between life-
cycle stages. Our work addresses both gaps.

4 Declarative Stages

A declarative stage provides a description of how
a lifecycle stage of a system’s assets can be recog-
nised and how the SAS needs to adapt when the
system’s assets have transitioned into this lifecy-
cle stage, but not why the transition into the stage
occurs. For our work presented in this paper, it is
key that this design realises a clear separation of
concerns between describing lifecycle stages and
describing temporal aspects such as the triggering
conditions for changes between these stages.

4.1 Self-Adaptation

During the life of the system, different assets may
change between different stages in their respec-
tive lifecycles, and the SAS will need to adapt its
architectural configuration accordingly. This adap-
tation may involve removing components of the
managing system that are no longer valid and
starting up new components that may now be
needed. For simplicity, we will focus the discus-
sion on requirement analysers and controllers in
the context of DTs.

A SAS that uses declarative stages must make
them operational; i.e., the declarative stages need
to be incorporated in an algorithm for self-
adaptation. To this end, we consider a MAPE-K
feedback loop associated with declarative stages
as follows.

® Monitor: The managing system collects
streams of observations concerning the system’s
assets and updates the knowledge model of
these assets.
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® Analyser: For a given declarative stage, all as-
sets at that stage in the managed system are
Analysed for architectural coherence; for ex-
ample, the DT checks that a plant in a sick
stage has the correct requirement analyser and
controller for that stage.

e Planner: For each inconsistent asset, the man-
aging system identifies adaptation actions for
the detected inconsistencies; for example, a sick
plant might have an associated requirement
analyser m < 7 for soil moisture when it should
have a requirement analyser m < 5 instead.
Other components in the managing system are
handled analogously (e.g., controllers).

o Executor: The managing system executes the
required changes, including the initialisation
and removal of components, e.g., requirement
analysers and controllers.

Already at this point, we can elicit some
requirements.

1. The knowledge base needs to not only include
information about the asset, but also about
the components of the managing system. Addi-
tionally, the managing system needs to provide
reasoning and query capabilities to deduce the
declarative stage to which an asset belongs.

2. We need to ensure some basic properties about
the declarative stages; in particular, different
stages in a lifecycle should not overlap, and an
asset that is part of multiple lifecycles cannot
be inconsistent.

An asset is considered inconsistent if it can be in
two stages of the same lifecycle at the same time.

Observe that declarative stages apply to assets
that can be identified independently of the current
stage in their lifecycle, in terms of their asset class.
For example, a plant has a different asset class
than, let us say, a pump.

Definition 1 (Asset classes). An asset class A is
a set of assets. We assume that assets in different
asset classes are disjoint, i.e., Ay N Ag = ().

For example, the class of all plants in our
example is Apjant and each asset has a distinct
identifier, e.g., plantl € Apjant.

4.2 Declarative Stages

A declarative stage in a lifecycle describes the con-
ditions that determine that an asset is in the stage,



which components the managing system needs for
the asset in this stage, e.g., the DT components in
the DT that correspond to a sick plant, and how
to generate these components when the asset en-
ters this stage in the lifecycle. The central notion
we use is a consistent managing system: a manag-
ing system is consistent if the set of components
for each asset is correct according to its current
stage in the lifecycle.

We now provide definitions to make this no-
tion precise, where we impose no restrictions on
the exact nature of a component in the managing
system for our purposes:

Definition 2 (Component class). A component
class C is a set of components in the managing
system. We assume that components in different
component classes are disjoint, i.e., C1 N Cqy = ().

In our examples, we focus on two kinds of
components in the managing system: requirement
analysers and controllers. Let us denote by Z the
observational inputs to the managing system, such
as the streams of sensor data. To access the cur-
rent status of an asset a with respect to an input
stream ¢, we write i(a).

Example 2 (Requirement analysers and con-
trollers). A requirement analyser ranl : Z — B is
a function from input streams to Booleans, mod-
elling the verdict. A controller ctrl : T — R is a
function from input streams to a real number that
is modelling the control decision.

The type of a declarative stage is defined
in terms of a class of assets and the possible
component classes of the declarative stage.

Definition 3 (Stage Type). Let A be an asset
class and C = {Cy,...,Cp} a set of component
classes. A stage type T is a pair T = (A,C).

Example 3 (A stage type for the Greenhouse).
Let Appante be an asset class and Req the set of all
requirement analysers (see Example 2). A stage
type for declarative stages for assets in Apjant 8

(APiant; {Req}).

We define declarative stages formally as follows.
A declarative stage always has a type.

Definition 4 (Declarative stages). Let T =
(A, (Ci)icr) be a stage type and C = |J,C; the
union of the contained component classes. A
declarative stage D of type T is a pair of two sets
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D:T = (memberp, consistentp),

where

e memberp C A is a set of assets;

e the relation consistentp C memberp x 2€ de-
scribes, for a given asset, all component sets in
the managing system with which it is consistent.

Let us first examine two properties that declar-
ative stages can have. The first expresses that
every asset in a group must always have assigned
one component in the managing system of a cer-
tain component class. This property is used, for
example, for actuator assets that always need to
have an assigned control component.

We let X range over sets of components in the
managing system and say that a declarative stage
D:(A,C) is C;-requiring for some C; € C if

Va € A, X € 2°.
(a,X) € consistentp — e € C;. c € X .

This means that a member of C; is required for
consistency.

The second property expresses that some com-
ponents are irrelevant for the consistency of an
asset. This property models that assigning a class
of components to an asset is optional, and changes
do not require to recheck consistency. Formally, for
a C;-invariant declarative stage, consistency does
not depend on members of C; and we say that
D:(A,C) is C;-invariant for some C; € C if

Va € A, X € 2°.
(a,X) € consistentp — Ve € C;. c € X .

In the sequel, we assume membership in the sets
memberp and consistentp to be decidable. We
only use additional subscripts to disambiguate
declarative stages and their elements if these are
unclear from the context.

Example 4 (Declarative stages for plants). We
illustrate the specification of declarative stages by
considering sick and healthy plants. The corre-
sponding declarative stages Dsick and Dueaithy are
shown in Fig. 3. Their type is (Apiant, {Req}) (see
Ezample 3). The NVDI measurement is used to
determine whether a plant a is sick or healthy.
The two stages use different moisture settings in
the corresponding requirement analysers. Here, we



Dsick = {membersick, consistentsic }
membersick = {a | invdi(a) < 0.5}
consistentsick = {(a,X) | a € membersic,
ranl=(a) € X}
DHealthy = {membereaithy, consistentealthy }
memberyeaithy = {a | nvai(a) > 0.5}
consistentueaithy = {(a, X) | a € memberyeaitny,
ranl>'(a) € X}

m
Figure 3: Declarative stages for Example 4.

use inydi(a) to denote the value of the NVDI sig-

nal from plant a, in(a) to denote the value of the
. . <z

moisture signal from plant a, and ranl"(a) to de-

note the requirement analyser for im(a) < x. As

before, X ranges over sets of DT components.

We can easily see that the two stages of Ex-
ample 4 are disjoint, yet the two stages cover all
plants. This illustrates the concept of a lifecycle
as a set of disjoint stages that cover a particular
kind of asset, formally defined as follows:

Definition 5 (Lifecycle). Let T be a stage type,
A an asset class and I an index set. A lifecycle L 4
for A consists of a set of declarative stages (DZ)
such that the following conditions hold:

o /3. DiZT,
¢ A={J;c; memberp, and
* Vi,j€l. i# j= memberp, N memberp, =0 .

iel

Example 5 (Declarative stages and lifecycle for
pumps). We consider water pumps for the plants
above. Their status is read uSing istatus- 1hiS Sta-
tus is either ok, if the pump is operating normally,
or mtn, if its internal logic has determined that it
needs to be maintained. A maintained pump op-
erates under stricter requirements; in particular,
its energy consumption must stay below a certain
level. The ranl=Y requirement analyser monitors

energy
that a pump uses less than w watts.

Dok = (memberok, consistentok)
memberok = {a | a € Pump, igarus(a) = ok}
, <200
consistentox = {(a,Y) | ranl52g (a) € Y}
Dmitn = (membermtn, consistentmm)
membermm = {a | a € Pump, igarus(a) = mtn}

consistentmen = {(a,Y) | ranlS1% (4) € Y}

energy
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Together, these two stages form a lifecycle Lpymp =
{D0k7 Dmtn}-

A lifecycle is C;-ensuring if all its stages are C;-
requiring. A C;-ensuring lifecycle guarantees that
an asset that is consistent with any of its stages,
always has a C;-component assigned to it.

Observe that an asset can be part of multi-
ple lifecycles, in which case basic compatibility
must be ensured. For example, if the plant is ad-
ditionally part of a lifecycle for commissioning,
operations, maintenance and decommissioning, it
must be possible to configure the DT for all 8
combinations of declarative staged from these life-
cycles. Ensuring lifecycles are especially critical
for controllers: For a single lifecycle, it is easy
to check that there is always exactly one con-
troller. However, when multiple lifecycles apply
to the same asset, two stages that can occur at
the same time cannot require different controllers.
From the perspective of self-adaptation, even if an
asset is in two different declarative stages, a plan
to reconfigure the managing system must exist.

Definition 6 (Compatible stages and lifecycles).
Let T1 = (A,C1), Ta = (A,Cs) be stage types with
CiNCy # 0, and let Dy : T1 and Dy : Ty be
declarative stages.

e Dy and Dy are compatible if, for all a €
memberp, N memberp,, there is some X C
C1 N Cy such that (a,X) € consistentp, and
(a,X) € consistentp,.

e Two lifecycles are compatible if all their declar-
ative stages are pair-wise compatible.

Example 6 (Stage compatibility). Note that
stages are trivially compatible if their membership
predicates do not overlap. Let us consider a stage
for a pump that states that for any pump, there
must be a planning component implementing a
PDDL interface [85] (here modelled by PDDL(a)):

DpppL= {membeTpDDL, consistentpDDL}
memberpppL =Pump
memberpppL=1{a,Y) |a € Pump,Y D{PDDL(a)}}

This stage is compatible with both Dok and Duyin,
however the following variant would not be com-
patible because it prohibits the addition of the
requirement analyser DT component needed for
the stages from Lpymp:



memberpppL=1{(a,Y)|a € Pump,Y ={PDDL(a)}} .

5 Multi-Asset
Declarative Stages

The previous section introduced single-asset
declarative stages. These are non-compositional
for the following reasons. First, they cannot con-
sider aggregates of assets. For example, they can-
not express consistency over a pair of a plant
and its pump. Second, two single-asset declarative
stages cannot be composed into a new single-asset
declarative stage, which is desirable to support
reuse of consistency-predicates in aggregates.

In this section, we generalise single-asset
declarative stages into multi-asset declarative
stages and consider how these can be composed.
To this aim, we first generalise asset classes
and then stage types, as defined in Def. 3.
Let {e1,...e,) denote a sequence with elements
e1,...e, and s1- sy the concatenation of sequences
s1 and s3. The type of a multi-asset declarative
stage is not a single asset class, but a sequence of
asset classes, which we denote asset scheme:

Definition 7 (Asset Schemes). An asset scheme
AS is a sequence of asset classes. We say that a
set of assets {ai,...,an} adheres to AS, written
{a1,...,a,}:AS, if the following holds:

{a1,.. . an}: (A, . Ay =
Vi<ndj<n. a €A
AVi<ndj<n. a; €A .

The semantics of an asset scheme, denoted [AS],
is the set of all asset sequences that adhere to the

asset scheme: [AS] = {AC | AC: AS}.

We can illustrate asset schemes by the compo-
sition of the asset classes of plants and pumps.

Example 7 (Composition of asset classes). Let
Plant be the asset class of all plants and Pump
the asset class of all pumps, and let a €
Plant,b € Pump be assets. The sequence AS, =
(Plant, Pump) is an asset scheme for pairs of
plants and pumps. The sequence {a,b) is an asset
aggregate such that (a,b): AS,. The asset scheme
can be decomposed as follows, using concatenation:
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(Plant, Pump) = (Plant) - (Pump) .

Multi-asset stage types and declarative stages
are defined formally by generalising Definitions 3
and 4. The difference to single-asset stage types
and declarative stages is that multi-asset stage
types and multi-asset declarative classes are de-
fined with respect to asset schemes and not to
asset classes.

Definition 8 (Multi-Asset Stage Types). Let AS
be an asset scheme and Ci,...,C, component
classes. A multi-asset stage type T has the form

(AS, {C1,...,Cpn}).

Definition 9 (Multi-Asset Declarative Stages).
Let T = <.AS, {Cy,... ,Cm}> be a multi-asset stage
type and C = |J;C; the union of the component
classes in T. A multi-asset declarative stage D: 7T
is a pair of two sets (memberp, consistentp) where

e memberp C [AS] is a set of sequences of assets;

e the relation consistentp C memberp x 2€ de-
scribes, for a given sequence of asset, all sets of
components in the managing system with which
this sequence is consistent.

We identify the multi-asset stage type of a
single asset with its single-asset counterpart; i.e.,
((A),C) = (A,C). Analogously, if | AS| = 1 then
we identify the single-asset stage type with its
multi-asset counterpart.

To illustrate multi-asset declarative stages,
consider the composition of the single-asset declar-
ative stages of Examples 4 and 5. We consider the
asset aggregate consisting of a plant and a pump
that waters it. As before, the plant can be healthy
or sick and the pump can be fully operational or
under maintenance, in which case it operates un-
der additional requirements. The overall lifecycle
will then require four stages. A multi-asset declar-
ative stage describing a system composed of a sick
plant and a fully operational pump is as follows.

Example 8 (Multi-asset declarative stages).
The multi-asset declarative stage Dsickox mod-
els the situation where the plant is sick, and
the pump is fully operational. Its asset scheme
Tp ((Plant, Pump), {ReqMoisture, ReqOutput})
describes pairs of pumps and plants, which are
assigned different requirement monitors.



Dsick,ok = (membersici ok, consistentsick ok)
membeTsick ok

= {{a,b} | invai(@) < 0.5, istatus(b) = ok} ,
consistentsick ok

= {({a,b},Y) | {ranl5’(a), ranlgZig ()} C Y

In Example 8, the information from Example 4
has been duplicated. It is also easy to see that
the duplication will occur in an eventual stage
Dsick,ok for sick plants and maintained pumps. To
avoid duplication, we thus turn our attention to
the composition of multi-asset stages.

5.1 Composing Multi-Asset Stages

We consider two notions of composition for multi-
asset stages. The first of these is based on directly
concatenating two multi-asset stage types, and
preserves the declarative stages defined over them.

Definition 10 (Direct composition of multi-as-
set stage types). Let (AS1,C1) and (AS2,Ca) be
two multi-asset declarative stage types. The direct
composition of multi-asset stage types concate-
nates the asset schemes and considers both sets of
component classes:

<~A817él> : <A82762> = <.A81 . A827é1 U€2> .

The intuition behind Def. 10 is that the first
assets selected with the membership predicate of
the multi-asset stage type, must be consistent with
the first stage type and correspondingly the as-
sets of the second stage type with its consistency
predicate.

Definition 11 (Direct composition of multi-
-asset declarative stages). Let (AS;,Ci) and
(AS3,Cs) be multi-asset declarative stage types,
and D1: (AS1,C1) and Dy: (ASo,Co) multi-asset
declarative stages. The composition Dp - Dy is
defined by

(D12<A81,€1>) . (D22<A82,€2>)
= (Dng) N (<A81,61><A82,€2>)

= (77167711)61“01{327 consistentDl.Dz) ,

where the two predicates are defined in Fig. 4a.
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Example 9. We can use direct composition to
compose the stage introduced in Example 8 with
Dsick,ok = Dsick ' Dok-

Observe that direct composition does not al-
low the consistency in the composed stage to be
constrained based on interactions between two as-
sets. For example, consider the case where we want
to refine the declarative stage for a sick plants
with an operational pump into two substages: If
the plant is very sick, a more aggressive controller
is required, while if it is barely sick, then a less
aggressive controller will suffice. To model such
situations, we introduce restricting compositions:

Definition 12 (Restricting composition of mul-
ti-asset declarative stages). Let (AS1,C1) and
(AS2,Cs) be multi-asset stage types, where ASy is
a subsequence of AS1 and Co C Ci, and let Dy :
(AS1,C1) and Dy : (AS2,Ca) be multi-asset declar-
ative stages. The restricting composition Dy | Do
is defined by

(D1:(AS1,C1)) | (Da:(AS5,Cs))
= (D11 Dy): (AS1,C1)

= (membeerDz, consz’stentDtz) ,

where the two predicates are defined in Fig. 4b.

Example 10. Let us refine Dsjck ok into two sub-
stages: In one sub-stage, the plant is very sick. In
the other, the plant is barely sick. In the first stage,
we require an additional, more involved controller
for the pump. The encoding of the first restriction
is shown in Fig. 4c.

The stage resulting from the restricting com-
position (sick plant, working pump, aggressive
controller) is

Dsick,ok,aggr = (Dsick . Dok) \L Daggr .

Note that Daggr can also be used for bigger aggre-
gates, e.g., when a pump is connected to several
plants and the pump preserves the condition of the
stage to which it is applied.

5.2 Properties of Multi-Asset Stages

We now investigate the properties introduced for
single-asset declarative stages: lifecycles and com-
patibility. They both carry over directly.



memberp, .o, = {Y1 WY | Y1 € memberp,,Ys € memberDQ}
consistentp,.n, = {(Y,X) | Y =Y UYs, X = X; U X, Y] € memberp,,Ys € memberp,,

(Y1, X1) € consistentp,, (Y2, X2) € consistentp, }

(a) Direct composition

memberp, |p, = {Y1 | Y1 € memberp,,3Y> C V7. Vs € memberoz}

consistentp, yp, = {(Y1, X1) | Y1 € memberp,, (Y1, X1) € consistentp,
3Xo C X1,Y2 C V1. Y, € memberp, A (Yo, X2) € consistentD2}

(b) Restricting composition

Dager = {memberagg, consistentagg
memberagg = {a € Plant | i(a) < 0}
memberagg: = {({a,b},Y) | a € Pump,Y D {ran|§0'5(a),ctrISOﬁ(a)}}

(c) Example for a cross-asset restriction.

Figure 4: Direct and restricting composition

Definition 13 (Multi-asset lifecycles). Let T be a
multi-asset stage type with asset scheme AS, and
I an index set. A lifecycle Lys for AS consists
of a set of declarative stages (Di)iel such that the
following conditions hold:

o /3. D;T s
* AS = J;c; memberp, and
® Vi,jel. i#j= memberp, N memberp, =0 .

Definition 14 (A-compatibility). Let (AS1,C1)
and (ASs,Ca) be multi-asset declarative stage
types, A an asset class that is part of both AS;
and ASy, assume that C; N Cy # 0, and let
D; : (AS1,C1) and Dg : (AS3,Ca) be multi-asset
declarative stages. We say that D1 and Dy are
A-compatible if the following holds:

Va € A, Ay € memberp,, As € memberp,.
a€ Al Na € Ay —
3AC1, Cs. (A1, CY) € consistentp, A
(Ag, Co) € consistentp, .

We say that D1 and Do are compatible if they
are A-compatible for every A that occurs in both
AS1 and AS;. We say that two lifecycles are
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(A-)compatible if all their stages are pairwise
(A-)compatible.

Clearly, the lifting of single-asset stages to
multi-asset stages preserves compatibility. We can
also state a stronger statement: if two multi-asset
declarative stages are compatible to a third stage,
then so is their direct composition. Observe that
restricting composition does not preserve com-
patibility: if the set of consistent components is
restricted, there is no guarantee that those re-
quired for compatibility will not be removed.
Consequently, compatibility has to be reproven
for restricting composition. However, as one would
expect for hierarchical groups, restricting com-
positions have the form (D;-,...,-D") | D, so
compatibility proofs will consist of proving com-
patibility of single-asset stages and that restriction
does not remove components that are critical for
the consistency predicate.

Proposition 1 (Direct composition preserves
compatibility). Let DYg, ¢,D%s, ¢ and D?A),c be
declarative stages. If D' and D? are A-compatible
to D3, then D' - D? is A-compatible to D3.



5.3 Discussion

On Granularity

Declarative stages can be employed on both sys-
tem and component levels, and multi-asset stages
provide support for composition within these
stages across (sub-)systems. For example, Dgi is a
single-component stage for plants, while Dgick - Dok
covers a system composed of a plant and a pump.

On Declarative Modelling

Using declarative stages, the transitions between
the stages in a lifecycle need not be modelled;
it suffices to describe architectural coherence for
each stage. A complete model of the lifecycles
is not needed, it suffices to provide a declara-
tive characterisation of aspects relevant for the
architectural coherence of the managing system.

Remark that declarative stages describe how
to deduce whether an asset set (which could be
a single asset) is at a certain stage, not how to
remove and create components in the managing
system once a stage change has been detected. If
the asset set is inconsistent, then deduction is not
enough — instead, the system must abduce which
components in the managing system could explain
the assumption that the asset set is consistent,
under the assumption that it is indeed at the given
stage. For example, if a € membersi is given,
then it is easy to see that there must be some
ranI?,f(a) € X to explain (a, X) € consistentsick.

To track an asset set through its lifecycle and
establish architectural coherence at the current
stage of a lifecycle, the MAPE-K loop of the
managing system needs the following deductive
capabilities:

1. the managing system needs a knowledge model
that can be queried for the current declarative
stages of the assets and the components are
that are currently assigned to the assets;

2. the managing system must be able to deter-
mine its architectural coherence (i.e., the twin’s
DT components such as the requirement anal-
ysers and controllers must correctly reflect the
declarative stages of the assets);

3. the managing system must be able to decide
on stage membership for the assets based on
observational inputs; and
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4. the managing system must be able to explain
inconsistencies and derive plans to re-establish
consistency.

In summary, we require a unified representation
that covers both the asset information and the ar-
chitectural configuration of the managing system.
The following sections demonstrate how semantic
technologies can provide exactly this cohesion.
Although the above requirements arise from
our declarative modelling of lifecycles and stages,
they can be met by reusing established artefacts.
In addition to domain ontologies (cf. Sect. 3),
an individual asset can be captured with existing
information models—such as the Asset Adminis-
tration Shell (AAS)?—and subsequently linked to
semantic data. While these asset models do not
encode lifecycles themselves, they offer a struc-
tured foundation that improves scalability when
lifecycle specifications are layered on top.

6 A Semantic Representation
of Declarative Stages

The formalisation of declarative stages in Sect. 4
defines a general and abstract framework that
forms the basis of our self-adaptive architecture.
As discussed above, this framework relies on being
able to (a) model stage membership, (b) efficiently
reason about stage membership and consistency
between stages in terms of this model, and (c) up-
date the stage membership model when changes
to the lifecycle stages of assets are detected. In
this section, we discuss how a knowledge base with
these deductive and abductive capabilities can be
realised in terms of knowledge graphs [9], using
ontologies and associated semantic technologies,
such as reasoners and databases.

For simplicity, we first consider the case of
single-asset stages, and then build on this foun-
dation for multi-asset stages. As a first step, let
us describe the knowledge graph and ontology for
semantics stages.

A knowledge graph enables a uniform rep-
resentation of declarative stages and provides a
technological platform for queries and reasoning
tasks. We now introduce basic terminology to
express properties of assets, components of the

*https://industrialdigitaltwin.org/en /content-hub/
aasspecifications
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managing system, and their relations, in the form
of an OWL ontology ° with two layers. First, the
stage core ontology describes the core concepts for
all systems. Given a concrete set of asset classes
and components of the managing system, it is
then extended to an extended stage ontology. We
illustrate the concepts concrete in terms of our
greenhouse example, for which we consider an on-
tology with classes for requirement analysers and
controllers.

Definition 15 (Stage Core Ontology). The stage
core ontology expresses the existence of assets, ag-
gregates and components, their disjointness and
relation:

DisjointClasses: Asset, Component, Aggregate
ObjectProperty: assignedTo

Domain: Asset Range: Component
ObjectProperty: hasPart

Domain: Aggregate Range: Asset .

For a concrete system, we extend the stage
core ontology with axioms for components and as-
sets. This extended stage ontology can be further
extended with further classes, properties and ax-
ioms, as long as it remains consistent, and no class
is trivially empty.

Definition 16 (Extended Stage Ontology). Let
A1, ..., Ay, be asset classes, C1,...,Cp, component
classes, I,...,1I; functions that have some as-
set or component class as their domain, and an
XSD data type as their range. An ontology is an
extended stage ontology if it is consistent and con-
tains (1) the axzioms from Def. 15, (2) the axioms
below, and (3) any other azioms provided that the
classes contained in the axioms of (1) and (2) are
non-empty.

Class: Asset DisjointUnionOf: A4,..., A,
Class: Component DisjointUnionOf: Cq, . ..
DataProperty: |11
Domain: dom I; Range: rng I;
Characteristics: functional

Cm

DataProperty: I;
Domain: dom I; Range: rng [;
Characteristics: functional .

5We do not align with any specific top-level ontology that
deals with mereotopology [86], since no specific properties are
needed in our encoding. In general, the choice would depend
on the ontologies used in the overall application.

17

In the sequel, every considered ontology is as-
sumed to be an extended stage ontology according
to Def. 16.

Example 11 (An extended core ontology for the
Greenhouse). For the running example of a green-
house, we need information about plants, NVDI
values, and the considered requirement analysers.
Figure 5 show the azioms that are added to the
core ontology. The only asset class is Basil, which
is described by the first axiom. There are two com-
ponent classes, Ranalyser and Controller, and one
function that models the NV DI values of the plants
(nvdi). The additional axzioms refine assignedTo
and Ranalyser. The requirement analyser classes
are modelled as disjoint; using semantic technolo-
gies, we can also express subtype relations on re-
quirement analyser classes using subclass axioms.

A semantic stage is a representation in the
knowledge graph of a declarative stage D 4z =
(member, consistent) (see Def. 4), where all con-
ditions and properties of membership and consis-
tency are expressed in terms of OWL axioms.

Definition 17 (Semantic Stages). Let T = (A,C)
be a stage type. A semantic stage S: T = (Smember;
Scons) 18 a pair of two OWL class names Smember
and Scons Such that the following axioms must hold
for Smember @1 Scons:

Class: Smember SubClassOf: A
Class: Scons EquivalentTo: S;hempber and SC

where the symbol SC is a concept defined as
SC EquivalentTo: P; some Cq, ..., P,, some C,, .
Here, the axiom
ObjectProperty: P; SubPropertyOf: assignedTo
has to hold for each P;, and the axiom
Class: C; SubClassOf: C’
has to hold for each C; and for some C' € C.

Additionally, Smember must be independent of
Component; i.e, neither Component nor any of its
subclasses occur in any axiom for Smember-°

For a semantic stage S, Smember 18 the member-
ship class and Scons the consistency class.

5Ontology modules [87] can make this condition more pre-

cise: None of these classes should be in the module of Snember-



Class: Basil SubClassOf: Asset and nvdi some int

Class: Component DisjointUnionOf: Ranalyser, Controller

DataProperty: nvdi Domain: Basil Range: xsd::int Characteristics: functional

Class: RanalyserMoistUnder5 SubClassOf: Ranalyser

Class: RanalyserMoistUnder10 SubClassOf: Ranalyser

ObjectProperty: analysedBy SubPropertyOf: assignedTo Domain: Asset Range: Ranalyser
ObjectProperty: controlledBy SubPropertyOf: assignedTo Domain: Asset Range: Controller

Figure 5: Example extended stage ontology for the Greenhouse.

Example 12. Consider semantic stages corre-
sponding to the declarative stages from Fig. 3.
First the healthy stage

SHealthy = (Healthy, HealthyCons)

can be represented as follows:

Class: Healthy SubClassOf: Basil
and nvdi some int [> 5]
Class: HealthyCons EquivalentTo: Healthy
and analysedBy some RanalyserMoistUnder10 .

Neat, the sick stage Ssick = (Sick, SickCons) can be
represented by

Class: Sick SubClassOf: Basil and nvdi some int[<5]
Class: SickCons EquivalentTo: Sick
and analysedBy some RanalyserMoistUnder5 .

A lifecycle (see Def. 5) can be represented by
semantic stages with disjoint members. To define
semantic lifecycles, we first formalise compatibility
and disjointness of semantic stages as follows:

Definition 18 (Compatibility and disjointness).
Let Sl = <Sr1'nember’ S(1:0n5> a/nd 52 = <Sr2nember7 S(2$0n5>
be semantic stages. Then

e S, and Sy are disjoint if their membership
classes are disjoint: disjoint(SL . bers S2ember)s

e S, and Sy are compatible if their consistency

classes are not disjoint: —disjoint(Sly s, SZons)-

Definition 19 (Semantic Lifecycle). A semantic
lifecycle for an asset class A is a set of stages
Si = (S! bers Stons) for A such all membership
classes are disjoint:

. 1
dISJOInt(Smembera ) Sxember) .

6.1 Multi-Asset Semantic Stages

Multi-asset declarative stages (see Def. 9) are rep-
resented using subclasses of Aggregate for their
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membership class, instead of the asset classes in
Def. 17.

Definition 20 (Multi-Asset Semantic Stages).
Let {AS,C) be a multi-asset stage type with AS =
(A1,...,Ay) and C = {C1,...,Cn}, and let #A
be the number of occurrences of A in (AS,C). A
multi-asset semantic stage S: T = (Smember; Scons)
is a pair of two OWL class names Smember aNd
Scons- The following axioms must hold for Smember
and Scons, for some m € N:

Class: Smember SubClassOf: Aggregate and
partOf exactly #.4; A; and ...
and partOf exactly #A4,, A,

Class: Scons EquivalentTo: Spempber and
hasPart SC; .. .and hasPart SC,,, .

Here, all SC; are constrained as in Def. 17. Ad-
ditionally, we enforce that Scons must be defined
using a single axiom of the single form.

In contrast to declarative stages, we cannot
identify single-asset semantic stages with multi-
asset semantic stages over single assets, because
the membership classes are defined explicitly over
disjoint classes. However, given a single-asset se-
mantic stage, we can define a lifting into an
equivalent multi-asset semantic stage.

Definition 21 (Lifting). Let T be a single-asset
stage type, and S a single-asset semantic stage
such that S : T. The lifting of S, denoted [S],

with multi-asset stage type ((A),C), is defined as
follows:

Class:[S]member EquivalentTo: Aggregate and
hasPart exactly 1 Spember

Class:[S]cons EquivalentTo:[S]member and
hasPart exactly 1 Scons -

We can express both kinds of composition for
semantic stages, by adding additional axioms for
the class names of the composed stages. First, let
us define direct composition (see Def. 10).



Definition 22 (Direct Composition). Let S!
and S? be multi-asset semantic stages with types
(AS1,Cy1) and (ASs,Cs). Let Ai,..., A, be the
asset classes in AS1-ASs. The direct composition
S'.S2 has type

<~A81361> . <A82>@2> = <A81 'ASQ,@l U€2>

and the following definition:

Class: 51-52member SubClassOf: Aggregate and
partOf exactly #.4; A; and ...
and partOf exactly #A4,, A,

Class: S'-S2__ EquivalentTo: S!__ andS?2

cons cons cons °

There is no schematic definition of the re-
stricting composition (see Def. 12), as there is no
subset selection in OWL. However, we can give an
informal pattern for how to implement it.

Example 13 (Restricting composition). Let us
consider the semantic equivalent of Example 10
and assume given an extended ontology with the
terms needed for pumps. We formalise operational
pumps by Sok = (PumpOk, PumpOkCons) with:

Class: PumpOk SubClassOf: Pump
and status value ok
Class: PumpOkCons EquivalentTo: Pump
and assignedTo some RanalyserPowerOver10 .

The lifting of the classes Sok and Swealthy (%.€., [S
ok] and [Sheaithy] ), is defined as follows:

Class: PumpOkLift SubClassOf: Aggregate
and hasPart exactly 1 PumpOk

Class: PumpOkLiftCons EquivalentTo: PumpOkLift
and hasPart exactly 1 PumpOkCons

Class: HealthyLift SubClassOf: Aggregate
and hasPart exactly 1 Healthy

Class: PumpOkLiftCons EquivalentTo: HealthyLift
and hasPart exactly 1 HealthyCons .

Their direct composition, following Def. 22,
becomes

Class: OkHealthy SubClassOf: Aggregate
and hasPart exactly 1 PumpOk
and hasPart exactly 1 Healthy

Class: PumpOkLiftCons EquivalentTo: OkHealthy
and HealthyCons and PumpOkCons .

Now, to restrict the composed stage to aggressive
control, we meed to modify the consistency class
definition by unrolling PumpOkCons and adding a
restriction:
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Class: OkHealthyAggr SubClassOf: Aggregate
and hasPart exactly 1 PumpOk
and hasPart exactly 1 Healthy

Class: PumpOkLiftCons EquivalentTo: OkHealthy

and HealthyCons and
hasPart exactly 1 (PumpOkCons and controlledBy
some AggressiveCtrl) .

Definitions 18 and 19 carry over to multi-asset
semantic stages.

6.2 Discussion

The patterns that capture relations between
classes and the axioms required for these pat-
terns, as used in Example 13, are not directly
expressible in OWL. However, these patterns
can be represented using another semantic tech-
nology, namely ontology templates [88, 89]. The
templates for our running system are given in
the auxiliary online material. The conditions for
entailment and satisfiability are standard tasks
for OWL and DL reasoners, and supported by
efficient implementations.

To use equivalence axioms together with an
open-world assumption, the knowledge graph may
not store membership to any Smemper- Otherwise,
the reasoner could deduce the existence of require-
ment analysers, even if they are not explicitly
present. This issue can be solved in several ways.
One can require that membership to stages is
not stored (which is the solution in this paper),
one could add additional axioms that essentially
enforce a closed-world semantics, or one could
use a different formalisation for stages that does
not require open-world reasoning, such as SHACL
shapes [90].

Note that repairing of the managing system
configuration corresponds to so-called ABox ab-
duction [91] in the knowledge graph: it is sufficient
to abduce the presence of individuals, and these
must be members of a fixed set of possible classes.

7 A Self-Adaptive Architecture
for Lifecycle Management

The overall aim of the self-adaptive architecture
is to maintain the architectural coherence of the
managing system while assets transition between
the declarative stages in their lifecycles; i.e., every
asset must have the correct associated components



in the managing system, reflecting the current
declarative stages of the asset. The architecture
of the self-adaptive managing system is depicted
in Fig. 6 for two generic components in the man-
aging system, such as requirement analysers and
controllers. It has the following architectural com-
ponents; the first four components constitute the
layer for architectural reconfiguration, while the
components of the managing system, together
with the assets of the managed systems constitute
the system being managed by the architectural
reconfiguration layer. We introduce the architec-
tural components and position them with respect
to the MAPE-K feedback loops of Fig. 1:

¢ Knowledge Base: The knowledge base (KB)
keeps track of information about the current
configuration, i.e., the components in the man-
aging system and the assets, and the stages. The
KB offers operations for the other components
to manipulate and query this information. Note
that the configuration is runtime information
and can change, while the information about the
stages is static.

® Monitor: The monitor component includes a
semantic tagger that acts as the entry point
for information about the assets of the man-
aged system, translates this information into
semantic data and adds it to the KB. Although
the Monitor component is used for both the
behavioural and architectural feedback loop of
Fig. 1, we here focus on its use for architectural
self-adaptation.

® Stage Analyser: The stage analyser identifies
changes to the lifecycle stages of the different
assets by querying the KB for inconsistencies.
This component is the Layer 2 analyser of Fig. 1.

® Stage Planner: The stage planner determines
how to adapt the components in the managing
system (Layer 1), to resolve the inconsisten-
cies in the KB. It identifies components in the
managing system that need to be added and re-
moved. This component is the Layer 2 Planner
of Fig. 1.

¢ Components: The components in the manag-
ing system address behavioural self-adaptation,
including requirement analysis, planning and
control for the different assets of the managed
system. These are the Layer 1 components of
Fig. 1.
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We now consider each component by itself
and illustrate how declarative stages are used for
self-adaptation in the architecture. We omit the
components of the managing system, which were
discussed in Sect. 4, and the Layer 2 Executor
component, which is straightforward given the
output from the stage planner. In the sequel, we
assume that the declarative stages are given a
semantic representation (cf. Sect. 6).

7.1 The Knowledge Base

The task of the KB is to manage knowledge about
the assets, their aggregates, as well as the ar-
chitectural configuration of the managing system,;
i.e., the KB tracks information about declarative
stages, requirement analysers and controllers. This
requires a knowledge store for the information, op-
erations to add and remove information, and a
query interface that utilises the managed knowl-
edge to enable the stage analyser to detect lifecycle
changes and the stage planner to plan changes to
the managing system architecture.

For declarative stages that are given a seman-
tic representation, the KB is exactly a knowledge
graph with a set of predefined operations to man-
age information: while arbitrary reads can be
allowed, the addition of new information must ad-
here to the patterns described by the ontology.
A more subtle point is that OWL reasoning has
an open-world semantics: it can deduce the exis-
tence of individuals that are not explicitly named
in the knowledge graph. To circumvent such rea-
soning, we need to manually add axioms that
list all individuals that belong to the class Asset,
Aggregate or subclasses of Component. These clos-
ing axioms take the following form for a class C
and individuals 71, ..., 7,:

C EquivalentTo {i1,...,i,} .

Furthermore, we must express that an aggregate
has no additional parts. For an aggregate aggr with
parts asty,...,ast,, this axiom takes the following
form:

{aggr} SubClassOf: hasPart only {asty,...,ast,} .

Closing axioms are only added for the afore-
mentioned classes; in contrast, for the classes
describing the stages, we explicitly want to deduce
membership and not store this information.
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Figure 6: A self-adaptive architecture for stage-based lifecycle management.

Example 14. Consider the following knowledge
graph IC that models the semantic stages from the
previous section, as well as one asset with one
requirement analyser on the second level of the
MAPE-K loop.

The set Ksiore 0f stored triples becomes:

(astl, a, Basil), (astl, nvdi, 4)
(astl, analysedBy, rql)
(rql, a, RanalyserMoistUnder5) .

Note that the water level is not stored in the
KB. It is handled by the requirement analyser
and is not relevant for stage membership or con-
sistency. In addition to the azioms of Def. 15
and Examples 11 and 12, the ontology Kontology
contains the following axioms:

Asset EquivalentTo { astl }
Ranalyser EquivalentTo { rql } .

To manipulate the KB, we need to add and
remove information. We implement a generic op-
eration interface that supports these operations
for assets, stages, and components in the manag-
ing system. The set of known declarative stages,
however, remains static.

Definition 23 (Operations). Let U denote dis-
joint union, A an OWL asset class, C an OWL
controller class, and RA an OWL requirement
analyser class. Given a knowledge graph IC and an
asset node ast, we let neighbour (ast) denote the set
of triples that has ast as either subject or object
in K. The set of operations on knowledge graphs,
and their effects, is defined in Fig. 7.

In our running example, let ranalysers (ast) de-
note the set of requirements analysers ra with
triples of the form (ast, analysedBy, ra) and control
k(ast) be the set

{(ast, controlledBy, ctrl), (ctrl, a, C)} .

if such a ctrl exists, and () otherwise.
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The operation ADD(ast, A) adds a new asset to
the KB. This requires to add it to both the clos-
ing axiom and to add a new triple that connects
the asset ast with its asset kind A. The opera-
tion CLEAN(ast, C) removes all components in the
managing system of class C assigned to an asset
ast. The operation REMOVE(ast) removes an asset,
as well as all its associated components, in the
managing system. The operation UPDATE(ast, p, v
) updates the information modelled by property p
for asset ast to value v. The operation ADD(ast, C,

M) adds a component to the KB, again updating
the relevant closing axioms as well as adding a
triple that connects the nodes and classes. In the
definition of ADD(ast, C, M), the additional param-
eter P can be used to provide a subproperty of
assignedTo to connect the component in the man-
aging system to the asset. It defaults to assignedTo.
The operation AGGREGATE(asty,. . . ,ast, ) creates a
new aggregate out of pre-existing assets. The def-
inition of these operations in terms of SPARQL
queries is given in Fig. 8. Note that the inter-
face is generic for declarative stages, while the
implementation is specific for semantic stages.

Not every architectural component is supposed
to use every operation. The operations on com-
ponents in the managing system are used only to
reflect the changes during reconfiguration, while
the operations on the asset itself are updated
based on incoming data.

Example 15. We continue with Ezample 1.
We update the NVDI wvalue of the asset by the
operation UPDATE(astl, nvdi, 4), add a new asset
by the ADD(ast2, FPGA) operation, add a con-
troller component to the asset by means of the
operation ADD(ast2,ctrl1,BasilController,controlledBy)
and aggregate the two assets using the operation
AGGREGATE(astl,ast2). After these operations, the
updated knowledge graph Kl,. contains the fol-
lowing triples:



[K U {A EquivalentTo: {ay,..
= KU {A EquivalentTo: {ay,..

[K u {C EquivalentTo: {cy,..

[K u {(ast,a,A),

Component class

[K, UPDATE(ast, p, V)]

A EquivalentTo: {ay,..

., an}}, ADD(ast, A)]
., an, ast}} U {(ast, a, A)}

., cn}}.CLEAN(ast,C)]
= (K\neighbour (ast))U {C EquivalentTo: ({c1,..

-, cn}\Cx(ast))

., an, ast}}, REMOVE(ast)]
c[K,CLEAN(ast,C)JU{A EquivalentTo: {aq,..

R an}}

= (lC\{(ast, p, X) | Xe dom(p)}) U {(ast, p, v)}

[K U {C EquivalentTo: {cy,..
= K U {C EquivalentTo: {c,cq,..

[K, AGGREGATE(asty,...,astn)]

., ¢n}}. ADD(ast, ¢, C, P)]
.y cnttr U {(ast, P, ¢), (¢, a, C)}

(for a fresh aggr)
= K U {(aggr,a, Aggregate),{aggr} SubClassOf: hasPart only {asty,...,astn}}
U{ (aggr, hasPart, asty),...,(aggr, hasPart, ast,)}

Figure 7: Semantics of knowledge store operations.

a, Basil)

nvdi, 4)

a, FPGA)

analysedBy, rql)
controlledBy, ctrll)

a, Aggregate)

aggr, hasPart, astl)

aggr, hasPart, ast2)

rql, a, RanalyserMoistUnder5)
ctrll, a, BasilController) .

Its ontology Kéntology contains, in addition to the

axioms of Def. 15 and Examples 11 and 12, the
following axioms:

Asset EquivalentTo {astl, ast2}
Ranalyser EquivalentTo rql}
Controller EquivalentTo {ctrl1}
Aggregate EquivalentTo {aggr}
{aggr} EquivalentTo {astl,ast2} .

For queries, we allow OWL membership
queries on Boolean combinations of OWL classes.

Definition 24 (Queries). A composed class is
the closure of OWL class names under conjunc-
tion (and) and negation (not). Let C be a composed
OWL class and K a knowledge graph. We denote
with [K,C] the set of individuals described by C
according to the OWL semantics. Additionally, we
let Cx(a) denote the query that returns all the
components of class C that are assigned to a in
knowledge graph K.
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Example 16. Retrieving all inconsistent, healthy
basil plants requires querying for the class Healthy
and not HealthyCons.

For the running example, this query returns
both assets: first, astl has the wrong requirement
analyser (recall that the update performed in Ex-
ample 14 moved astl from its sick to its healthy
stage), and second, ast2 has no requirement anal-
yser:

[K!, Healthy and not HealthyCons] = {ast1, st2} .

Recall that aggregates can overlap and that
an asset can be part of several aggregates. Ad-
ditionally, an asset may be part of one or more
single-asset stage, and multi-assets stages. In case
the later situation is unwanted, then the query
above be modified to explicitly select only those
assets that are not part of aggregates:

Healthy and not HealthyCond
and not inverse(hasPart) some Aggregate .

In the sequel, we do not exclude this situation.

7.2 The Monitor

The monitor component takes asset observation
streams as input and performs the following tasks:

® the monitor uses a semantic tagger as a mapper
that translates the streams of asset observations
into semantic information that are added to the
knowledge graph, using predefined operations;



® ADD(ast,A) maps to
INSERT DATA { uri(ast) rdf:type uri(A) }
® ADD(ast,c,C,P) maps to

INSERT DATA { uri(c) rdf:type uri(C).
uri(ast) P uri(c) }

® UPDATE(ast,p,v) maps to

DELETE WHERE { uri(ast) uri(p) 7a}
INSERT DATA { uri(ast) uri(p) v}

® REMOVE(ast) maps to
DELETE WHERE { uri(ast) rdf:type 7a }

Followed by CLEAN(ast,C)
® CLEAN(ast,C) maps to

DELETE WHERE { uri(ast) ?x ?y.}
DELETE WHERE { 7a ?b uri(ast).}
DELETE DATA { uri(C) rdf:type Component}

® AGGREGATE(asty,...,ast,) maps to the follow-
ing, where aggr is a fresh URIL.

INSERT DATA { aggr rdf:type Aggregate.

aggr hasPart uri(ast;).

aggr hasPart uri(ast,).}

Figure 8: Mapping operations to SPARQL
queries. Operation uri( - ) retrieves the URI of an
asset, components, asset kind or other parameter.

® the monitor acts as a filter: not all information
is added to the KB, but only information needed
for self-adaptation; and

® the monitor directly issues operations to remove
an asset, its requirement analysers and its even-
tual controller from the KB and system, if the
asset observation stream notifies of its removal
from the managed system.

Concretely, the monitor issues an UPDATE
operation whenever information about an asset
needs to be updated in the KB, an ADD operation
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1 while(true)

2 toGenerate := (), toAdd := (), toRemove := ()
3 foreach stage S = (Smember; Scons)

4 // analyser: are there inconsistencies?

5 V = [K, Smember and not Scons]

6

7

// With which stage should the asset be
consistent?
8  foreacha € V

9 toGenerate := toGenerate U{a, S}
10 end
11
12 // Planner: How to make the asset

consistent?

13 K := copy(K)

14 foreach asset a with class C'
15 K" := [K', CLEAN(a, C)]
16 end

17 K':= abduce(K’,C)

18

19 // What needs to be added or removed?
20  toAdd := K'\ K

21 toRemove := K\ K’

22 end

23 end

Figure 9: A self-adaptation algorithm combining
stage analyser and planner.

whenever an asset is added to the system, and an
REMOVE operation whenever an asset is removed.

7.3 The Stage Analyser

The stage analyser is responsible for detecting in-
consistencies between the current stage of an asset
and its associated components in the managing
system. To this aim, the stage analyser queries the
KB for the assets that satisfy stage membership
of different stages and checks whether the com-
ponents in the managing system for these assets
comply with the consistency relation of the stage.
The stage analyser is realised by the first part
of the algorithm in Fig. 9, which implements the
MAPE-K loop for architectural self-adaptation.
The algorithm iterates through all stages and finds
the inconsistent assets (Sect. 7.2). It then collects
all such assets in a set (Sect. 7.2) that records the
stage with which the assets need to be consistent
(Sect. 7.2).



7.4 The Stage Planner

The stage planner is responsible for repairing the
managing system once an inconsistency is de-
tected between the components in the managing
system, and the stage associated with an asset.
The stage planner requires a set of compatible life-
cycles, and is realised by the second part of the
algorithm in Fig. 9.

Repair is based on abducing an explanation
for the required consistency. This explanation
may add or remove components in the manag-
ing system. Thus, abduction is performed on all
inconsistencies at once. We formalise this proce-
dure as follows. First, copy the KB (Sect. 7.2),
then remove all components of the managing sys-
tem (Sect. 7.2). The abduction then derives the
new components that are needed to explain the
consistency of this KB (Sect. 7.2). Finally, ab-
duced components that are not already present,’
are added to the managing system and to the origi-
nal KB (Sect. 7.2). Components that are no longer
needed, are similarly removed (Sect. 7.2).

7.5 The Executor

The executor receives the plan, i.e., the compo-
nents to be removed or created, and performs
it. Additionally, it uses the operations defined in
Fig. 8 to update the knowledge base.

8 Evaluation

We evaluate declarative stages and their realisa-
tion as semantic stages to answer the following
research questions (introduced in Sect. 1):

RQ1: Can declarative stages be used to model an
existing SAS?

RQ2: Can multi-asset stages be used to model
mutually dependent assets and their lifecycles in a
SAS?

RQ3: How does using semantic stages over non-
semantic declarative stages affect performance?

RQ1 and RQ2 are qualitative and indicate the
general applicability of declarative stages, while
RQ3 is quantitative and estimates the overhead
caused by using semantic technologies to im-
plement the declarative stages, compared to a

"For simplicity, the task of matching new with existing
components has been omitted from the algorithm.
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direct (ad hoc) implementation. We performed
three experiments, available in the auxiliary online
material.

8.1 Experimental Design and Setup

Experiment EX1 addresses RQ1. The experiment
uses the example from Sect. 2, based on Green-
houseDT (8], a DT exemplar specifically designed
for structural self-adaptation. We have imple-
mented both semantic stages and non-semantic
declarative stages. The latter were implemented
using suitable data structures for the knowledge
base, while semantic stages were implemented
with an RDF knowledge graph based on Apache
Jena® and its built-in reasoner. Thus, adding a
new stage requires defining it in the ontology
and to implement the corresponding class in the
architecture, respectively. The architecture is im-
plemented directly in the object-oriented language
Kotlin. At its core, it implements Fig. 6, and sup-
ports switching between a KB based on Apache
Jena for semantic stages and a KB that imple-
ments declarative stages as Kotlin data structures.
The interface, i.e., the operations of Sect. 7, are
methods, where the implementation of the in-
terface maps to SPARQL queries for semantic
stages, or operations on the data structures for
non-semantic stages.

Experiment EX2 addresses RQ2. The exper-
iment extends GreenhouseDT by a new, explicit
lifecycle model for pumps and uses direct com-
position to manage pairs of pumps and plants.
This experiment is implemented for both seman-
tic stages and non-semantic declarative stages,
analogously to EX1.

EX3 consists of a series of configurations,
based on the running example. The experiments
consider n different stages in one lifecycle and
m assets. Each stage defines one interval for the
nvdi property, and is validated using the OTTR
templates [89]. For each configuration (n,m), we
measure the time needed for the non-semantic
and semantic stages to adapt from a random
starting stage, respectively. This experiment ad-
dresses RQ3. All experiments were performed on
a Ubuntu 22.04 laptop with a i7-1355U CPU and
16 GB RAM.

8https://jena.apache.org/
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8.2 Results

We can answer RQ1 and RQ2 positively: we are
able to model the stages and lifecycles needed for
GreenhouseDT, and use lifecycle stages to adapt
the managing system of this DT to changes in
the NVDI values. We did not need to model the
transitions between the stages and interactions
between the lifecycles, as the checks for com-
patibility and the conditions for stages to form
lifecycles are sufficient.

Regarding, modelling efforts, the Green-
houseDT demonstrator was modelled and imple-
mented by the first author, who is experienced
with both semantic technologies and conventional
(non-semantic) DT solutions. No appreciable dif-
ference was observed in the effort required to
define semantic versus non-semantic stages. The
only substantive divergence emerged during re-
pair: for non-semantic stages the repair logic had
to be coded manually, whereas for semantic stages
the existing generic abduction algorithm could be
reused unchanged.

Figure 10 shows results for EX3. The left
figure shows the time (in seconds) needed for
semantic stages (blue) and non-semantic stages
(red) for one self-adaptation cycle, when consider-
ing stages n € {1, 10, 20, 30,40, 50} and assets m €
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{1, 2000, 4000, 6000, 8000, 10000, 12000} (interme-
diate values have been interpolated for better
visibility). The results show that the solution us-
ing semantic technologies scales better, both in
the number of assets and in the number of stages.
The plots to the right show the behaviour for a
fixed number of stages (n = 10); we can see that
the overhead is only relevant for a low number of
assets (m < 5000). The lower plot shows that for
a fixed number of assets (m = 12000), semantic
stages scale strictly better. To answer RQ3, the
overhead of using semantic stages improves per-
formance as the number of stages and assets rises.

8.3 Threats to Validity

A threat to internal validity is that our imple-
mentation of non-semantic stages is a direct im-
plementation of the architecture in Kotlin, while
the implementation of semantic stages reuses a
mature graph database. Nevertheless, we consider
the comparison to be realistic, as both imple-
mentations are general enough to accommodate
new stages and lifecycles. A highly specialised sys-
tem for non-semantic stages would not be able to
be reused and would amount to implementing a
highly restricted knowledge graph and reasoner.
A threat to external wvalidity is that EX1
and EX2 are performed on a single case study



and EX3 on a synthetic benchmark. To mitigate
this thread, we performed both experiments on
the basis of a publicly available exemplar for
self-adaptation, where reproduction studies and
comparisons are possible.

9 Discussion

Implementing our method consists of two steps.
First, one must must model the lifecycles. Second,
one must implement the two-layered architecture.

On semantic technologies

Our experiments indicate that the technological
overhead of adopting the proposed approach is
minimal. We have two arguments for this.

1. Knowledge graphs, including property graphs
such as Neo4J, and ontologies are a technology
with a rich ecosystem for both software and
methodology; numerous tutorials and stable
open source tools suits are available. Following
the method as described above does not require
training in technologies that are otherwise ir-
relevant for self-adaptation in cyber-physical
systems. Similarly, the rest of the solution
follows a conventional MAPE-K loop.

2. Ontologies are a common technology for as-
set modelling and DTs, meaning that following
our method uses standard technologies in their
context. Semantic stages merely require an
ontology that captures asset information. For-
tunately, such asset information models are
already defined by several interoperability stan-
dards (e.g., IEC CDD, the Asset Administra-
tion Shell, SAREF), enabling practitioners to
apply the approach without crafting custom
vocabularies from scratch.

From a more technical perspective, a stan-
dard open-source knowledge-graph engine and
rule reasoner are sufficient, where highly optimised
systems are available that add no extra runtime
constraints and little overhead.

On modelling in self-adaptation

Our main conceptual contributions are (1) hi-
erarchical self-adaptation where structural self-
adaptation is “above” behavioural self-adaptation
and (2) a declarative notion of a lifecycle stage.

26

Both have implications to modelling in self-
adaptive systems.

An immediate consequence is that lifecycles
are no longer thought off as possible sequences of
transitions. Indeed, the notion of transition is only
relevant in modelling when it comes to checking
compatibility. Instead, lifecycles are sets of con-
sistency conditions. This is natural in the context
of MAPE-K, where the planner only has possible
actions as its inputs and produces a sequence of
actions as the plan. Using a declarative approach,
the focus shifts towards modelling, with less em-
phasis on the transitions, as the operationalisation
is generic. As previously argued, declarative mod-
elling of lifecycle stages allows to scale lifecycles in
our context, as the model scales with the number
of stages, not the, potentially quadratic, number
of transitions between them.

A more research-directed consequence is that
the hierarchy between adaptations is not based
on a system break down (where the hierarchy of
MAPE-K loops follows the hierarchy of the sys-
tem), but on different concepts: structure and
behaviour.

Implementing declarative lifecycle
management

The above observations suggest that implement-
ing our method is feasible for an experienced
software engineer for both modelling and imple-
mentation. If the ontology to describe the assets
and their states is not given, an expert on semantic
modelling should be considered.

For modelling, our notions of compatibility
and composition can be used to guide the mod-
elling efforts, providing both a modular structure
and a way to check logical consistency of the
model. In case of semantic stages, compatibility
reduces to a standard reasoning task and ontology
engineering methodologies, e.g., to align or match
with existing ontologies [92].

10 Conclusions and
Future Work

Self-adaptive systems can be realised by a feed-
back loop between a managed and a managing
system. The managing system monitors the man-
aged system, updates its internal model, and ad-
justs the managed system by means of controllers



to maintain given requirements. Unexpected shifts
in the behaviour of the managed system can make
the managing system inconsistent with the man-
aged system, triggering a need for adaptation of
the managing system as well, such as changes in
the system requirements and in the associated
analysers and controllers.

This paper proposes an automated method for
self-adaptation of a managing system, to address
shifts between such lifecycle stages in the man-
aged system. The method is based on the novel
notion of declarative lifecycle stages that specify
such shifts in the behaviour of the managed system
and a corresponding adaptation logic for the man-
aging system. The specification of a lifecycle stage
is declarative in the sense that it does not describe
how an asset transitions to a stage, but rather pro-
vides a logical characterisation of what it means
for the asset to be in the new stage and what it
means for the managing system to be consistent
with the asset at this new stage in its lifecycle.
The paper considers both single-asset and multi-
asset specifications of declarative lifecycle stages,
and how these specifications compose.

Further, we introduce a two-layer self-adaptive
architecture that realises declarative lifecycle
management. When the managed system transi-
tions between lifecycle stages, the upper (man-
aging) layer consults formal stage specifications
and adapts accordingly. Our prototype instanti-
ates this architecture with semantic technologies:
a knowledge graph stores the stage definitions,
and a rule-based reasoner drives adaptation deci-
sions. Finally, we empirically assess how effectively
semantic reasoning supports declarative lifecycle
management.

Future Work

We can identify at least three interesting di-
rections for future work. First, the declarative
lifecycles in this paper are fixed; i.e., the defini-
tion of the stages does not change. However, the
definition of the lifecycles may also change, e.g.,
due to a changing organisational context or evolu-
tion of the design or domain. This would require
to handle different versions of the lifecycle for sin-
gle assets within the lifecycles of the digital twin
as a whole, and we think that eventual inconsis-
tencies between different versions of a stage can
be handled using ideas from BPM [41], DevOps
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for Digital Twins [93] or declarative program-
ming, where similar challenges have been solved
through controlled updates or restrictions on the
composition [94]. Second, we plan to introduce
hierarchical asset representations, which will in-
crease the framework’s expressiveness and give
engineers finer control over adaptation scopes. Fi-
nally, we aim to align our ontology, currently the
interface for semantic stages and the repository
of declarative stage definitions—with domain-
specific ontologies. This alignment should boost
interoperability and facilitate richer contextual
integration.
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