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ABSTRACT

Digital Twins (DT) are software systems representing different as-
pects of a physical or conceptual counterpart—the real twin, which
is instrumented with several sensors or computing devices that gen-
erate, consume and transfer data to its DT with different purposes.
In other words, DT systems are, to a large extent, IoT-intensive
systems. Indeed, by exploiting and managing IoT data, artificial
intelligence, and big data and simulation capabilities, DTs have
emerged as a promising approach to manage the virtual manifesta-
tion of real-world entities throughout their entire lifecycle. Their
proliferation will contribute to realizing the long-craved conver-
gence of virtual and physical spaces to augment things and human
capabilities. In this context, despite the proposal of noteworthy
contributions, we argue that DTs have not been sufficiently investi-
gated from a software engineering perspective. To address this, in
this paper we propose GEMINIS, an architectural reference model
that adopts self-adaptation, control, and model-driven engineering
techniques to specify the structural and behavioural aspects of DTs
and enable the evolution of their internal models. Moreover, we
introduce an approach for engineering IoT-intensive Digital Twin
Software Systems (DTSS) using GEMINIS’ capabilities to deal with
uncertain conditions that are inherent to the nature of mirrored
physical environments and that might compromise the fidelity of
a DT. With GEMINIS and the proposed approach, we aim to ad-
vance the engineering of DTSS as well as IoT and cyber-physical
systems by providing practitioners with guidelines to model and
specify inherent structural and behavioural characteristics of DTs,
addressing common design concerns.

CCS CONCEPTS

• Software and its engineering → Software design engineer-

ing; • Computer systems organization → Real-time system

architecture; Self-organizing autonomic computing.
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1 INTRODUCTION

Creating complete or partial digital representations of physical and
conceptual entities is driving the understanding and management
of things, processes, systems and humans [14], by augmenting
them in multiple ways with technologies such as the Internet of
Things (IoT), Artificial Intelligence (AI), Autonomous Computing,
and Big Data Analytics. This digitalization of information and its
organization through meaningful structures are transforming both
industries and societies [6]. On the one hand, it is allowing indus-
tries to advocate for flexible and primarily autonomous products,
services, and manufacturing processes. In this context, as defined
in the Industry 4.0 initiative [13], the exchange of longitudinal data
across systems and organizations facilitates improved efficiency,
productivity, and adaptability. On the other hand, as proposed in the
concept of Society 5.0 [16], the confluence of digital technologies
will extend human capabilities and provide invaluable assistance in
almost every aspect of our lives including healthcare, transporta-
tion, and economy.

Undoubtedly, the convergence of virtual and physical spaces is
crucial to promising technological advances such as Industry 4.0
and Society 5.0, whose realization relies upon the development and
exploitation of robust IoT systems [13, 16]. Conceived in the context
of product lifecycle management (PLM) [7], the concept of Digital
Twin (DT) represents a step forward in the evolution of this kind of
systems. A DT comprises a set of virtual representations describing
the fundamental structural and behavioural characteristics of a
physical entity, that is, its real twin, throughout its entire lifecycle.
Each of the virtual representations comprising a DT can address a
different aspect of the entity. This opens up possibilities for both
real-time analysis in different dimensions and behavioural predic-
tions that support data-driven Continuous Engineering (CEng)
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processes. As depicted in Figure 1 (A), DT systems are, to a large
extent, IoT-intensive systems that include control mechanisms to
accurately mirror physical or conceptual entities (i.e., real twins).
Moreover, DTs extend IoT capabilities and enrich Cyber-Physical
Systems (CPS) [10] by enhancing the management and exploitation
of data coming from the physical space to assist control actions and
decision making in the virtual space (cf. Figure 1 (B)).
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Figure 1: (A) Euler diagram depicting the overlapping defi-

nitions between modern systems foundations (i.e., compu-

tation, communication, and control) and recent technolo-

gies (i.e., Internet of Things (IoT) [26], Cyber-Physical Sys-

tems (CPS) [17, 25] andDigital Twin (DT) [7]). (B) Envisioned
closed control loop of IoT, DT, and CPS. Adapted from [27].

Despite the increasing acceptance and proliferation of DTs [4, 5,
12, 21], further research on how to model and engineer DT systems
is still required [1, 4, 14]. Particularly, we submit that although DTs’
potential primarily stems from their software-based capabilities,
their software engineering is still in its infancy. In most cases, DTs
have only been studied from a perspective that does not elaborate
on their internals. Until now, most researchers have addressed the
design of DTs from a very abstract standpoint that does not pro-
vide enough details about DT’s fundamental internal structures and
their associated responsibilities, independently from the application
domain. Usually, DTs are conceived as black boxes that provide ser-
vices to larger systems or misinterpreted as merely AI or simulation
models. Only a limited number of approaches consider the defini-
tion of detailed building blocks for Digital Twin Software Systems
(DTSS) [10]. Nonetheless, it has not been analyzed whether DTs
should inherently have particular sub-structures or characteristic
behaviours that enable them to continuously mirror their real-twin
counterparts precisely.

In this paper, we argue that DTs should invariably, and indepen-
dently of their application domain, manage uncertainty arising from
the inherent dynamism faced by real twins and the variable nature
of their surrounding environments. Consequently, DTs should be

instrumented with control and adaptation mechanisms that enable
DT models to continuously adjust according to changes in their
real counterparts, including their environment (context), therefore
favouring the fidelity of DT representations.

Our contributions include an approach to engineer IoT-intensive
DTSS using GEMINIS,1 our novel referencemodel based on research
advances in self-adaptive systems, adaptive control, models [2] and
megamodels [24] at run-time (MARTs an MeMARTs, respectively),
and model-driven engineering (MDE). GEMINIS addresses relevant
concerns of DTSS that are crucial to the achievement of promises
and expectations of the DT concept and its impact on application
domains such as Industry 4.0. and Society 5.0. In particular, we
identify the following concerns as key to the concept of DT to
succeed and get materialized through the engineering of DTSS:

i Coping with the dynamic and uncertain characteristics of
the physical world (i.e., faced by the real-twin).

ii Facilitating real-time analysis and dynamic management of
observable characteristics from the entities mirrored by the
DT.

iii Guaranteeing consistency between DT models and the real
state and behaviour of themirrored entity toward the achieve-
ment of high fidelity representations supporting evolution
cycles such as CEng processes.

iv Preserving the satisfaction of high-level DT goals.
The remainder of this paper is structured as follows. Section 2 de-

scribes our proposed GEMINIS reference model for DTSS. Section 3
introduces our GEMINIS-based approach to engineer DTs by outlin-
ing its application on a relevant and real case study of Smart Urban
Transit Systems. Section 4 discusses related and preliminary work,
and challenges regarding the development of IoT-intensive DTSS.
Finally, Section 5 concludes the paper and proposes future work.

2 THE GEMINIS REFERENCE MODEL

This section introduces GEMINIS, the main component of our pro-
posal for engineering DTSS. GEMINIS is a reference model for
architecting DTSS that enforces functional decomposition, separa-
tion of concerns (i.e., management of DT context sources, DT model
management and evolution, and preservation of DT high-level ob-
jectives) and the establishment and maintenance of association
relations between twins. To describe GEMINIS, we first discuss DT
characteristics by considering modelling aspects and application
dimensions that influence the development of DTs that had a signif-
icant impact on the design of our proposed reference model. Then,
we detail GEMINIS by specifying its internal structures and their
core responsibilities.

2.1 Characteristics of Digital Twins

DTs are complex entities whose design, development and main-
tenance demand the integration of diverse disciplines to ensure
the construction of precise digital representations of conceptual or
physical entities and their associated phenomena. Initially, although
modelling DTsmight resemble creating object-orientedmodels, DTs
present distinctive characteristics that require extending or com-
bining existing modelling approaches. Both DT researchers and

1GEMINIS ["he-mi-nis]: General ReferencE Model for DigItal TwiN-DrIven Systems
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industry practitioners acknowledge that three major factors im-
pact DT design and development (and consequently the associated
models) [4]: real-time data aggregation, in which DT models serve
as a consolidated data repository that enables uncovering hidden
knowledge by exploiting operational and continuously produced
data by the real twin (usually through IoT sensors); integration and
interoperability, referring to DTmodels’ ability to interact, integrate,
and provide services to other (possibly larger) systems; and fidelity,
which involve providing DTs with mechanisms and appropriate
models to describe and correspond to a real twin precisely. Evaluat-
ing the fidelity of a DT requires understanding the level of detail
or abstraction (i.e., Resolution), coverage (i.e., Completeness), and
update regularity (i.e., Frequency) of its constituent models [22].

Figure 2 depicts our conception of the models that comprise
the definition of a high-fidelity DT. Certainly, the development
stage and the type of a real twin will determine the appropriate
set of models for the composition of its digital counterpart. For
example, in the early stages of manufacturable real twins, DTsmight
be comprised of 3D CAD and structural models. Moreover, the
selection of these models can also be affected by the different stages
of development of a DT, including [1]: offlinemonitoring and reactive
control, where the automation of gathering and understanding of
DT data might be minimum or absent; online control, in which
automatic DT-driven control actions are based on forthright data
retrieval and processing; predictive control, which comprises smart
adaptations for DT fine-tuning; and proactive control, involving
self-optimization and adaptions for the achievement of goals.

Understanding the development stages of real and (intended)
digital twins and defining structural and behavioural models accord-
ingly are crucial to the success of IoT-intensive DTSS. On the one
hand, structural models describe the static structure of an entity,
that is, the parts or elements that compose it or abstract relevant
properties, at different levels of abstraction, and whose specifica-
tion does not involve behaviour considerations. For advanced IoT-
intensive DTSS, this kind of DT models must inherently consider (i)
the relationship with the real twin, mediated by the sensors and IoT
devices connected to it; (ii) the type and frequency of data being
gathered (iii) data storage repositories supporting continuous and
diverse flows of data; (iv) the DT’s models interrelations; and (v) the
structural components for supporting minimum self-management
behaviour. On the other hand, behavioural models characterize
the dynamic aspects of a real twin. This refers to changes in the
mirrored twin over time. We advocate to address three aspects
when considering runtime behavioural characteristics of a highly-
developed IoT-intensive DTSS: (i) the computational state of DT
models must accurately reflect, at every moment, the current or
predicted state of the real twin; (ii) the interactions between the
real twin, data repositories, behaviour models, and DT-related sys-
tems and operators must be clearly defined; and (iii) the results
of data exploitation (e.g., via machine learning, simulation, experi-
mentation, or other forms of data exploitation) should augment the
DT self-management capabilities. In addition to the structural and
behavioural perspectives of a DT, we follow the clear distinction
between DT prototypes (DTP) and DT instances (DTI), as proposed

by Grieves2 & Vickers [8]. Under this differentiation, knowledge ac-
quired trough each DTI can contribute to the continuous evolution
of models originally conceived in a DTP.Background
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Figure 2: Structural and behavioural views in DTmodelling.

The application dimension (i.e., use case) of a DT will also help
to delineate the type of models involved in its definition and the
relationships among them. For instance, describing and predicting
the behaviour of one desired entity through a DT might require the
use of Machine Learning (ML) or Genetic Fuzzy Trees (GFT) models,
simulating events associated with the real twin could be realized us-
ing discrete-event simulation (DES) models, and conducting experi-
mentation through DTs might demand a combination of both ML
and simulation capabilities. Assuredly, developing high-resolution
and complete DTs, capable of accurately describing all the possible
extents of real twins (i.e., tridimensional aspects, mechanics, among
others) will be the most demanding challenge since it can involve a
combination of a wide variety of knowledge areas. In our research,
we aim to advance the modelling of DTs from a data-driven, control,
and MDE-based perspective, in which ML-based descriptive and
predictive behaviour, and simulation and experimentation services
can be supported, thus providing a platform for the development
and extension of IoT-intensive DTSS.

2.2 The Reference Model

Figure 3 depicts the GEMINIS reference model, which addresses the
modelling aspects discussed in Section 2.1 by combining principles
from self-adaptive software systems, autonomic computing, adap-
tive control, andMDE. Moreover, it incorporates a novel application
of the concepts of Model Reference Adaptive Control (MRAC) and
Model Identification Adaptive Control (MIAC) for providing DTs
with adaptable behaviour to deal with inevitable changes in the
behavioural characteristics of their counterparts, the real twins.
GEMINIS is conceptually influenced by the ACRA reference archi-
tecture [9] and the DYNAMICO [23] reference model. We adopt
the hierarchical orchestration of MAPE-K [11] feedback loops con-
templated in the former, and the separation of concerns and the
three-layer structure of feedback loops defined in the latter. In our
case, each feedback loop addresses: (i) DT control objectives; (ii) DT
behavioural adaptation (with MRAC/MIAC); and (iii) DT context
monitoring. In Figure 3, the MAPE-K components are represented
2Michael Grieves gave early definitions for DT in 2003 in the context of Product
Lifecycle Management [7].
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lustrates the proposed functional decomposition together

with data and control flows. The acronyms used in this view

stand for DTP: Digital Twin Prototype, DTI: Digital Twin In-

stance, MART: Model at Runtime, MeMART: Megamodel at

Runtime, CO-FL: Control Objectives Feedback Loop,MM-FL:

MRAC/MIAC Feedback Loop, and CM-FL: Context Monitor-

ing Feedback Loop.

with their initials (i.e., M: Monitor, A: Analyzer, P: Planner, E: Execu-
tor, and K: Knowledge). The following sections describe the different
roles and responsibilities of the elements that comprise GEMINIS.

2.2.1 Context Monitoring Feedback Loop (CM-FL). The CM-FL is
responsible for the acquisition of context data (batch and real-time),
using sensors attached to the real twin of a particular DTI (cf.

interaction A ). The monitoring process (M) of this CM-FL is contin-
uously analyzed to verify its compliance with dynamic high-level
control objectives, and adaptions might be triggered in case an
adjustment in the monitoring scheme is needed (cf. interaction B ).
Hence, the continuous and diverse flows of data originated in the
physical world are aggregated by an adaptive monitoring mech-
anism that provides flexibility with respect to sampling and data
fusion processes. Changes in DTSS goals might require adjustments
in the sampling rates, data fusion mechanisms, and sensing sources.
Furthermore, context symptoms, performed adaptations, and faulty
or detected malicious sensors may form a relevant knowledge base
(cf. interaction C ) to improve decision making in the planning of
future adaptations to the monitoring scheme.

2.2.2 Model Manager & DTI MeMART. The Model Manager pro-
vides an interface to operate and synchronize the structural and
behavioural models associated with each DTI. On the one hand,
the Status MART describes a real-time view of a physical or con-
ceptual entity that might be used by operators or other systems to
seamlessly comprehend the latest known status of the entity (cf. in-
teraction D ). This structural model establishes a causal connection
between the defined set of relevant measurable characteristics of
the DTI and the phenomena being monitored in the physical world.
It also provides the structure for the Data Model that describes
the schema for data storage. Thus, the Status MART delineates
the observable properties and relationships of the real twin that
are relevant for an operator or a larger system that requires ser-
vices from a DTSS. This model might define additional structural
characteristics by specifying the mappings between the proper-
ties and relationships being observed and the context sources (e.g.,
IoT sensors) that provide the data for further analysis. Together
with structural definition models (e.g., SysML Block Definition and
Internal Block diagrams), the Status MART and the Data Model
comprise the elementary static view of a DT in GEMINIS. On the
other hand, our reference model addresses behavioural descriptions
of DTs through the definition of Descriptive Behaviour MARTs (e.g.,
SysML Activity, State, and Parametric diagrams), which outline
the dynamics of a physical twin for their analysis; and Behaviour
Models (e.g., ML and GFT models), expressing behaviour through
executable models that can be used for prediction and forecast-
ing. Since both structural and behavioural models might contain
elements with corresponding semantics, aModel Synchronizer guar-
antees model coherence (cf. interaction E ) and propagates changes
when adaptation is required (cf. interaction F ).

In our approach, DTI models are grouped into a MeMART (i.e.,
runtime megamodel) that establishes relations (e.g., dependencies
and transformations) between them and improves their manage-
ment by providing a centralized and explicit model registry for
further real-time operations on models (e.g., analysis, navigation,
and change replication) [24]. This macro-model provides a struc-
tured view of a DTI for a wide variety of stakeholders (e.g., clients,
operators, other related systems). Moreover, it enables comprehend-
ing the impact of model changes and defines the route to propagate
them.

2.2.3 MRAC/MIAC Feedback Loop (MM-FL). TheMM-FL addresses
the achievement of high fidelity representations of behavioural as-
pects in the DT concept. For this, our reference model incorporates
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a novel mechanism, based on the MRAC and MIAC models from
adaptive control theory, to deal with the potential lack of real-time
data at the early stages of CEng processes and the continuous ad-
justment (evolution) of behavioural models to assess and improve—
if required—the way they mirror phenomena associated with the
operation of physical or conceptual twins.

Newly created DTIs will include one or more conceived be-
havioural models intended to describe and forecast the dynam-
ics of the associated physical or conceptual entity. To ensure the
calibration of this kind of models, GEMINIS defines a Behaviour
Controller that adjusts model parameters appropriately (cf. inter-
action H ). In our reference model, at the early stages of operation,
an MRAC-based procedure is used to define the way behavioural
models are calibrated by the corresponding controller. To achieve
this, an Adjustment Mechanism produces new control parameters
by comparing real behaviour (cf. interaction H ) with expected be-
haviour coming from regular flows of simulation reference models
(cf. interaction I ).

Once DTIs are fully operational and a representative amount
of data has been collected and processed, the Adjustment Mecha-
nism might opt for adopting an MIAC-based approach for model
tuning. Under this paradigm, control inputs (cf. interaction I ) and
extended observed behaviour (cf. interaction K ) serve as the ba-
sis for Model Identification. Thus, simulation data is replaced by
data coming from the constant operation of the real twin. This
approach is particularly suitable for evolution scenarios with high
uncertainty, where anticipation (e.g., through simulation) becomes
impractical [15].

The MM-FL plays a vital role in DT-driven CEng processes, such
as those proposed in Industry 4.0 and Society 5.0. On the one hand,
required recurrent adjustments to the models might expose the de-
viation of a DTI from its DTP due to unexpected degradation. Thus,
predictive or corrective maintenance actions should take place. On
the other hand, the data-based identification of behavioural models
might reveal improvement opportunities for the products, services
or processes being mirrored by DTs. Applying this to the context
of Industry 4.0, companies might trigger a new evolution cycle for
developing products featuring the enhancements unveiled by DTs.
In this case, a new DTP is created and corresponding DTIs gener-
ated from it are instrumented with data and models coming from
the previous cycle (cf. interaction K ), thus closing the DT-driven
evolution loop.

2.2.4 Control Objectives Feedback Loop (CO-FL). The CO-FL su-
pervises the satisfaction of high-level goals defined for DTSS by
operators or other systems (cf. interaction L ). These goals might in-
clude the satisfaction of functional and non-functional requirements
such as required fidelity, bandwidth usage, among others. The CO-
FL analyzes critical contextual conditions (cf. interaction N ) and
significant deviations of behavioural models (cf. interaction O ) and
reports them to relevant external entities (cf. interaction P ). The DT
Manager defined in this feedback loop is in charge of governing the
resources associated with a DTP (e.g., structural definition models
and simulation models, cf. interaction M ), enabling the creation of
new DTIs from it, and triggering the synchronization of models
when required.

3 ENGINEERING DIGITAL TWIN SOFTWARE

SYSTEMS (DTSS)

This section presents the second component of our proposal, a pre-
liminary version of a process for engineering DTSS using GEMINIS.
To ease the comprehension of both GEMINIS and our proposed
approach, we illustrate their application on a relevant scenario re-
lated to smart urban transit systems. In this scenario, we address
SITM-MIO, the mass transportation system of Cali, the third-largest
city of Colombia, with a population of nearly 2.2 million. At the
end of 2019, the SITM-MIO system had 98 lines (routes) and 455,000
passengers on a business day, using a fleet of 828 vehicles.

The SITM-MIO system can be considered as an IoT-intensive CPS
in development, as wide as the city of Cali. SITM-MIO buses are
equipped with multiple embedded systems such as a small central
processing unit, a GPRS-based communications device, and more
than 30 IoT sensors reporting geolocation coordinates, velocity,
acceleration, among others. These buses generate around 2.5 million
data records per day. Currently, we are investigating the application
of IoT-intensive DTs on the SITM-MIO scenario to improve decision
making and ensure the system’s autonomy.

Figure 4 depicts an overview of our proposed approach and possi-
ble models involved when designing DTSS using GEMINIS. The fol-
lowing sections outline the main phases of the approach, adopting
the SITM-MIO system as the application scenario and elaborating
on the definition of DT structure and behaviour through GEMINIS.
The order of the phases being described might vary according to
specific conditions of different scenarios.

3.1 Selecting a Real Twin

In a CPS as complex as the SITM-MIO, there exist many oppor-
tunities to implement DTs that augment the capabilities of its
constituent components to make it more resilient, efficient, au-
tonomous, and self-managed. Moreover, after several evolutions,
multiple DTSS might form an intelligent system of systems capable
of driving or autonomously effectuating control or optimization
actions over the entire SITM-MIO system by leveraging the in-
tegration and collaboration between diverse DTs. Achieving this,
however, is a formidable challenge, for which we need to start by
understanding first how to model individual DTs that add value to
the current operation of the system.

At this stage of our research, and considering the main service
provided by the SITM-MIO system, we decided that the concept
of a bus route is the ideal candidate for a real twin that will be
manifested as a DT in the virtual realm for augmented management
and control. Each route in the system is an entity that conceptually
has both structure and behaviour. Routes’ performance affects not
only the citizens who use it but also the mobility of the whole city
from a global perspective.

3.2 Determining the DTSS Application

Dimension & Control Objectives

As described in Section 2.1, determining the DT application di-
mension is key to delineating the set of models that is suitable
for describing the structural and behavioural characteristics of a
desired real twin under particular conditions. In the bus route mod-
elling scenario, we aim to leverage DT predictive capabilities (e.g.,
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throughMLmodels) to allow the SITM-MIO system to becomemore
resilient in face of unexpected events during operation (e.g., unusual
traffic jams, blocking road accidents, emergencies, unexpected flow
of passengers). In this context, the main objective of the DTSS in
charge of representing the bus route is to detect or anticipate events
that might have a significant or disastrous impact in the SITM-MIO
operation, alert human controllers, and suggest plausible actions
to counteract their consequences. Moreover, the DTSS can be in-
strumented with control objectives that will drive the management
of associated DT models and data acquisition for computing key
performance indicators (KPIs).

3.3 Modelling DTSS Structure

Defining the structure of a DTSS will require not only the use
of models describing the structural characteristics of a real twin,
but also the establishment of control and storage structures for
management and evolution of models together with a specification
of their organization and allocation to computing resources.

First, domain experts or SITM-MIO operators can use DT-ready
metamodels to define structural graph-based DTP models describ-
ing the inherent and measurable properties of a bus route (e.g., bus
stops, planned arrival and departure times for buses, operating fleet,
buses location, among others) and mappings between IoT sensors
and identified properties. As proposed in our previous work [19],
MDE transformations can be used to derive and update (if required)
DTI structural models (i.e., route MARTs and their associated data
models) from the DTP definitions. These models will reflect the
real-time state of bus routes in the SITM-MIO system and can be
grouped into route MeMARTs that specify model interrelationships.

Second, as described in Section 2.1, besides including the mod-
els comprising the intrinsic structural characteristics of a DT, the
structure of a DTSS must also consider structures to support model
manipulation and self-management capabilities for improved DT
control. For this, designers of the SITM-MIO management sys-
tem can take advantage of the functional decomposition provided
in GEMINIS and instrument the system with the feedback loops de-
fined in the reference model to establish the way route DTI models
are: (i) fed with batch or real-time data coming from route buses
and stations (CM-FL), (ii) updated to continuously mirror changing
operation conditions such as an unexpected flow of passengers
(MM-FL), and (iii) governed by system KPIs such as the fulfillment
of planned route schedules defined in DTPs (CO-FL).

Third, the structure of a DTSS should also consider the appli-
cation of deployment patterns or architecture styles that specify
ideal solutions for organizing DTSS components and their distribu-
tion over available computation resources. For instance, designers
of the SITM-MIO scenario will have to consider optimal ways to
organize and deploy DT models and related control and storage
components for 96 routes, while striving to achieve minimum op-
erational cost without comprising system performance.

3.4 Modelling DTSS Behavior

Following GEMINIS, in a similar way as in the previous section,
behavioural aspects of a DTSS should include intrinsic behavioural
characteristics of the mirrored real twin, described or predicted
trough defined models, and adaptive behaviour exposed by control
and storage structures (i.e., feedback loops) for model management
and evolution. Moreover, as depicted in Figure 4, we advocate for a
differentiation between DTP and DTI behaviour models. We illus-
trate the relevance of these considerations by describing a particular
scenario in the SITM-MIO system as follows.

In order to reduce passenger agglomeration in bus stations and
optimize the performance of critical routes in the system, a SITM-
MIO operator might exploit predictive DT behavioural models to
estimate the ideal scheduling of buses (i.e., the interval between
each bus departure from the route origin) during particular (pos-
sibly critical) operation hours. The accuracy of these models, part
of route DTIs, is inevitably susceptible to uncertain factors such as
weather conditions, thus adaptions are required to enable DTIs to
mirror their real twins appropriately. Initially, model adaptations
can be based on performed historical control actions on the way
the ideal scheduling of buses is estimated, using previous DTP mod-
els as a reference. However, as the city dynamics and boundaries
evolve, reference route DTPs might become obsolete and new mod-
els and control actions should be identified. Hence the relevance
of GEMINIS and the adaptability provided by the orchestration of
its proposed feedback loops to preserve the fidelity of DTSS.

3.5 Defining Additional Context Sources

DT modelling should consider external elements interacting with
and affecting their twin counterparts. In the SITM-MIO scenario,
bus route DTs can be linked to additional context sources such as
real-time traffic data services and weather forecasting to improve
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the level of correspondence (i.e., fidelity) between DT models and
their associated entities. However, we do not consider any addi-
tional context sources at this stage of our research.

3.6 Providing Interfaces to Associated Systems

When designing DTSS, engineers must consider defining interfaces
supporting the continuous interaction between DTSS and associ-
ated client systems (e.g., CPS) that demand real-time operation in-
sights or prediction and forecasting capabilities offered by DT mod-
els. These interaction interfaces can augment cyber controllers’ (i.e.,
DTSS clients) capabilities for properly managing associated physi-
cal entities (cf. Figure 1 (B)). In the context of the SITM-MIO system,
exposing interaction interfaces that provide graph-based analytics
based on bus routes data accumulated through DT models can im-
prove decision making and enable the main system controller to
automatically or semi-automatically re-define a specific segment of
a scheduled route and notify the adjustments to the system users.
This, in turn, might cause the system to change the scheduling of
buses autonomously and therefore adjust the original plan defined
for a particular period.

4 RELATEDWORK & PRELIMINARYWORK

This section presents an overview of previous and ongoing rele-
vant software engineering research regarding DTs, outlines our
preliminary work, and introduces challenges regarding the further
development of IoT-intensive DTSS.

4.1 Related Work

In industry, IT companies have proposed high-level conceptual-
izations, designated as architectures, that represent organizational
schemes for the implementation of DTs as key drivers of business
operations. Microsoft [20] highlighted the significance of DT for
digital transformation processes and provided an abstract cloud-
based reference architecture that exposes the way the company’s
products might support the construction and operation of DTs.
In a similar fashion, VANTIQ [3] describes a general architecture
that features a set of components intended to address important
considerations for DTs including data acquisition and processing,
modelling and simulation, and corrective actions based on situ-
ational awareness and real-time analysis of physical twin states.
Both architectures are presented as commercial solutions where
DT elements are directly associated with vendor-specific platforms.

In academia, recent research on the engineering of DTSS has
been conducted. Redelinghuys et al. [18] proposed an abstract six-
layer DT architecture in the context of Cyber-Physical Production
Systems. Their approach, however, specifically targets manufactur-
ing cells and does not consider adaptability factors of DTs regard-
ing their fidelity. Bauer et al. [1] explored the way the adoption of
DTs permeates the design and development of software systems
expected to exploit their capabilities. Although they do not elab-
orate on the functional decomposition of individual DTs and the
explicit interrelationships among the elements that compose them,
they suggest a set of action points to motivate further research
on the architectural design of systems interacting or orchestrat-
ing DTSS. Their action points are considered within the list of
concerns we described in Sections 1 and 2.1. To the best of our

knowledge, the approach proposed by Josifovska et al. [10] is the
only study, from a software engineering perspective, that has di-
rectly addressed the definition of building blocks of DTSS and their
interrelationships. They introduced a reference framework that
divides DTs in terms of a Physical Entity Platform that describes
entities residing in the physical spaces; a Virtual Entity Platform
that comprises the virtual models that mirror physical entities; a
Data Management Platform that orchestrates data-related opera-
tions; and a Service Platform that provides optimization capabilities.
Even though this work represents a relevant step forward toward
the definition of internal structures for engineering DTSS, it does
not provide software engineers with reference mechanisms to in-
strument DT models with adaptability and evolution capabilities to
improve the way they mirror physical entities continuously—and
support CEng processes—, to accommodate uncertainty. Moreover,
the impact of model evolution and its mitigation are not addressed
in their proposal. Therefore, we submit that the current approaches
are complementary to GEMINIS with our reference model being to
the best of our knowledge, the only one that explicitly provides a
standard decomposition of DTSS that defines the parts, responsi-
bilities and interactions that are required to approach the concerns
that are key in the realization of DT promises by addressing of
DTSS dynamics and their continuous evolution.

4.2 Preliminary Work

Previously, we presented an initial exploration of the DT concept
and its application in personalized healthcare [19]. We described
DT’s main requirements and leveraged autonomic computing re-
search to engineer adaptive DTs in healthcare. More specifically, we
devised a reference model for engineering DTs for humans, featur-
ing two feedback loops, namely: context monitoring and care man-
agement. The former is equivalent to the one defined in GEMINIS
and the latter controls the satisfaction and optimization of high-
level goals for a particular medical treatment. We aimed to augment
traditional healthcare methods with mechanisms for monitoring
and treatment personalization for diabetes patients.

One of our next steps is to validate GEMINIS using the concrete
application scenario in Section 3. We have already developed three
projects that aim at realizing the context management and data
storage elements from GEMINIS. These projects focus on: (i) collec-
tion, pre-processing and storage of data sensed from the operation
of buses in the system; (ii) the prediction of bus arrival times to a
set of relevant stops, using collected data and ML techniques; and
(iii) event identification, management and reporting regarding the
buses’ operation.

4.3 Challenges Ahead

By designing and applying GEMINIS to the personalized healthcare
and smart urban transit scenarios, we have identified research and
implementation challenges for the realization of IoT-intensive DTSS.
Thus, the initial evaluation of our approach presented in this paper
faces the following tasks and challenges:

• Define a DT metamodel with sufficient expressiveness to
properly describe the structural characteristics (i.e., observ-
able properties) of a real twin and their relationships with
context sources.
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• Identify and undertake convenient actions regarding the
possible drift of DT models (i.e., inaccuracy of originally
expected behaviour).

• Determine when a DT is sufficiently mature to consider
switching the control of behavioural models from an MRAC-
based approach, where simulations are used as reference
inputs to adapt the behaviour of DT models, to an MIAC-
based approach that identifies control parameters using data
and knowledge from the operating real twin.

• Propagate required changes in definitions of structural mod-
els and address their impact on related behavioural models.

• Enable the composition of DTs into larger DT structures and
guarantee the interoperability of DT models.

5 CONCLUSIONS

This paper presented an approach for engineering DTSS and the
GEMINIS reference model which provides explicit functional de-
composition together with data and control flows to guide the
design, development and operation of robust IoT-intensive DTs that
accurately mirror physical or conceptual entities. GEMINIS builds
upon research contributions on self-adaptive software systems (i.e.,
feedback loops, MARTs and MeMARTs) and adaptive control mech-
anisms (i.e., MRAC and MIAC) for enabling DTs to (i) cope with the
dynamic and uncertain characteristics of the physical world; (ii) fa-
cilitate real-time analysis and dynamic management of observable
characteristics from entities mirrored by the DT; (iii) guarantee the
consistency between DT behavioural models and real behaviour of
the mirrored entity toward the achievement of high fidelity repre-
sentations supporting evolution cycles such as CEng processes; and
(iv) preserve the satisfaction of high-level DT goals. GEMINIS consti-
tutes an advancement toward the engineering of adaptive DTSS that
can cope with uncertain conditions associated with a dynamic and
continuously evolving physical world. It benefits not only software
engineers by serving as a guide for DTSS modeling and construc-
tion, but also software engineering researchers by paving the road
for further discussions about the maturity of software engineer-
ing for DTSS and its impact on cyber-physical and IoT systems.
In particular, we highlight interesting research opportunities re-
lated to the implementation of the MM-FL defined in our proposed
reference model.

We are currently working on the validation of GEMINIS to con-
solidate it as a suitable reference model that facilitates the construc-
tion of DTSS in different application domains. Our future work will
focus on addressing the challenges described in Section 4.3 in smart
urban transit systems and personalized healthcare scenarios.
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