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ABSTRACT

The benefits of Hybrid Simulation (HS) are well recorded in academic literature. It offers deeper insights
into the real-life system as it allows modelers to assess its inherent problems from different dimensions. As
a result HS has recently generated more attention from within the Modeling and Simulation arena. HS
comes in many shapes and forms. For example, by linking two or more simulation models; linking
simulation models with facilitative models; or linking simulation models with analytical models. This paper
aims to explore several concepts related to HS modelling and design.

1 INTRODUCTION

It has been argued by many researchers that hybrid simulation provides a better insight of the system in
hand as it allows modelers to assess its inherent problems from different dimensions (Zulkepli and Eldabi
2015). The need for HS is predominantly fueled by the ever rising complexity of the modern world and the
rise of information sources and data. This led Hybrid Simulation to become an important subject within the
Modeling and Simulation field. There are several types of Hybrid Simulations (for example, hybrid models
that are based on two or more simulation models such as linking discrete event simulation (DES) with either
system dynamics (SD) or agent based simulation (ABS) models). Another example is linking simulation
models with facilitative or analytical models from the wider Operations Research domain or disciplines
such as Systems Engineering and Applied Computing (Powell and Mustafee 2017). HS started life as a
process of pragmatic mixing of several paradigms/approaches/techniques, making it difficult to be housed
within one specific clear methodology (Zulkepli and Eldabi 2015). Tolk et al. (2018) attempted to establish
some categorization of HS by extending the classification originally proposed by Mustafee et al. (2017).
That initiative classifies hybridization of different models with respect to their approaches (traditionally
used interchangeably with techniques in the simulation community) as listed below:

*  When techniques from different simulation methodologies are combined, such as ABS and SD, this
is called multi-methodology hybrid simulation;

978-1-7281-3283-9/19/$31.00 ©2019 IEEE 33



Eldabi, Bell, Tako, and Tolk

*  When techniques from the same simulation methodologies are combined, such as SD and
(continuous) computational fluid dynamics CFD models, this is called multi-technique hybrid
simulation;

*  When different techniques from the same methodology and different simulation methodologies are
combined, the result is a multi-methodology- multi-technique hybrid simulation;

* Combining simulation methods with non-simulation methods, as originally proposed in
(Shanthikumar and Sargent 1983), is called a multi-methodology hybrid model;

*  Combing methods from different paradigms is called a multi-paradigm hybrid model.

The above classification is too complex for the purpose of this paper. To simplify things we divide the
HS approaches into two categories: Hybrid Simulation i.e. mixing/linking one simulation model (ABS,
DES, or SD) with one or more other simulation model(s). The second category is Hybrid Modelling: which
is mixing between one or more simulation model(s) (ABS, DES, or SD) and other modelling approach(es).
This is stemmed from the fact that when discussing HS, we are mainly focusing on the process of simulation
and the approaches followed to design develop and utilize a simulation model. In this paper we will explore
some issues related to designing and developing HS starting by a proposed framework for hybrid model
development, followed by facilitative approaches to HS, the use of HS to resolve complex issues,
concluding by defining some theories for linking disparate paradigms with particular emphasis on linking
the physical and simulation paradigms.

2 A PROPOSED HS FRAMEWORK

This framework is based on three sequential phases: the conceptual phase; the modeling phase; and the
model communication phase. The following sections provide detailed description of the three stages.

2.1 Phase 1: Conceptual Phase

Step One: Problem Source Definition and Objective(s) ldentification. This is a typical step that is vital and
performed for simulation models to define the problem and the need for hybridization.

Step Two: ‘Conceptual Model and Modularization Process’. This step aims to subdivide the
conceptual model into several modules, each of the modules contains a standalone process. Taking a
healthcare example each of the modules could be a model of a hospital clinic, social care, A&E, surgery,
etc.). It may also subdivide the same model into further dimensions for example a patient model and a doctor
model. The main purpose of modularization is to simplify complex structures and drawing the boundaries
for the various hybridized models at the conceptual phase.

Step Three: ldentification of the Characteristics of each Module. The purpose of this step is to identify
the characteristics of each module to decide which technique is suitable for modeling the respective module.
Such characteristics are: short- (or long) term effect; type of analysis (individual or aggregate), feedback
requirement etc. Modelers could resort to well-established characteristics used to define the three main
simulation approaches i.e. DES, SD, or ABS. The identification of the characteristics and requirements for
each module will lead to deciding which approach to follow.

2.2 Phase 2: Modeling Phase

The second phase in the framework is the modeling phase. Each of the models (i.e. DES, SD, ABS) can
be developed separately and simultaneously if expertise is available. The development of each of the models
should be based on the previous phase. These models can be developed using normal commercial and freely
available packages. The most important aspect in this phase that is different from a typical simulation
development phase is the facilitation of the linking between the models.
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2.3 Phase 3: Models Communication Phase

Phase 3 of the framework is about defining the linking and development of a communication plan between
the different models. The purpose of this phase is about identifying how variables from some models
communicate and change their impact on other variables in other model. The ‘communication’ process also
includes how each of the models are changing accordingly. The linkage between models is decided by
identifying the ‘influencing’ and the ‘influenced’ variables that make these models communicate with each
other. The following discussion provides the explanation of the six steps involved in this phase.

Step One: Identifying the Linking Variables. The identification of such variables is done by detecting
all the variables that ‘influence’ or ‘are influenced’ in both models. Expert opinion can be sought to
validate which variables can be considered as ‘influence’ variables and which are ‘influenced’ variables.
It is worth noting that the techniques used to model these variables may also depend on the modelers’
expertise.

Step Two: Identifying the Interactions Type. Chahal and Eldabi (2008) introduced two types of
interaction, or model communication, cyclic interaction and parallel interaction. Cyclic interaction is based
on running one module to generate input and the next module. Parallel interaction is about contentiously and
mutually transferring data between the models during the run.

Step Three: Model Execution and Data Exchange. The ‘variables involved’ are those identified in
Step One as ‘influence’ or ‘influenced’ variables. As each model may have an initial influencing variable,
we will use the ‘source model’ as the general term in this framework to define the model with the initial
‘influencing’ variable(s), whilst the ‘destination model’ contains the initial ‘influenced’ variable(s).

Step Four: Evaluation of Outputs. The final output can be from either the ‘source’ or the
‘destination’ model. That is the final output will be from the destination model unless that there are some
variables in the source model which are influenced by the variables in the destination mode. In such case
the final output will be traced from the destination model.

3 FACILITATIVE HYBRID SIMULATION

From its definition hybrid simulation involves the modelling of complex systems, which are best
represented using one or more simulation or non-simulation methods combined together. As a result, this
creates the need for capturing different perspectives and sources of information to inform the different parts
of the model or stages of the modelling lifecycle. This section considers the potential of adopting facilitated
modelling in the lifecycle of hybrid simulation modelling.

The concept of facilitated modelling is not new, as it has been applied in a number of operational
research techniques, where a subjective analysis of the problem (e.g. many views incorporated) is carried
out and a model is built with the view to identifying desirable and feasible solutions (Franco and
Montibeller, 2010). The process involves developing models jointly with a client group, face-to-face, with
or without the assistance of computer support (Eden and Radford, 1990, Franco and Montibeller, 2010). It
is particularly beneficial when modeling systems with complex behavior, involving many stakeholders with
plurality of opinions and objectives.

Facilitated modeling has been applied separately in the three most popular methods combined in hybrid
simulation, including: discrete-event simulation (Robinson et al. 2014, Tako and Kotiadis 2015, Proudlove
et al. 2017, Kotiadis and Tako 2018), system dynamics (Andersen and Richardson, 1997, Rouwette et al.,
2000, Vennix, 1999, Lane et al. 2019) and agent-based modelling (Chu et al. 2012). While their definitions
and focus may differ, a common element is the aspect of developing models in a participatory approach,
with the involvement of a client group at different stages of the simulation study. The extent and maturity
of'the facilitation practice also differs across the different methods. We next consider, “How can the existing
practice in facilitated simulation modelling help hybrid modelling?”

By its nature hybrid modelling is particularly useful for modelling complex problems. Methods from
different paradigms and approaches are combined to provide a representation of a system at different levels.
Due to the complexity of the system and the different levels of abstraction required, facilitated modelling
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can prove useful in achieving an agreement between the different stakeholder groups involved and to
achieve common modelling objectives. The stakeholder groups involved include the following:

*  The modelers. These could be researchers with the different modelling skills coming from different
modelling paradigms and disciplines. Hybrid simulation is particularly useful for modelling
complex problems that are better solved by involving expertise from various disciplines and
communities (Mustafee et al. 2017).

*  The client. Members from different parts of the organization or system, responsible to operate and
represent different parts of the system modeled. They know the system well and understand how it
operates, even though not necessarily as a whole.

Through facilitated modelling these two stakeholder groups can come together to develop commonly
agreed models at the conceptual phase (phase 1), which are then used to evaluate different options and
scenarios at the model communication phase (phase 3). The timely engagement of a group of stakeholders
in the study provides the opportunity to mould the study to their collective requirements that can also instil
a sense of ownership of the study and its outcomes.

Involving different stakeholder groups from multiple research fields and communities requires a
process of elicitation of views that can be achieved through facilitated modelling. This requires a very well-
designed process consisting of group activities that allow for the participation and involvement of all
stakeholders in sessions led by a facilitator. This process is particularly useful for reaching agreed problem
definitions and conceptual models, based on which the combined models are developed. The facilitation
process aims to support the extraction of information relevant to developing a representative CM and at the
same time encouraging creativity through divergent and convergent thinking (Tako and Kotiadis 2012).
Currently there is no specific conceptual modelling approach available to support hybrid simulation. There
are however methods such as for example qualitative system dynamics (Powel and Mustafee 2017, Vennix
1996) and the PartiSim framework that can be adapted to support the knowledge elicitation process in the
conceptual phases of the hybrid modelling lifecycle. Further work is however needed to design facilitated
activities to involve a group of stakeholders in identifying appropriate links between the different sub-
models developed, which is particularly relevant to the current needs of hybrid simulation.

During the model coding stage, facilitated sessions involving the client are not recommended. This is
also the case in single-method facilitated simulation, where the models are built in the back office (Robinson
et al. 2014). Particularly for hybrid simulation this stage is not compatible to the client group participation
due to the technical complexity involved. Facilitation could however be useful in the case when multiple
modelers are involved. Facilitated sessions with the modelers can prove helpful in understanding the links
between their models, especially in cases where modelers from multi or inter-disciplinary communities are
involved (Mustafee et al. 2017).

After the model is developed, facilitated workshops can reconvene in the models communication phase,
where the two stakeholder groups engage in group activities that explore the solution space (equivalent to
experimenting with the model). This is further narrowed down to feasible and desirable action to be taken
by the client organization to identify an implementation plan. Kotiadis and Tako (2018) provide detailed
activities and tools that can be used by the facilitator and the stakeholder group, which can be also adapted
to hybrid simulation. On the other hand, Scriptapedia (Scriptapedia, 2012) is also available, which provides
an online platform where modelers can share GMB scripts for use in facilitated system dynamics (Andersen
and Richardson 1997; Hovmand et al. 2012). The main attribute of the facilitation process followed is that
it provides a forum where model results are discussed between the modeler and stakeholder group and
subsequent actions to be taken are co-produced (Kotiadis and Tako, 2018).

To conclude, facilitated simulation encourages plurality of opinions and the achievement of consensus
among the stakeholders groups involved. The process enables the individual stakeholders to express their
individual viewpoints and agendas freely at workshops, so that the group can reach commonly agreed
models. It requires group processes, including open discussions, reflection points, voting if necessary, etc
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that make it possible for a group of stakeholders to be involved. Therefore, any conflicting opinions arising
can be resolved within the workshops. Both the process and the resulting outputs are transparent to the
group of stakeholders involved.

4  ONDEVELOPING HS FOR A TYPICAL EXAMPLE OF COMPLEX SYSTEMS (DAVID
BELL)

4.1 Context

Healthcare has been a popular home for hybrid simulation (Gao et al. 2014; Onggo 2014; Viana 2014;
Fakhimi et al. 2015, Raghothama et al. 2017 ), often providing opportunities to explore wider system issues.
Literature has typically focused on case studies, clearly demonstrating practical viability of the approaches.
Fewer publications however have explored the modelling processes (including conceptual modelling),
especially when designing across organizational boundaries in a data-driven manner. The project presented
here was initiated in London to explore several strategic changes being made to the wider healthcare care
system. A system dynamics model was first developed to simulate the impact of both the expected changes
in baseline demand (demographics) as well as the identified strategic service changes on the performance
of the system. This focused specifically on the demand for unplanned care. Applying the strategic service
changes resulted in changes to the simulated level of demand for unplanned care. The variation in demand
was simulated over time in the model outputs. This provided the basis for selecting alternative sets of input
data to the operational model, based on: 1) Strategic service change that were in play or planned, 2)
estimated impact and timing of each strategic service change and 3) time points at which the resulting
demand was modelled.

4.2 Traditional DES Modelling

SIMULS software was used to build a DES for the emergency care pathway. The simulation mapped patient
activity for one year through urgent care services. It used transactional data from the Health and Social Care
Information Centre (http://www.hscic.gov.uk/) to accurately build a baseline of flow through these different
services. Data was segregated by patient age, arrival method and arrival time to build distributions of arrival,
routing and length of stay for patients in different services, including (i) discharge by hour, (ii) length of
stay by hour and (iii) paediatric arrival. Separate distributions and routing patterns were tested against
baseline data to ensure accuracy. Once an accurate baseline was established pre-defined changes were tested
in the software, these changes explored the impact of different patient numbers using alternative services.
The fine-grained segmentation of data enabled testing of changes more precisely, especially when looking
at specific demographic and strategic impacts from SD modelling.
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Figure 1 SD strategic output directing a DES model (Bell et al. 2016).
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Traditional approaches where used to build the two models in Figure 1. Stakeholder interviews with service
experts were carried out to understand the services and planned strategic change. Findings were then
presented to senior managers within the regional management team. In parallel, interviews were carried
out with expert users of the transactional data (approximately 130,000 records in the extract used for this
research). Subsequent analysis of the data enabled the modelers to produce the DES models with
aforementioned distributions. The connectivity between models was chosen to reflect the times of resulting
stable impact from the strategic changes taking place (after a suitable length of time to bed in).
Hybridization was undertaken using software engineering approaches and coupling code was developed
accordingly. Unsurprising, with two teams building their respective models, conceptual and semantic
differences were apparent.

4.3  Post-hoc Conceptual Modelling

After completing the hybrid simulation experiments, a further iteration was carried out in order to find
suitable semantic integration tools and techniques that could hopefully reduce the conceptual differences
and ambiguities encountered. Formal concept analysis (FCA) was chosen and used to analyze instance data
(the same transaction data used by the DES modeler) in order to uncover categories and relationships.
Figure 2 presents this analysis using the FCART tool.
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Figure 2 Formal Concept Analysis.
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After completing the FCA, concepts were used to extend the emergency care pathways using space-time-
event maps to include the new conceptual language (uncovering temporal parts of a pathway - Sider 2003
— and associated events). The basic structures of FCA are context and concept hierarchy. A context in this
care being comprised of a set of Patient IDs as objects, a set of attributes, and a binary relation describing
which objects include which attributes.

5 HS/CPS PROSPECTS AND EXAMPLE (ANDREAS TOLK)

Cyber physical systems (CPS) are generally defined as a new generation of systems with integrated
computational and physical capabilities that can interact with humans through many new modalities (Baheti
and Gill 2011). Obviously, simulation plays an important role regarding the computational capabilities.
These multi-modalities and the many application domains of CPS result in the use of a multitude of different
modeling paradigms and heterogencous solutions. Even if the CPS community is not identifying this
composition of heterogenous simulation solutions as hybrid simulation, it de facto is one of the fastest
growing application domains for hybrid simulation solutions, and as such provides an excellent use case to
identify some general challenges. These challenges can be summarized in the task to provide a common
foundation for supporting homogenous solutions based on the heterogenous applications of hybrid
simulation approaches. The correlated topic is well known in the CPS community, but it nonetheless
requires more research and attention: how to mix the continuous control elements of the physical world
with digital twins or valid co-simulation representations in the computational domain? Both challenges will
be addressed in the following subsections.

5.1 Homogeneous Solutions despite Heterogeneous Applications

George Bernhard Shaw is usually attributed with the quote that “the English and Americans are two peoples
divided by a common language.” The same can be said for the applicants of hybrid modelling and
simulation approaches from different scientific disciplines. This underlying problem has been described in
a recent study in which Chen and Crilly (2016) evaluated commonality of issues between practitioners in
the field of synthetic biology and swarm robotics and showed that these practitioners shared more
complexity related issues between each other than they did with colleagues in their original domain.
Nonetheless, the sharing of information and reuse of solutions was hindered by the different terms and
concepts used to describe them within their home domain. CPS are used in many different domains. They
contribute to the Internet of Things as much as to the Industry 4.0 efforts. CPS are parts of smart cities,
smart houses, smarter cars, and more. And although they may use the same methods and paradigms to
address a problem, they may not be able to know it, as the language and concepts of the hosting disciplines
are simply too different, as the example of Chen and Crilly demonstrates. Furthermore, in an expert
discussion during the Spring Simulation Multi-Conference 2018 (Tolk et al. 2018), the need for a common
formalism to express the computational capabilities with focus on hybrid simulation was addressed by
several of the participating experts. Hybrid simulation addresses more possible combination, as exemplified
by Traore’s contribution to Tolk et al. (2018) that is captured in the following figure.

The various formalisms shown in this figure are dealing with discrete solutions, continuous simulations,
operational research solutions, and functionality provided by physical capabilities of devices. It shows
applicable methods on the levels of conceptualization, specification, and implementation can be combined
in CPS solutions, which in addition have to be tagged with terms provided in the commonly accepted
glossary.

We are therefore faced with a multitude of terms and definitions applicable in various contexts of a
huge diversity of formalisms and modeling and simulation approaches. A common glossary of terms,
maybe even a common ontology being able to express more logical constraints and connections, will be
needed in addition to tap a common formal representation. Furthermore, the clear definition of the
formalisms used is needed to be captured. The resulting recommendations for the user of hybrid modelling
and simulations can be summarized as follows:
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Figure 4 Spectrum of Hybrid Simulation in CPS.

1. Create at least a clear glossary that defines the terms used in your study. Each terms used to tag
an entity, a property, a process, an attribute, or a state needs to be defined in this glossary. If
possible, additional logical constraints needs to be captured, preferably in machine readable
form, which leads to an ontology.

2. The used formalisms to capture concepts, specifications, and operations for discrete,
continuous, operations research, and physical capabilities need to be documented in detail.

3. The interconnection and mapping points of these formalism need to be documented with
particular detail to support validation of such compositions.

Theoretical mathematics provide several good approaches. The use of model theory has already been
proven to be valuable in evaluating the consistent representation of truth as a requirement for composability
in heterogenous modeling environments (Diallo et al. 2014) and is likely to be applicable as a unifying
approach supporting validation of hybrid approaches as well. The second subsection presents more specific
contribution of mathematics, hybrid automata.

5.2 Integrating Continuous Physical Elements and Digital Computational Elements

Lee (2006) proposed the use of hybrid automata to represent CPS for simulation-based approaches, as they
combine finite state machines with ordinary differential equations (ODE), both powerful concepts used in
physics modeling. Extending the ideas of Henzinger (1996) and Alur et al. (2000), these hybrid automata
have non-deterministic finite states, where each states can be described by an ODE. The work originally
was developed as a mathematical model to address digital computational process within continuous
environments. As such, Lee was able to show their applicability to represent the computational and physical
capabilities of CPS accordingly, providing a common mathematical foundation.

A hybrid automata can best be described as a directed graph in which the vertices or nodes are called
control states, and the edges are the switches between the control states. Each status has three predicates
that work on the variables describing the discrete and continuous values of interest. Overall, up to »
variables are observed, with 7 also being called the dimension of the automaton, formally written as a vector
X = [x1, X2, ..., Xxa]. In some publications, the discrete variables and continuous variables are captured in
separate vectors, as the continuous variables need to be solved differently, namely using ODE. The three
predicates capture the initial, invariant, and flow conditions with free variables from all variables with the
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exception of the flow condition which only uses the continuous variables. The events that trigger the change
of states are based on the predicates of the nodes they are connecting, which is often referred as the jump
condition of states. This formalism allows to describe the state a CPS is in, and which are possible following
states, using a common representation. The following figure shows a thermostat as an example.

X <69

\ 4

x>72

Figure 5 Example of a Heater.

In this example, the only variable is the temperature of the room. Initially, it is 70 degrees. The heater
control can be Off or On, and initially it is off. The jump conditions to change from off to on is a temperature
under 69 degrees. The jump condition from on to off is a temperature above 72 degrees. The first line in
the nodes describes the flow condition to trigger the event, how fast the temperature changes, the second
the invariant condition, the current temperature itself. The change from on to off is triggered when the
temperature rises too quickly, or when it is hotter than 75 degrees.

This simple example demonstrates the main ideas and already allows to construct more complex system
representations. Henzinger (1996) introduced many additional ideas, including the use of labels,
compositions, feedback loops, all contributing to a powerful formalism that is understandable for humans,
but also machine readable. Only recently, these ideas were modified and extended by Mustafiz et al. (2016)
in their work on the modular design of hybrid languages. They do not only address the need for support of
discrete and continuous methods, they explicitly mention the general challenge of encompassing multiple
levels of abstraction and combining different formalisms, often not expressible in any single existing
formalisms. They also address the challenge that the different supporting communities may use different
terms to address the same phenomenon, or use the same term to describe different phenomena in their
domains. Therefore, they conclude that the creation of new hybrid languages specifically tailored for such
supported domains involves not only composition of the syntax but also the semantics. They introduce the
idea of Hybrid Timed Finite State Automata (TSFA) — extending the ideas of hybrid automata — and used
causal block diagrams for the synchronization and orchestration of process execution. This combination of
formalisms from discrete and continuous approaches on various abstraction levels shall ultimately allow
the description of ever more complex CPS and allow their simulation in a consistent and comparable form,
using the approaches of the CPS community as the basis for their hybrid languages.

In summary of this section, CPS are a growing application field for hybrid modeling and simulation.
As already observed by Mustafiz et al. (2016), the reason for such interest is that “the engineering of a
complex CPS involves the creation and simulation of hybrid models often encompassing multiple levels of
abstraction and combining different formalisms, often not expressible in any single existing formalisms.”
In this section, we addressed the need for a hybrid formalism able to include methods from discrete,
continuous, operations research, and physical aspects of a CPS on the conceptual level to allow for the
consistent implementation of all contribution capability specification. This requires not only a common
formal approach, but also a common glossary unambiguously defining all terms used to interpret the formal
representation. As discussed in Mustafee et al. (2017), “hybrid M&S results from using two or more
components of different M&S categories to generate something new, that combines the characteristics of
these components into something more useful for the underlying M&S effort to be supported that are
composable under the constraints of this effort.” CPS are an application domain that require this new
approach, as they are literally composed of the many domains addressed by hybrid efforts being the topic
of this tutorial. The interested scholar may refer to Mittal and Tolk (2019), which provides an in-depth
study of the topic of hybrid M&S, complexity, and CPS.
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6 CONCLUSIONS

This paper focusses on Hybrid Simulation as a rising topic with many potentials and yet many challenges.
The paper attempts to tackle four elements within the grand Hybrid Simulation domain in order to contribute
to the practice of Hybrid Simulation by providing some guiding steps. The first element proposes a high
level framework for developing simulation models, in terms of deciding whether to hybridize and some
guiding steps to follow. The second element looks at facilitative Hybrid Simulation as a process that
encourages plurality of opinions and the achievement of consensus among the stakeholders groups
involved. The process enables the individual stakeholders to express their individual viewpoints and
agendas freely at workshops, so that the group can reach commonly agreed models. It requires group
processes, including open discussions, reflection points, voting if necessary, etc that make it possible for a
group of stakeholders to be involved. Therefore, any conflicting opinions arising can be resolved within the
workshops. Both the process and the resulting outputs are transparent to the group of stakeholders involved.
The third element provides an effective method for conceptual model validation, prior to distinct streams
of Hybrid Simulation model building and coupling. When comparing the conceptual language between the
earlier project teams and this later semantic analysis, a substantial number of new concepts were uncovered.
The fourth element looks at a fast rising category that goes beyond the realm of modelling as a cyber space
and presents theories related to developing links between the physical world and the cyber models.
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