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Abstract. Energy modeling and simulation are essential for enhanc-
ing the efficiency of increasingly complex energy systems. As these sys-
tems evolve to include communication networks and decentralized energy
production, stable integration of different modeling paradigms, such as
discrete-event (DE) and continuous-time (CT), becomes vital. This hy-
brid co-simulation approach presents significant challenges, particularly
in areas like semantics, discontinuities, time synchronization, and infi-
nite loops. This paper delves deeper into these challenges using a sys-
tematic literature review, highlighting how various researchers address
these issues in hybrid co-simulation. A solution space is proposed, detail-
ing potential strategies and their limitations, providing developers with
a practical framework for tackling these issues in hybrid co-simulation
design.

Keywords: Multi-paradigm - Simulation - Co-simulation - Discrete-
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1 Introduction

Energy modeling and simulation have become essential tools for addressing and
understanding critical issues such as sustainability and efficient energy use. As
energy systems grow in complexity, the number of interconnected subsystems
playing key roles has expanded. A prominent example is the integration of com-
munication systems, which are now vital for monitoring and controlling modern
energy grids. The importance of communication networks in energy systems in-
creases as energy systems have become more distributed. This is highlighted by
the installation of over 180 million off-grid solar systems since 2010, including
30 million solar home systems (Nadeem et al., 2023).

However, incorporating communication systems into energy models is not a
simple task. Communication networks are typically modelled using a discrete-
event (DE) approach that focuses on event-driven changes, whereas energy sys-
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tems—especially power grids—are modelled using a continuous-time (CT) ap-
proach (Mets et al., 2014). In practice, this means that communication networks
have to respond immediately to specific events, such as a change in market de-
mand or network failure, allowing for real-time adjustments. In contrast, energy
systems operate on a continuous basis, where electricity generation and consump-
tion are managed over time, accommodating gradual fluctuations in supply and
demand. Coupling these two distinct paradigms presents a significant challenge.

A similar complexity arises when modeling the supply and demand of en-
ergy. With the decentralisation of energy grids, households are no longer just
consumers; they are also becoming energy producers, contributing to the sup-
ply side (Oberst et al., 2019). This dual role can be modelled using different
paradigms, such as agent-based models or system dynamics, both of which would
need to be integrated with established power system models to reflect real-world
interactions more accurately. For example, an agent-based model could simu-
late individual households behaviour while integrating with a system dynamics
model that reflects overall grid stability.

The challenge lies in effectively bridging these diverse modeling techniques
to capture the evolving dynamics of modern energy systems. One way to couple
models using different approaches to time is called ‘co-simulation’, which can be
described as follows: “Co-simulation is an emerging enabling technique, where
global simulation of a coupled system can be achieved by composing the simula-
tions of its parts” (Gomes et al., 2018). They emphasize that coupled systems are
independent (complex) systems that share inputs and outputs, thereby exchang-
ing information. This interdependence introduces additional challenges, such as
effective time synchronization between the discrete-event and continuous-time
models.

The type of co-simulation this paper addresses is hybrid co-simulation, where
discrete and continuous systems are coupled in a simulation. Gomes et al. (2018)
mention that there are essentially two ways to implement hybrid co-simulation:
either adapt a continuous model to "output" discrete information and use a
discrete connector between the models (hybrid DE co-simulation), or vice versa
(hybrid CT co-simulation). They also outline several challenges that arise when
coupling these systems. In addition to these challenges, Li and Zhang (2014)
highlight that side effects such as time delays, packet loss and disconnections in
communication networks can significantly impact the performance of power grid
operations. To effectively manage the complexities of hybrid co-simulation, it is
essential to consider these effects, as they can lead to inaccuracies in simulation
results.

The goal of this paper is to explore the solution space for hybrid co-simulation,
addressing the challenges and implementation strategies for integrating differ-
ent modeling paradigms using co-simulation. To achieve this, the paper inves-
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tigates the issues faced by simulation developers when implementing hybrid
co-simulation. By studying examples from different papers, key problems that
commonly arise in these scenarios are identified. Potential solutions to these
challenges are then explored, along with an analysis of how these issues are in-
terconnected. This paper aims to be a valuable resource for developers, offering a
comprehensive list of recommendations to help implement hybrid co-simulation
more effectively and enhance the accuracy and efficiency of energy system sim-
ulations.

2 Method

For this paper, a systematic review methodology was used to select and review
papers. The starting point of this paper was Godfrey et al. (2010), provided
by Delft University of Technology during the course Simulation Masterclass
(SEN9110). Using the search term "Co-simulation”" then quickly gave the pa-
per on which this paper focuses: Gomes et al. (2018).

The search terms used for literature search is different for the different chal-
lenge clusters that were identified.

Challenge 1 The search terms used were: ’Semantic adaptation’” AND ’Co-
simulation’. Three papers were retrieved by backward snowballing from the ini-
tial source Gomes et al. (2018) and one paper was provided during the Delft
University of Technology course Simulation Masterclass (SEN9110). One paper
was retrieved through forward snowballing from the initial source. This was done
because the original source was a systematic literature review recognising chal-
lenges and information about current developments on the recognised challenges
were sought.

Challenge 2 The search terms used were: 'Discontinuity’ AND ’Co-simulation’;
"Hybrid simulation’ AND "Energy sector’; ’Adaptive time steps’ AND ’Co-simulation’;
’GSS’ AND ’Simulation’; 'Embedding DEVS’. Two other papers used were snow-
balled from the papers found using the aforementioned search terms. There
weren’t strict requirements for the selection of papers, only that they were pub-
lished recently. However, when it proved difficult to find suitable papers from

the last eight years, the year constraint was loosed up a bit.

Challenge 3 Search terms used were: ’Co-simulation’; "Time synchronisation’
AND ’Co-simulation’; ’Co-simulation energy communication’ AND (‘use case’
OR ’case study’); "power simulation" AND "communication simulation". There
weren’t strict requirements for a paper to be selected, as long as they related
to the issue of time. Two papers were chosen as practical examples of how to
synchronise time, and a more recent paper was chosen to explain novel ideas
regarding time synchronisation in hybrid co-simulation. It appeared to be easier
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to find papers in this category when compared to the other categories; most co-
simulation frameworks discuss how time is managed between different models.
Therefore, no snowballing methods were needed.

Challenge 4 The search terms used were: "Co-simulation" AND "energy" AND
"case study"; "Multi-paradigm" AND "energy" AND "case study." It was es-
sential that the identified use cases were grounded in the energy field to ensure
practical applicability. To delve deeper into the specific challenges defined by
Gomes et al. (2018), particularly the issue of infinite loops, additional search
terms like "illegitimacy" AND "co-simulation" and "algebraic loop" AND "co-
simulation" were employed. For these terms, it was crucial that a solution to the
challenges was presented. During this process, two relevant papers discussing
the theory behind solutions for algebraic loops were identified, prompting the
use of a snowballing approach to expand the review further. Notably, since the
paper on algebraic loops was a review article, it is likely that a follow-up will
be published in the future. To anticipate these developments, a search was con-
ducted on recent publications by Gomes to explore additional contributions to
the field. Additionally, 'zeno behaviour AND co-simulation’ was also explored;
however, this yielded limited results regarding a solution to zeno behaviour in
co-simulation frameworks. The combination of these search terms provided a
comprehensive understanding of the practical applications and theoretical issues
related to co-simulation in energy systems.

3 Challenges to address

Hybrid co-simulation in energy systems reveals several technical challenges that
must be addressed to ensure accurate and efficient simulations. Gomes et al.
(2018) identified a range of these challenges, which arise mainly due to the
integration of continuous-time and discrete-event simulation units (SUs), each
of which operates under different principles and timescales. Achieving effective
communication and synchronisation between these two paradigms is essential,
but not straightforward.

To analyse these challenges, a literature review of relevant case studies and
research papers that applied hybrid co-simulation techniques in energy systems
was conducted. The focus was on examining how different authors addressed the
challenges identified by Gomes et al. (2018) in their implementations or whether
they did not address them. Their approaches were categorised into four main
clusters:

— Semantic adaptation: involving issues regarding semantic adaptation and
integration methods subsection 3.1

— Discontinuity: the identification and handling of transitions between contin-
uous and discrete states, which is the focus of subsection 3.2

— The Issue of Time: focusing on synchronisation and handling of time across
different simulation units, as discussed in subsection 3.3
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— Infinite Loops: addressing scenarios such as algebraic loops, illegitimacy and
zeno behaviour, which are explored in subsection 3.4

3.1 Challenge 1 : Semantic Adaptation

Semantic adaptation and model composition in hybrid co-ulation are important
challenges, as they involve integrating submodels that follow different paradigms
and thus have to meet different requirements. To enable effective hybrid mod-
elling, it is essential to translate between these time-based signals (continuous)
and event-based outputs (discrete) to ensure that the behaviour of one model
accurately reflects changes occurring in the other. This requires mechanisms that
can handle real-time data conversion and synchronisation, preventing miscom-
munication between models and ensuring overall system coherence (Liboni &
Deantoni, 2021)

In order to make communication between the models possible two major chal-
lenges need to be addressed; signal data mismatch and hierarchy. The first issue
reflects on the different time and data interpretations across simulation units.
This is crucial when integrating continuous and discrete components, where se-
mantic adaptation involves converting continuous data into discrete events or
vice versa. This process requires precise event detection and synchronisation
methods to ensure accurate and consistent communication between submodels.
Another aspect is the hierarchical nature of some hybrid systems, where compo-
nents might have nested or layered interactions that need coordination and spe-
cific interaction rules, like for example the reactions between consumers/producers
in a smart grid where the electricity market supply can both affect as be affected
by the consumer’s behaviour. This setup requires semantic adaptation to ensure
that all parts of the system can communicate effectively without conflicts or loss
of information.

It is important to note that resolving semantic adaptation involves three
distinct levels: the theoretical base, denoting according to which formalism the
hybrid model is defined, the integration strategy, reflecting upon the choice of
the specific level in which the ’translation’ of the sub-models happens and lastly
the structural frameworks specifying the architecture of this ’translation’.

Theoretical base. The first level of semantic adaptation touches upon the theo-
retical basis that defines the hybrid model. Languages in which both paradigms
can be described: super-formalism techniques such as DEVS/DESS and Hy-
brid DAE provide a conceptual foundation for hybrid modelling by offering
frameworks that can describe both discrete-event and continuous-time dynamics
within a unified model (Vangheluwe et al., 2002). By accommodating multiple
paradigms, these super-formalisms allow for the expression of systems that need
to interact across different domains and time scales.
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Integration method. Hybrid models can be integrated in one of two ways:

either a common formalism is used in which both submodels are translated in or
the submodels are contained in their own specialised paradigm and an interface
in-between these two models is added that transforms the output of one sub-
model in the input other submodels need (Vangheluwe et al., 2002).
The first method, aims to provide a unified framework that encapsulates various
formalism structure transformations and could be re-used across studies. The
second approach focuses on the independent operation of each simulator, allow-
ing for distribution of expertise.

Structural frameworks. The structuring of the interaction between the simula-
tion units of each submodel (SU’s) calls for practical frameworks that facilitate
the execution of hybrid models created using super-formalisms. These frame-
works provide the necessary infrastructure to integrate diverse models, handling
communication, synchronisation, and data exchange and aim to provide an ar-
chitecture that can be followed in order to ensure successful integration.

Possible Strategies to address Semantic Adaptation. Both issues of signal
mismatch and hierarchy in co-simulation can be address with the use if struc-
tural frameworks. The most commonly used standards for hybrid co-simulation
as of 2019 are High Level Architecture (HLA) and the Functional Mock-up In-
terface (FMI) (Schweiger et al., 2019). Both define a structure in which each
hybrid model is seen as a combination of its submodels (defined as federates or
FMUnits repectivelly) and an orchestrator that manages this communication.
In the FMI framework a master algorithm orchestrates the co-simulation dictat-
ing the FMUnits in the order defined in the master algorithm.This way hierarchy
is encapsulated ensuring an orderly interaction (Denil et al., 2015). In order to
address the unit mismatch, a conversion of different units (FMU’s) is realised
by the creation of a new FMU with inputs/outputs resulting from an algebraic
transformation of the FMU’s that where involved in the conversion (Gomes et
al., 2019).

The HLA framework the order in which federated should interact and exchange
information is dictated by the Runtime Infrastructure (RTI), addressing issues
of hierarchy. A way to handle the signal management is through a controller fed-
erate that has thresholds and established outputs it can communicate through
the RTT when a threshold is reached (Dahmann et al., 1997).

Although these frameworks are widely used in hybrid co-simulation there are
other multiple specialised tools modellers use to integrate their models. Research
shows that multiple tools like SimuLink and Ptolemy are being used by experts
to practically address integration issues however, there is a significant percentage
that mentioned the use of ’self written’ tools (Schweiger et al., 2019).This makes
sense in a context where the physical systems and their depictions in formalisms
can vary greatly from project to project, thus resulting a custom approach that
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will probably save the modellers time of extensively understanding and correctly
adapting an already-existing tool. An example of such a tool is MOSAIK, devel-
oped with the purpose of co-simulation in complex energy systems such as smart
grids (Steinbrink et al., 2018). In comparison to HLA, MOSAIK concentrates
more functionality in the Sim-Manager, the managing unit of the tool (com-
parable to the RTI), and leaves much less room to the individual components.
This allows for the user to control the data exchange through a script and not
the units, making this approach more centralised. This approach can in gen-
eral be implemented quicker compared to HLA but at the expense of extended
functionality options for the individual units. Trade-offs like this, combined with
intellectual property issues allow for such a great variety of tools to be available.

To conclude, it is important to define a practical integration strategy in
which the alignment of data and time integration throughout the sub-models is
managed in a clear way. As shown this can be accommodated in both a central
and decentralised way in order to fit the specifications and interaction needs of
the real systems.

3.2 Challenge 2 : Discontinuity

The Issue with Combining Continuous and Discrete Models. Discon-
tinuity happens when continuous components, which are solved by a numerical
integrator, are combined with discrete event components, which are scheduled
by a DE simulator. As far as the integration goes, the discrete states behave
exactly like parameters in the continuous components; they never change their
value in between time steps, but only at event times (Cellier & Kofman, 2006).
These events can cause immediate change in the continuous state, as this is part
of both the internal and external transition function of the system, adapting the
differential equation of the continuous part (Zeigler, 2006).

There are two types of events that can cause discontinuity in hybrid co-
simulations; time-evens (also called time delayed state in discrete event simula-
tion) and state events (called conditional wait state in discrete event simulation).
Time events are triggered at a previously known time, and thus can be sched-
uled in the event list of the model (with their event time and type). While there
might be some difficulties with race conditions and step size, this is is a well
known and established field of study (Dejaco & Benedikt, 2017). Therefore, it
won’t oppose a big challenge when conducting co-simulations.

State events happen when a continuous state x(t) reaches a certain threshold.
Opposed to time events, state events are more difficult to deal with in simulation,
as the exact time instant of the discontinuity must be detected. In order to
do so, they must be continuously monitored during the simulation run. Once
they pass the threshold, an interpolation mechanism is started to determine
the threshold-crossing time with a pre-specified precision (Cellier & Kofman,
2006). There are multiple algorithms to determine the next time at which the
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threshold needs to be evaluated; Regula Falsi, the Golden Section method, a
Newton iteration, a cubic interpolation and many more. The last two of which
are faster to converge, with only the cubic interpolation guaranteed to converge
(Cellier & Kofman, 2006). The actual calculation of the threshold-function is
done by the higher-order numerical integration scheme that is used throughout
the simulation, limiting the approximation error (Cellier & Kofman, 2006).

Possible Strategies to Handle Discontinuity. As discrete and continuous
times cannot be connected as such, it has to be specified when exactly data has
to be exchanged between the different components of the model. One of the most
basic/loose coupling strategies is the periodic data exchange, where the separate
components run in parallel, extrapolate the necessary coupling data and syn-
chronize at fixed points. This strategy does not require the simulation to jump
back in time to make iterations, and therefore the communications does not re-
quire deep involvement in the simulation engine (Heinzl et al., 2018). The choice
of the size of the macro-time step, as well as the type of subsystem scheduling,
is an important trade-off between the overall simulation time and the accuracy
of the simulation results (Stettinger et al., 2013).

While in principle this works, it becomes an issue when the continuous vari-
able experiences a very steep incline or decline. The extrapolation will overshoot
the value of the continuous variable during the next time step, after which it is
over-corrected again and again leading to oscillation of the continuous variable.
In other words, extrapolation techniques amplify noisy measurements (Stettinger
et al., 2013). They lead to discontinuities in the values, and thus the solution,
which arise after each time step, and disturb the numerical time integration in
the subsystems (Busch, 2019). A way to work around this is by reducing the
step-size or rejecting steps at the discontinuities, but this will cause the calcula-
tion effort to strongly increase (Busch, 2019). Another drawback of this loosely
coupled integration is that events occurring between the macro-steps are delayed
until the next data synchronization, increasing numerical errors in the calcula-
tions (Heinzl et al., 2018).

In cases where (discrete) variables can jump significantly between macro-
steps and simple extrapolation is not accurate enough, a more tight coupling
strategy is needed. One example of this is a rollback strategy, which provides a
potential solution for capturing and handling state events (Heinzl et al., 2018).
In a rollback-based model, the discrete simulator advances before the continuous
simulator. When the continuous model generates a state event, it will send both
the data as well as the time the state event occurred. The discrete simulator
will rollback to the previous state and restore the data saved for that time step
(Gheorghe, 2009). However, as this requires implementation deep into the inner
workings of the simulator, it is not provided in many co-simulation frameworks
as an option (as of 2018) (Heinzl et al., 2018).
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Another way of dealing with discontinuity is by discretizing the state value,
while keeping time continuous. Instead of asking the question; "given the state
value at a certain time, what is the state value at the next time step", the
question "given the value of the state at a certain time, what is the earliest
time instant at which the state assumes the next value" is being asked. As
these Quantized State Systems (QSS) don’t require the system to replace the
iteration on state events by interpolation, thereby saving a a lot of computational
and memory power, QSS algorithms are very suitable to simulating systems
with large discontinuities like switched power convert circuits, efficiently and
accurately (Cellier et al., 2008).

3.3 Challenge 3 : The Issue of Time

In co-simulation, SUs are coupled to simulate a system (Gomes et al., 2018).
These independent, often black-box SUs may not handle time the same way,
requiring an orchestrator to manage time progression and data exchange between
them (Gomes et al., 2018). The challenge of time synchronization arises in both
hybrid DE and CT co-simulation, but for different reasons. In hybrid DE co-
simulation, the orchestrator manages time around significant events, whereas
CT SUs evolve continuously and cannot inherently know when a discrete event
will occur. In hybrid CT co-simulation, DE SUs must react to continuous signals,
raising the question of how they determine when to trigger an event based on
those continuous signals.

In this section different solutions for these issues are provided. Two examples
are provided of how one can instruct the orchestrator to synchronise time in
hybrid DE co-simulation and posit solutions from Gomes et al. (2018) for hybrid
CT co-simulation. A more theoretical paper from Cremona et al. (2019) is also
examined which proposes more novel solutions to the issue. Finally, the results
are summarised before providing a comprehensive list of possible solutions for
the issue of time.

Potential Solutions Addressing the Issue of Time. Hopkinson et al. (2006)
propose the EPOCHS platform for simulating power and communication sys-
tems by employing different simulators for each sector—for example, one Dis-
crete Event (DE) simulator for network simulation and another Continuous Time
(CT) simulator for power system simulation—connected through a Runtime In-
frastructure (RTI) which serves as the orchestrator. To synchronise time across
these simulators, EPOCHS uses a fized time-stepped method. This entails that
the RTT sets fixed synchronisation points at which the simulators can communi-
cate with each other. This was also discussed in subsection 3.2, where the timing
between synchronisation points were called macro-steps. As was mentioned, one
issue that arises with this approach is that it can introduce errors in the model.
In EPOCHS, messages from the DE SU that are meant for the CT SU have
to wait in a queue for the next synchronisation point, but this situation is not
ideal as it can introduce errors that accumulate over time. One solution to this
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is using smaller macro-steps to minimise errors, though this comes at the cost
of efficiency and thereby does not fully resolve the issue.

Lin et al. (2011) propose a different solution which they apply in two use
cases. Time synchronisation in these cases happens through a global scheduler,
which processes events in real-time without needing explicit synchronisation
points between the simulators. This means that the simulators use the same
timeline instead of running separately. The global timeline includes all timesteps
of the CT SU as ‘events’ and thereby merges the two SUs into one big event
list. This approach eliminates errors and delays that would otherwise occur if
events had to wait for fixed synchronisation intervals. However, a problem that
arises here is that the number of events increase drastically, especially since CT
SUs often use very small timesteps (Lin et al., 2011). This would lead to very
slow simulations. To combat this issue, the global scheduler only handles events
when a relevant event occurs. However, this would expose the inner workings of
the SUs, since it is impossible to predict a relevant event if you do not know the
context of that event. This would make this method less accessible to parties
who wish to leave their SUs as black boxes. Additionally, using a global event
list still opens up the possibility of errors, though the possibility is smaller when
compared with the fixed time-step approach. If a discrete event happens in be-
tween the time interval of the CT SU, does it wait until the end of the interval
to take that discrete event into account? This can still induce errors into the
model. Lin et al. (2011) also underline that these issues are a trade-off based on
the size of the time-step that is chosen.

No cases were found to illustrate solutions that can be used to synchronise
time in hybrid CT co-simulation. Therefore the paper of Gomes et al. (2018)
is used to illustrate this theoretically. In hybrid CT co-simulation, the DE SUs
need to react to continuous signals from the CT systems. One solution to have
this happen smoothly is to make the DE SUs predict when an event will oc-
cur based on the continuous signals it receives. This prediction helps align the
DE SU’s discrete events with the continuous simulation. One issue with this is
that the orchestrator has to be able to adaptively adjust the step size based on
whether the DE SU predicts a discrete event is going to occur. If the orchestrator
calculates that a threshold will be crossed in the CT SU right in between a time
interval of that CT SU, the step size should be decreased so that the CT SU can
communicate right at the moment the threshold is crossed. An important note
here is that ‘in CT-based co-simulation, error is an accepted, well studied, and
controllable, feature.” (Gomes et al., 2018). This accepted error is an issue here,
since it can influence the prediction of when an event has to fire.

Finally, Cremona et al. (2019) posit the idea that the representation of time is
the root cause of the issues relating to time in hybrid co-simulation, and propose
to represent time as integers to prevent quantization errors. This can help with
detecting when significant events happen in CT simulation. For example, the
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orchestrator might detect an event at t = 0.4000000001 seconds instead of exactly
t = 0.4 seconds. These small errors can accumulate over time. Representing time
as integers can reduce the room for errors in this case. Additionally, they propose
a method where the orchestrator negotiates the time steps between different SUs.
The orchestrator determines a global time resolution for the simulation and
negotiates the time steps with the SUs. If an SU cannot handle the proposed
step size, the orchestrator adjusts it to meet the component’s requirements. This
is similar to the concept of QSS discussed in subsection 3.2.

Conclusion. There are a number of proposed solutions for the issue of time in
hybrid co-simulation that were listed in this section.

— Fixed time-stepped method (hybrid DE co-simulation): the orchestrator sets
fixed synchronisation points where SUs can communiate. This can introduce
accumulating errors in the simulation over time. Reducing error by decreas-
ing step size also increases inefficiency of the simulation.

— Global scheduler (hybrid DE co-simulation): integrating both SUs to one
global event list reduces errors greatly. This necessitates prediction of rele-
vant events by the CT SU, as the simulation would be very slow otherwise.
However, this would expose the inner workings of the SU. Finally, the pos-
sibility of errors still exists, although it is much smaller.

— Event prediction based on continuous signals (hybrid CT co-simulation):
allows DE SUs predict when they should fire events based on continuous
inputs. This necessitates the orchestrator to be able to adaptively adjust
the step size of the CT SU (this is proposed in Cremona et al. (2019)).
Additionally, one should pay attention to the acceptability of errors that is
common in continuous simulation. This is not common in DE simulation and
could introduce significant errors.

— Representing time as integers: representing time as an integer (with a pre-
defined time resolution) can help in reducing quantization errors as discussed
in the section about the fixed time-stepped method. This is not a definite
solution of synchronising time but is mentioned seperately here due to its
novelty, though not studies were found that have implemented this solution
for hybrid co-simulation.

3.4 Challenge 4 : Infinite Loops

The final challenge is the occurrence of infinite loops, where the simulation pro-
cess gets trapped in an endless cycle of data exchanges or event handling without
advancing in time (Meerbaum-Salant et al., 2011). Understanding these loops in
real-world scenarios illustrates their impact on simulation accuracy and stability.

Real-world Scenarios. The first example is the co-simulation framework de-
veloped by Miller et al. (2018), which integrates EnergyPlus and CitySim to
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model energy flows at both urban and building levels, aiming to enhance simu-
lation accuracy by dynamically adjusting each tool’s inputs based on the other’s
outputs. The data exchange at each simulation timestep between these two en-
gines is facilitated using Functional Mock-up Units (FMUs), enabling them to
share variables and occupancy levels. FMUs are standard tools used in simula-
tion that allow different models to work together. They package up a model’s
behaviour and properties, making it easy to connect and share information be-
tween different simulation programs (Nouidui et al., 2014). CitySim supplies
EnergyPlus with inputs to simulate building energy consumption, while Energy-
Plus provides CitySim with data to refine urban-scale calculations. This setup
implies a tightly coupled simulation, where each engine’s outputs immediately
influence the other engine’s inputs in the next timestep. This setup aims to en-
hance overall simulation accuracy, however it also increases the risk of infinite
loops.

Given the bidirectional exchange of information, an algebraic loop may emerge
if data flow between CitySim and EnergyPlus leads to unresolved circular depen-
dencies. For example, if CitySim calculates urban temperature for EnergyPlus,
which then recalculates the building’s heating demand and sends it back to
CitySim, the simulation might endlessly cycle without advancing in time.

Illegitimacy could arise in this co-simulation setup due to the way data is
exchanged between CitySim and EnergyPlus using FMUs. If FMUs improperly
manage data exchanges, it will lead the orchestrator to repeatedly process events
with the same timestamp. This could trap the simulation in an infinite loop of
event handling.

Zeno behaviour poses yet another risk in this co-simulation framework. The
frequent interactions between EnergyPlus and CitySim could lead to a rapid se-
quence of events being processed in increasingly short intervals, resulting in the
simulation handling more and more events without significant advancement in
the overall simulation time.

The second example is the multi-paradigm energy model developed by Hodge
et al. (2009), which analyzes the United States’ natural gas system by combining
agent-based modeling for supply dynamics, system dynamics for demand analy-
sis and a market module for facilitating interactions. The interconnected nature
of these components, while innovative, can give rise to similar issues of infinite
loops.

In this model, algebraic loops could occur during the continuous feedback ex-
change between supply and demand modules. For example, the system dynamics
model calculates the energy demand, which directly influences the agent-based
supply response. If the feedback loop between these modules results in continu-
ous recalculation without stabilising, the simulation could get trapped in a cycle,
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repeatedly adjusting supply based on demand changes and vice versa, without
progressing in simulation time.

The market module operates through a double-blind auction mechanism at
each discrete time step. This setup involves processing bids from suppliers and
consumers and determining market prices. Illegitimacy could occur if the system
repeatedly processes these bids without advancing to the next state, possibly due
to unresolved conditions or failure to reach an equilibrium. If the market dynam-
ics depend too heavily on repeated iterations within the same time frame, the
orchestrator could become stuck in an infinite loop of event handling, where the
simulation remains at the same point in time.

Additionally, the hybrid nature of this model makes it susceptible to zeno
behaviour. If interactions between the agent-based supply module and the system
dynamics demand model cause state changes to accelerate, the simulation could
process an infinite number of events within a finite time period.

Definitions and potential solutions. After examining the case studies, it’s
important to define the issues of algebraic loops, illegitimacy and zeno behaviour
in more detail and discuss potential solutions to these problems.

Algebraic loops occur in continuous-time co-simulation when outputs from
one unit immediately affect another’s inputs (Gomes et al., 2018). Without fixed-
point iteration to resolve these dependencies, the orchestrator cycles through
the same data without progressing in time. The paper of S. T. Hansen et al.
(2021) propose managing these loops with graph-based techniques and fixed-
point iteration. This involves constructing a step operation graph to capture
simulation dependencies and using the algorithm of Tarjan (1972) to identify al-
gebraic loops. They distinguish between reactivity loops, which depend on time
progression, and feed-through loops, which create immediate circular dependen-
cies (Kiibler & Schiehlen, 2000). To resolve these loops, a fixed-point iteration
method is employed, iteratively refining initial guesses for input values until con-
vergence is achieved. This iterative process is supported by reduction techniques
that temporarily simplify the graph. The approach relies on SUs supporting
state restoration, enabling the algorithm to revert to prior states if convergence
fails. Implementing fixed-point iteration requires carefully chosen initial input
values and iterative adjustments to ensure convergence, as poor starting points
can hinder the process (S. Hansen et al., 2022). This method suits scenarios
with continuous feedback, where effective convergence is crucial for simulation
progress, as noted by Gomes et al. (2018) and S. T. Hansen et al. (2021). How-
ever, the need for state restoration and risk of non-convergence suggest further
exploration of adaptive algorithms or alternative techniques to improve conver-
gence in complex systems.
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Illegitimacy is a common issue in discrete-event co-simulation, occurring
when the orchestrator repeatedly processes events with the same timestamp,
unable to move to the next state (Gomes et al., 2018). Schenk et al. (2015) ad-
dress this in the CoSMOS framework with a random order evaluation strategy.
Circular dependencies, like when event A depends on B and vice versa, can cre-
ate a loop that stalls progress. By occasionally changing the processing order,
such as handling Event B before Event A, the simulation breaks these cycles,
reducing the risk of endless loops. Evaluating components in a random order
decreases the likelihood of the orchestrator falling into an endless loop of the
same events.

Zeno behaviour involves events occurring at shorter intervals, leading to an
infinite number of events within a finite period (Gomes et al., 2018). This type of
behaviour is harder to detect since it does not rely on clear cyclic dependencies
or fixed timestamps but instead arises from the model’s design. Although it
can be intentional in some scenarios, a specific solution to address it remains
underdeveloped. The concept of superdense time, highlighted in the paper by
Cremona et al. (2019) from subsection 3.3, offers a potential solution. Superdense
time enables events to occur at the same model time while maintaining clear
ordering through microsteps, represented as pairs (t,n). However, limitations
exist: it is not supported in FMI for co-simulation version 2.0, restricting its
applicability in some hybrid simulations, and its implementation can introduce
complexity in managing and representing microsteps. Thus, while superdense
time shows promise for mitigating Zeno behavior, practical implementation may
face significant challenges, necessitating further research.

Conclusion. Infinite loops, including algebraic loops, illegitimacy, and zeno be-
haviour, present significant challenges to co-simulation frameworks. Techniques
like fixed-point iteration and random order evaluation offer potential solutions
but are not always applied in practice, as seen in the case studies of Miller et al.
(2018) and Hodge et al. (2009). While the concept of superdense time presents
a promising avenue for mitigating Zeno behavior, its lack of support in FMI for
co-simulation version 2.0 and the complexity of its implementation highlight the
need for more robust mechanisms. Addressing these challenges is crucial to en-
sure convergence and prevent infinite loops in future co-simulation frameworks.

3.5 Discussion

This section provides a table summarizing the findings of this paper. Different
possible solutions to the issues presented in section 3 are outlined, along with an
examination of the implications of these results. Subsequently, the limitations of
the research are listed, followed by an outline of areas for further investigation.

Results



Table 1: Overview of co-simulation challenges and potential solutions

Challenges Issues Possible solutions
1: Semantic Signal data mismatch. Apply a super-formalism that is able to transform
Adaptation the output signals in the desired inputs for each con-

nection of sub-models

Hierarchical nature of some hybrid systems.

Specify an architecture of handling internal commu-
nication and managing the order of units interaction.
This can be done centrally by applying a structural
framework like HLA or FMI, or decentralised by con-
structing a self-written tool that dictates this order-
ing.

2: Discontinuity

Time events are triggered at known times. Race con-
ditions might occur.

Adjust macro-steps and subsystem scheduling to im-
prove accuracy and manage timing.

State events are triggered when a continuous state
hits a threshold, making detection harder and re-
quiring constant monitoring. This might happen be-
tween macro-steps, delaying communication and in-
creasing numerical errors.

Rollback strategies to revert to older states, or
Quantized State Systems (QSS) to discretize state
values while keeping time continuous.

Rapid changes in continuous variables cause inaccu-
rate predictions, causing oscillations.

Reduce step size or reject steps at discontinuities to
minimise errors, though this may increase computa-
tional effort.

3: The Issue
of Time

Hybrid DE co-simulation: CT SUs cannot
inherently know when a discrete event will occur.

Fixed time-stepped method, though it may cause
accumulating errors over time. Reducing errors by
decreasing step-size increases computational load.

Global event scheduler reduces accumulating errors
but requires event prediction of the CT SU, exposing
its inner workings.

Hybrid CT co-simulation: DE SUs cannot determine
when to trigger an event based on continuous sig-
nals.

Event prediction based on CT signals. Requires an
orchestrator that can adaptively adjust step size, as
proposed by (Cremona et al., 2019). Using integer
time-representation (Cremona et al., 2019) can help
prevent quantization errors.

4: Infinite Loops

Algebraic loops occur when outputs from one unit
immediately affect another’s inputs, leading to un-
resolved circular dependencies.

Fixed-point iteration and graph-based techniques to
manage dependencies and resolve loops. A step op-
eration graph helps identify loops, and iterative ad-

justments refine input values until convergence.

Illegitimacy occurs when the orchestrator repeatedly
processes events within the same timestamp, unable
to move to the next state.

Random order evaluation strategy to change the
processing order of events.

Zeno behaviour involves an infinite number of events
occurring in a finite time due to design choices.

Use superdense time model to handle simultaneous
event, though not supported in FMI-CS 2.0.
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Several connections can be observed between the proposed solutions across
different challenges in co-simulation, highlighting the interconnectedness of these
issues.

— Reducing step size to manage rapid changes in continuous variables can
effectively minimize oscillations and noise. However, this approach may also
lead to zeno behavior, as the simulation might encounter an infinite number
of changes within a very short interval. Consequently, while reducing the
step size can be beneficial, it often necessitates the use of superdense time,
which provides a structured framework for managing events and prevents
simultaneous occurrences.

— QQS. Both the discontinuity and time synchronization challenges can be
addressed by predicting when a SU will reach a specific value. In the context
of challenge 2, this is accomplished using Quantized State Systems (QSS),
which discretize state changes while maintaining continuous time. In chal-
lenge 3, the methodology proposed by Cremona et al. (2019) incorporates a
similar predictive strategy.

Limitations This research has several limitations:

1. Due to time constraints, it was not possible to examine all the relevant papers
published on this topic. Consequently, the recommendations and conclusions
are based solely on the findings presented, which means that some potential
solutions or issues may have been overlooked.

2. Terms related to this topic (i.e. co-simulation, hybrid co-simulation, multi-
paradigm simulation, etc.) are often used interchangeably and not all authors
provide a clear definition of what they mean when using these terms. For
instance, the paper by Cremona et al. (2019) addresses co-simulation but
does not define the term, leading to ambiguity in the literature.

3. This paper specifically examines the challenges of co-simulation identified
by Gomes et al. (2018) and does not explore other potential challenges that
could arise.

Further research For further research it is recommended to focus on exam-
ining practical applications of different theoretical solutions. Case studies often
do not mention the challenges and issues they face on a more fundamental level.
This omission raises questions about whether the author of the paper did not en-
counter these issues or failed to mention them, which creates a skewed image of
the issues. Additionally, expanding the research to include more literature can
contribute to a more comprehensive understanding of the co-simulation land-
scape and the associated challenges.

3.6 Conclusion

The aim of this paper was to explore the solution space for hybrid co-simulation,
addressing the challenges and implementation strategies for integrating different
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modeling paradigms using co-simulation. Therefore this study has examined key
issues in hybrid co-simulation and outlined potential solutions, while also evalu-
ating how these solutions might apply across different challenges.

The findings reveal that multiple solutions exist for various challenges, with
significant areas of commonality among them. However, differences in termi-
nology and specific implementation details often obscure these shared aspects,
making it difficult to identify and leverage the full range of solutions. While
these results offer a valuable framework for hybrid co-simulation developers to
select suitable strategies for their projects, the effectiveness of these solutions
ultimately depends on their application in real-world scenarios.

Future research should expand this framework by exploring a broader range
of solutions and validating their effectiveness in practical applications. Even
more importantly, a shift in the research approach is needed—acknowledging
that challenges in hybrid co-simulation do exist, instead of presenting simula-
tions as flawless or issue-free. A more open discussion about these difficulties
could encourage the development of targeted solutions, filling the current gap
in research on how to address these complex problems effectively. Standardis-
ing terminology and creating a unified language for hybrid co-simulation might
also make it easier to compare different methodologies and integrate advances
in the field. Encouraging transparency about these challenges can pave the way
for innovative solutions, ultimately leading to the development of more robust
and reliable hybrid simulation frameworks.
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