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Abstract

Designing modern aircraft is not an easy task. Today, it is not enough to op-
timize aircraft sub-systems at a sub-system level. Instead, a holistic approach
is taken whereby the constituent sub-systems need to be designed for the best
joint performance. The State-of-the-Art (SotA) in simulating and exchanging
simulation models is moving forward at a fast pace. As such, the feasible use
of simulation models has increased and additional benefits can be exploited,
such as analysing coupled sub-systems in simulators. Furthermore, if aircraft
sub-system simulation models are to be utilized to their fullest extent, open-
source tooling and the use of open standards, interoperability between domain
specific modeling tools, alongside robust and automated processes for model
Verification and Validation (V&V) are required.

The financial and safety related risks associated with aircraft development and
operation require well founded design and operational decisions. If those deci-
sions are to be founded upon information provided by models and simulators,
then the credibility of that information needs to be assessed and communi-
cated. Today, the large number of sensors available in modern aircraft enable
model validation and credibility assessment on a different scale than what
has been possible up to this point. This thesis aims to identify and address
challenges to allow for automated, independent, and objective methods of
integrating sub-system models into simulators while assessing and conveying
the constituent models aggregated credibility.

The results of the work include a proposed method for presenting the individual
models’ aggregated credibility in a simulator. As the communicated credibility
of simulators here relies on the credibility of each included model, the assembly
procedure itself cannot introduce unknown discrepancies with respect to the
System of Interest (SoI). Available methods for the accurate simulation of cou-
pled models are therefore exploited and tailored to the applications of aircraft
development under consideration. Finally, a framework for automated model
validation is outlined, supporting on-line simulator credibility assessment ac-
cording to the presented proposed method.
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Abbreviations

A/C Aircraft
AE Algebraic Equation
CAS Credibility Assessment Scale
CFD Computational Fluid Dynamics
CI Configuration Item
CM Configuration Management
CS Co-Simulation
DAE Differential Algebraic Equation
DE Differential Equation
DoV Domain of Validation
DSM Design Structure Matrix
ECS Environmental Control System
FEM Finite Element Methods
FFT Fast Fourier Transform
FMI Functional Mock-up Interface
FMU Functional Mock-up Unit
GUI Graphical User Interface
H/W Hardware
HIL Hardware In the Loop
HLA High Level Architecture
INCOSE International Council on Systems Engineering
IP Intellectual Property
IV&V Independent Verification and Validation
M&S Modeling and Simulation
MA Modelica Association
MBSE Model Based System Engineering
ME Model Exchange
MSL Modelica Standard Library
MST Master Simulation Tool
NASA National Aeronautics and Space Administration
NFFP Nationellt Flygtekniskt Forskningsprogram
OD Operational Domain
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OpenCPS Open Cyber-Physical System Model-Driven
Certified Development

PCMM Predictive Capability Maturity Model
PDE Partial Differential Equation
PEM Prediction Error Method
S/W Software
SME Subject Matter Expert
SoI System of Interest
SoS System-of-Systems
SotA State-of-the-Art
SRQ System Response Quantity
SSD System Structure Description
SSP System Structure and Parameterization
TLM Transmission Line Method
TRL Technology Readiness Level
UML Unified Modeling Language
UQ Uncertainty Quantification
V&V Verification and Validation
VPMM Validation Process Maturity Model
VV&A Verification Validation and Accreditation
XML Extensible Markup Language
xtUML Executable UML
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Nomenclature

A Area [m2]

a Speed of sound [m/s]

β Bulk modulus [Pa]

ci Wave variable i [Pa]

dE,i Distance from OD grid point i to validation point [−]

dE,i extrapolation penalty [−]

εt Prediction error

ηc Nearest neighbor coverage [−]

ηc,V System level validation metric accounting for coverage [−]

g Number of grid points in OD [−]

n Number of available samples [−]

ω Angular frequency [rad/s]

p Pressure [Pa]

pe Pressure deviation from initial value p(t0) [Pa]

φ Phase shift [◦]

q Volumetric flow [m3/s]

qnet Net volumetric flow [m3/s]

ρ Density [kg/m3]

t Time [s]

t0 Initial time [s]

θ̂ Optimal model parameter vector
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θ Vector of model parameters

Tmacro Time at simulator level [s]

Ts Sampling interval [s]

∆tTLM Time delay of transmission line [s]

V Volume [m3]

v Velocity [m/s]

VE System level validation metric [m3]

Zc Characteristic impedance [sPa/m3]
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1
Introduction

Modeling and Simulation (M&S) is a broad concept that is applied to varying
extents at different companies and projects. Here, M&S is considered to be
the development and use of models that together describe selected behavior of
a complete Aircraft (A/C) or A/C sub-system. Saab Aeronautics have been
investing heavily for many years in the use of models during A/C development
in terms of M&S methods and the available tooling and tool support. Currently,
the need for M&S is clear. M&S is vital in predicting the joint behavior of the
ever-so-tightly coupled A/C sub-systems. A/C are being designed for decades
of operation in widely different conditions. The corresponding models and
simulators, see Definition 2.1.2 and Definition 2.1.1 respectively, need to be
used throughout the entire A/C life-cycle. Sustainable methods for model
and simulator development as well as Verification and Validation (V&V) are
therefore a necessity. The focus of this thesis is consequently on integrating
simulation models into simulators. Integration here concerns the complete
process of developing, accurately simulating, and assessing the credibility of
simulator applications. The presented focus is a result of industrial experience
indicating that the manual effort and know-how associated with the integration
of models into simulators is time consuming and error prone. In addition, tool
specific M&S solutions tend to result in vendor-lock-in effects that limit the
beneficial reuse of models [1]. Improving on the SotA in industry, incorporating
open tools and standards, will therefore be of great benefit to the development
and maintenance of A/C sub-systems in general.

1.1 Background
Models are necessary in order to develop modern A/C. Today, the compris-
ing A/C sub-systems are closely interconnected enabling advanced controlling
software optimization, for example, maximizing overall aircraft performance
while providing a comfortable working environment for pilots. Designing an
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On Standardized Model Integration

A/C for nominal performance in the most demanding conditions is no longer
a feasible approach when developing competitive fighter A/C. Instead, the
system’s dynamic properties need to be considered. This means that the use
of simulation models is required. As models mirror carefully selected aspects
of the real sub-system, from now on referred to as the System of Interest (SoI),
the models tend to be complex and as a result time consuming to develop,
maintain, and execute. In addition, sub-systems cannot be analyzed separ-
ately; instead, a holistic approach is needed. Detailed simulations of large
portions of a complete A/C are therefore pursued.

To fully retain the value of investments in A/C simulation platforms, flexible
and sustainable methods for model and simulator development, reuse, main-
tenance, documentation, and V&V are required. The Modelica language [2]
was chosen by Saab for A/C vehicle system modeling based on these premises
[3]. Saab has been conducting research continuously to improve upon the used
methods for model and simulator credibility assessment. Three recent projects
are Modeling and Simulation for the 2010s Energy Management Systems [4],
Validation of Complex Simulation Models [5], and Model Validation – from
Concept to Product [6]. A key result of the project Validation of Complex
Simulation Models was the formulation of the Saab Aeronautics Handbook for
Development of Simulation Models [7]. This handbook covers the steps that a
model developer needs to take to ready a model for simulator use. The focus
of the first two subsequent projects were primarily on model development
and V&V during early development phases. Moreover, to achieve a complete
methodology, all phases of model and simulator development need to be cov-
ered in detail.

The focus of the work presented here is on aspects that arise once nominal
versions of the A/C models, simulators, and Hardware (H/W) testing stations
have been produced. In these later phases of detailed design [8], the analysis
shifts towards Software (S/W) and H/W verification, enhancing sub-system
and overall performance, fault analysis and diagnosis, as well as training and
flight-test decision support. This type of use spans the entire product life cycle
and the comprising techniques and methodology need to be able to survive
during the rapid evolution of computational H/W and S/W. The means of
mitigation is to rely upon standards for information exchange, and automated
model validation at all M&S levels.

In the context of industry 4.0, the notion of Digital Twins is emerging as a
popular concept [9, 10, 11]. Bondani and Bacchiega describes digital twins as

real-time digital replicas of a physical devices [12].

Dahman and Rossman provide a more general description where a digital twin
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is stated to

describes a virtual image of a real subject (human, application) or object (ma-
chine, environment) that reflects all relevant static and dynamic properties[11].

A digital twin is here interpreted as a modeled virtual substitute of a corre-
sponding SoI which is executed alongside its physical counterpart. The virtual
substitute is viewed as any simulation model or simulator mimicking selected
aspects of the SoI. The digital twin utilizes data from the physical system in
order to increase the knowledge of the SoI as well as the simulation application
and its corresponding development methodology. A simulation application
implemented in the V&V framework outlined in Chapter 5 is considered a
digital twin. As such, the work presented in this thesis contributes to the
implementation and exploitation of aircraft sub-system digital twins.

Furthermore, this thesis covers the work conducted within the frame of the
ITEA3 project Open Cyber-Physical System Model-Driven Certified Develop-
ment (OpenCPS) [13] in evaluating and influencing the SotA in standardized
co-simulation, simulator exchange, and automated model validation in later de-
velopment phases. The chronologically earlier work of the thesis was conducted
within the frame of the Nationellt Flygtekniskt Forskningsprogram (NFFP)
project Model Validation – from Concept to Product [6].

1.2 Aim and Research Questions
The aim of this thesis is to expand current SotA towards increased industrial
applicability in robust and efficient co-simulation, exchange of information be-
tween M&S domains, and automated model validation and simulator credibility
assessment. This is done by means of testing, evaluating, and influencing, ap-
plicable standards and techniques. The research questions that the presented
work aims to answer are listed below.

RQ1 Is the Functional Mock-up Interface (FMI) standard applicable to the
aeronautical industry and A/C vehicle system development?

RQ2 Can multiple connected A/C sub-system be simulated in parallel with-
out affecting accuracy and numerical stability?

RQ3 What aspects need to be addressed if model validation in later develop-
ment phases is to be automated?

RQ4 How can the credibility information of A/C sub-system simulation
models be propagated to simulator level?

3
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1.3 Delimitations
The FMI standard is used to export models for execution outside of their origi-
nal development environment. Other comparable standards exist, see Chapter
3. However, as a result of the modeling tools used at Saab, FMI is the obvious
choice as the corresponding tool vendors support and push for the development
of FMI. The thesis is delimited to the recently released System Structure and
Parameterization (SSP) standard for the standardized exchange of simulators
for equivalent reasons.

This thesis is delimited to Model Based System Engineering (MBSE) [14] meth-
ods employing executable simulation models mimicking A/C sub-systems; as
well as establishing interoperability between architectural modeling and the
aforementioned simulation models. Other types of simulation models exist in
the fields of, for example, Computational Fluid Dynamics (CFD), computa-
tional mechanics, and software development. Even though the interoperability
between the software development method and language Executable UML
(xtUML) and systems simulation is demonstrated within the frame of the
OpenCPS project [15], it is omitted from the scope of this thesis.

Achieving stable and parallel simulations of simulators is here achieved by
means of the Transmission Line Method (TLM). Various other means to address
the issue exist, see Chapter 4, and a selected few are mentioned for context. One
such recent development is the energy preserving filter proposed by Benedikt
et al. [16].

1.4 Method
The research presented here was conducted by implementing the Industry-as-
laboratory methodology [17, 18]. This methodology is an approach that is
well suited to research collaboration projects between industry and academia.
Industry-as-laboratory highlights the relevance of industrial input to academic
research in order to ensure focus on industrially relevant engineering methods.
The schematic description of Industry-as-laboratory presented by Muller et
al. is clarified with respect to the context of the research presented here, see
Figure 1.1. The presented methodology has previously been used in several
similar research project constellations [6, 19].
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Industry
Source of inspiration
Highlight areas where
SotA in industry is
insuffient.

Application playground
Provision of environment
for testing and verifi-
cation. For example,
industry-grade simulation
models and simulators.

Research
Assess SotA in
academia. Improve
and expand available
research for industrial
applicability.

Evaluate
Bottom up approach to
hypothesis evaluation.
Later iterations are con-
ducted in an industrial
context.

Hypothesis
Methods tailored to
address areas of improv-
ment in industry.

Challenging
problems

New engineering
methods

Use-cases

Improve

Figure 1.1 The industry-as-laboratory research approach. The method de-
scription is modified slightly compared to the illustration provided by Potts et
al.[17] to highlight the connection to the presented research.

1.5 Overview of Appended Papers

Paper [III] propose methods for adapting physics-based simulation models of
coupled A/C sub-systems to sampled co-simulation via the TLM technique
and FMI standard. These techniques are applied on successively expanded
industry grade application examples in [VI], [IV] and [VII]. In papers [IV]
and [VII], the benefits of aforementioned techniques are demonstrated via an
industrially relevant study connecting Environmental Control System (ECS)
performance to pilot thermal comfort.

V&V and credibility assessment are considered at all stages. Papers [I] and
[II] contribute with methods that are applicable to all levels of simulation con-
sidered in the thesis. Paper [II] focuses on steady-state identification for auto-
mated historical data validation purposes on sub-system model level whereas
Paper [I] targets propagating sub-system model assessed validity to simulator
level, enabling on-line simulator credibility assessment.
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1.6 Thesis Outline
This thesis is presented from a top-down perspective. Chapter 2 presents the
motivation, context, and coupling between the subsequent Chapter 3, Chapter
4, and Chapter 5. In Chapter 3, the utilized standards are introduced along
with a simple example demonstrating the established engineering domain in-
teroperability. Chapter 4 elaborates upon the work presented in Paper [III]
and Paper [IV] and Chapter 5 on Paper [I] and Paper [II]. Both Chapter 4 and
Chapter 5 begin with an introduction and theoretical overview of the respective
topics. The contributions of the corresponding papers are then detailed in the
latter sections of each chapter. The thesis is summarized and concluded, with
answers to the research questions, in Chapter 6. The thesis outline is visualized
in Figure 1.2.

1.7 Contribution
The work has contributed in deriving an open specification of industrial require-
ments for co-simulation frameworks [20] which is available to all tool vendors
supplying FMI supporting master simulation algorithms. In addition, the
work has contributed to an accepted FMI standard change proposal adding
callbacks, to FMI, for numerical stability reasons. The standard update is
planned to be included in the coming FMI 3.0 under the heading Intermediate
Variable Access [21].

An industry grade A/C vehicle systems simulator is developed and possible uses
and benefits of such a mid-scale simulator, see Chapter 2, are demonstrated.
This particular simulator is used to develop and demonstrate interoperability
between various engineering domains such as S/W modeling, H/W modeling,
architecture modeling, and modeling of human factors. The simulator is used
for continuous bench-marking, capturing implicit requirements on, and testing
of the FMI based simulation framework developed within the frame of the
OpenCPS project, the OMSimulator [VIII].

A framework for automated validation and credibility assessment of aircraft
vehicle system simulation models and simulators is outlined. Challenges are
identified and a selected few are addressed. This includes the evaluation of
methods for steady state-identification and propagating model level V&V in-
formation to simulator level.

6
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Chapter 4: Co-Simulation of
Coupled Sub-System Models

Theory

Chapter 6: Discussion and Conclusions

Chapter 3: Standards for
Model Integration

Theory

Chapter 5: Credibility
Assessment

Theory

Contributions Contributions

Paper I
Paper II

Paper III
Paper IV

Chapter 1: Introduction

Chapter 2: Simulator Applications in Aircraft Vehicle Systems Development
Context and motivation

Contributions

Figure 1.2 Thesis outline. Schematic representation of how the thesis chap-
ters and appended papers relate to one and another.
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2
Simulator

Applications in
Aircraft Vehicle

Systems
Development

The focus of this thesis is on methods for developing aircraft vehicle systems.
In modern A/C, such as the Saab Gripen fighter, each included aircraft vehicle
system consists of both H/W and S/W parts developed in completely different
engineering domains. A particular emphasis is placed on the development and
credibility assessment of simulators representing interconnected aircraft vehicle
system along with selected parts of their surroundings.

Aircraft vehicle systems are sub-systems that exist in most A/C, both military
and civil. Aircraft vehicle systems provide the principal A/C functionality
that is essential for the most basic operation. Examples of such functionality
are the provision of fuel to the engine via the incorporated fuel system, the
control of aircraft control surfaces via the hydraulic systems, the pressurization
of the cockpit via the environmental control system, etc. A complete list of
the systems classified as aircraft vehicle systems in the Saab Gripen fighter,
see Figure 2.1, is provided for context: pilot equipment, rescue equipment,
fuel system, hydraulic system, electrical system, environmental control system,
auxiliary power, and landing gears.

Furthermore, aircraft vehicle systems are merely a sub-set of the complete
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Figure 2.1 In flight photo of the Saab developed Gripen E demonstrator
aircraft 39-7. Photo: courtesy of Stefan Kalm, Copyright Saab AB.

domain of applicability because the presented methods and techniques are gen-
eral to a wide range of domains. Even so, this chapter provides a background
to the methods currently put into practice at Saab Aeronautics for aircraft
vehicle systems development. The aim is to illustrate the relevance of the
research conducted by means of identifying strengths and weaknesses in the
current way of working, as well as the stipulated improvements with the thesis
results.

2.1 Concepts and Terminology
A simulator is here defined according to Definition 2.1.1 which is largely in line
with the definition provided by Andersson et al. in [7].

Definition 2.1.1. A simulator is a platform for predicting the behavior, or
verifying functionality, of coupled sub-systems using corresponding models orig-
inating in different engineering domains.

Definition 2.1.1 includes the notion of model. The definition of a model pro-
vided by Fritzon in [2] is adopted and presented in Definition 2.1.2. The
applied experiment is explained as the process of exciting the model inputs to
extract the sought information.
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Definition 2.1.2. A model of a system is anything an "experiment" can be
applied to in order to answer questions about the system.

Both Fritzon and Ljung et al. [22] partition models into four different cat-
egories: mental, verbal, physical, and mathematical. The simulation models
that are the primary focus here are of the mathematical sort. Here, simulation
models are executable representations, able to describe the dynamic properties
of the SoI via constituent Algebraic Equations (AEs) and Differential Equa-
tions (DEs) [6, 1]. A different class of models considered in this thesis, which
are not easily placed in any of the provided categories, are models describing
System architecture. System architecture models are described by the National
Aeronautics and Space Administration (NASA) [23] as

models that define the underlying structure and relationship of the elements of
the system (e.g., H/W, S/W, humans in-the-loop, support personnel, commu-
nications, operations, etc.) and the basis for the partitioning of requirements
into lower levels to the point that design work can be accomplished.

In other words, a system architecture model describes how the constituent
sub-systems fit and function together to form a system at a higher level of
abstraction. One relevant and obvious analogy is the relationship between
simulation models and simulators.

2.2 Modeling and Simulation of Aircraft Sub-
Systems

Various types of simulation models and simulators are used during the develop-
ment of aircraft sub-systems. Eek [5, 6] and Steinkellner [4] provide overviews
of various sub-system modeling techniques that are applicable during aircraft
vehicle system development. Even though closely related, the focus here is
instead on aircraft vehicle systems simulator development.

The question to be answered by the simulation governs which simulation
application that should be used for the specific testing. If the purpose is
to determine temperature and pressure spectra during transient conditions,
then a detailed physics-based simulation model, connected to its correspond-
ing controlling S/W, is likely to be required. However, if the purpose of the
simulation is verify the activation of some specific S/W logic during discrete
changes in operating conditions, then simple simulation models consisting of
various combinations of boolean statements may be sufficient. If the coupled
dynamic behavior of several A/C sub-systems is under investigation, then
coupled detailed models of the sub-systems in question are required. However,
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if the connections between the same sub-systems need to be verified, simple
test stub models with accurate interfaces may be sufficient.

2.2.1 Small-scale simulators
Small-scale simulators are defined in Definition 2.2.1.

Definition 2.2.1. Small-scale simulators are simulation platforms that are
intended for analysing one aircraft sub-system at a time, incorporating more
than one M&S domain.

At Saab, such simulation platforms are typically set-up using Hosted Simula-
tion [4, 3]. With hosted simulation, code is generated from one of the models
developed to represent a particular aspect of the sub-system of interest. The
second sub-system model, representing complementary aspects of the SoI, is
kept in its original M&S tool. The two sub-systems models are coupled, one in
its original state and one as compiled external code, in the M&S tool closest
to the analysis to be conducted. One example of hosted simulation is the
connection of an aircraft vehicle system H/W model with its corresponding
controlling S/W. Two small-scale simulators of such a sub-system are typi-
cally developed: one in the tool used for modeling of the included H/W and
one in the tool used for S/W development. The former is used for fault and
performance analysis, detailed H/W design, mission analysis, etc. The latter
is primarily used for control system development and S/W verification. The
main benefits of such platforms are that it is easy to modify the model that is
in its original state, the H/W model and S/W developers are able to work in
the domain specific tool that they are the most familiar with, and the exported
models/code that is used in HIL test-rigs can be tested on a desktop at a
small-scale. A small-scale simulator, intended for performance analysis etc. of
the Gripen fighter ECS, is presented as an application example in [V].

2.2.2 Mid-scale simulators
Mid-scale simulators are simulators that include a few aircraft sub-systems.
Mid-scale simulation is defined by Andersson in [24, 25] and similarly by
Steinkellner in [4]. The definitions of Anderson and Steinkellner are slightly
expanded, resulting in Definition 2.2.2.

Definition 2.2.2. Mid-scale simulation is the execution of a few coupled
simulation models, developed in the best suited domain specific tools, that are
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jointly numerically complex enough to be executed more efficiently in a third-
party tool.

The efficiency mentioned in Definition 2.2.2 needs to be established by means
of weighing the benefits and drawbacks in terms of simulation accuracy and
robustness, impacts on simulation execution time, Configuration Management
(CM), and the overhead costs associated with incorporating a third-party tool.
Mid-scale simulators are here seen as a compromise, relevant when the required
level of integration of a small-scale simulator is insufficient for the required
detailed analysis that is too computationally expensive to be conducted using
a large-scale simulator. Level of integration is here defined as a measure of how
many of the A/C constituent sub-systems are units under test. As a result,
methods for establishing mid-scale simulators need to require relatively little
effort as the intended use, see Chapter 5, of the simulation application tend to
be quite narrow. Existing models need to be reused and integrated without
affecting the validity assessed on a sub-system level. An example of a mid-scale
simulator is presented in Figure 3.2 and Paper [IV].

2.2.3 Large-scale simulators
Large-scale simulators include most of the modeled aircraft’s sub-systems along
with their corresponding controlling S/W, either deployed on the actual H/W
or as models depending on the simulator and its pre-defined intended use(s).
Large-scale simulators are defined in Definition 2.2.3.

Definition 2.2.3. Large-scale simulators are test-stations where several
simulation models of the aircraft sub-systems are integrated and specific ar-
rangements for performance or interoperability exist [24, 4].

As a result of the large-scale simulator size and the often high simulation per-
formance requirements, the level of detail of the included sub-system models
is often specified as low. This is an obvious trade-off that limits the possible
reuse of available models and the feasible intended use(s) of the simulator.

Examples of large-scale simulators are the Mysim and Total system rig (T-rig)
simulators. The MySim and T-rig testing stations are used extensively at Saab
during the development of the Gripen fighter A/C. Mysim is a purely soft
simulator without real-time requirements, used on desktops for early develop-
ment testing during preliminary and detailed design. The T-rig is a real-time
Hardware In the Loop (HIL) simulator that is used for development testing
and formal verification of system requirements and flight safety. These two
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large-scale simulators are presented as application examples in Paper [I].

2.2.4 Overview of simulator applications at Saab Aeronautics
It is easy to perceive the covering of all required testing by a single parameter-
ized simulator as beneficial from a maintenance and development perspective.
According to Steinkellner,

Today’s endeavor is a large master model that is gradually refined and used in
any context [4].

However, even though reusing models and simulators is deemed as beneficial,
the CM of the simulators and its included parts is increased with increased
scope of the intended use [1, 26]. The presented trade-off is not the only aspect
limiting the reuse of simulation applications. In fact, Sivard states that

what to reuse and what to vary, becomes key knowledge

when reflecting on the topic of reusing assets in a product family [27]. One
additional example is that high simulation speed is often of the essence even
though real-time execution may not be required. Customer specific require-
ments as well as Intellectual Property (IP) and export control laws are other
aspects that need to be considered. The benefits of model reuse considering the
aspects listed above are described by Anderson et al. [26] and Lind et al. [3].
A work-flow for model development and export supporting the reuse of models
is put into practice, to the extent possible with current SotA in industry, at
Saab Aeronautics.

The simulation applications currently being used during vehicle systems de-
velopment at Saab are schematically visualized in Figure 2.2a. Note that
not all simulation applications are necessarily available during all phases of
development. For example, early on in the development process of a new air-
craft vehicle system, rigorous testing is conducted using small-scale simulators.
Once the H/W models and the corresponding S/W are mature enough, the
models are assembled together with interfacing modeled sub-systems into mid-
or large-scale simulators.

The sizes of the circles in Figure 2.2 indicated the relative amount of testing
conducted at each testing station. For example the fully virtual platforms, the
small- and large-scale soft simulators, are depicted as large circles relative to
the other representations because they are available to a broader set of engi-
neers. The relative sizes between the circles may vary throughout development,
the visualization represents an assessed nominal situation where all simulation
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applications are available. The vertical axis of the figure is labeled Level of
representation, which here is a measure of how well the system represents the
unit under test. A simulation model with accurate representation of both the
true system dynamics as well as its statics has a higher level of representation
than a steady-state simulation model of the SoI.
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(a) Aircraft sub-systems test and devel-
opment platforms currently available at
Saab Aeronautics.
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(b) Stipulated improvements on the
available platforms are marked as blue.

Figure 2.2 Schematic visualization of the aircraft sub-systems development
platforms available at Saab Aeronautics. The left hand figure represents the
State of the art and the right hand figure the stipulated enhancements of the
OpenCPS research results.

Refining the complete process of integrating models into simulators, presented
in Section 2.3, allows for increased model reuse considering the domain specific
tools used for aircraft vehicle systems development. This results in an increased
level of representation for the large-scale soft simulators as well as the stan-
dardized development of mid-scale simulators. The stipulated improvements
are visualized in Figure 2.2b. The large-scale soft simulators are stipulated to
reach a higher level of representation as the available standards for model ex-
port allow for the use of more advanced solver methods during model execution
in third-party S/W. This in turn enables large-scale simulation of sub-system
models with an increased level of modeled detail. In addition, the development
of mid-scale soft simulators is greatly simplified as existing small-scale simula-
tors can be reused and assembled into study-specific mid-scale simulators. This
enhancement motivates the development of such simulation applications and
the feasibility is demonstrated in Paper [IV]. As the approach is to reuse exist-
ing small-scale simulators, and connecting them without introducing numerical
errors, the level of representation of the constituent small-scale simulators is
preserved in the mid-scale simulators.
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2.3 Integrating Models into Simulators
The complete process of deploying domain specific models in simulators is
referred to as integration within the frame of this thesis. The verb integrate
is interpreted according to the definition provided by the Merriam-Webster
dictionary [28], see Definition 2.3.1.

Definition 2.3.1. Integrate: to form, coordinate, or blend into a functioning
or unified whole.

More specifically, in a systems engineering context, the integration process is
described by International Council on Systems Engineering (INCOSE) as the
process to

synthesize a set of system elements into a realized system (product or service)
that satisfies system requirements, architecture and design [29].

The latter description is in line with Definition 2.3.1. The process of integra-
tion is in [29] explained to be iterated alongside the V&V process where the
V&V process is an activity that should be invoked as needed. V&V is similarly
incorporated into Definition 2.3.1. The unified whole is viewed as any simulator
application, of which the validity is assessed according to a well established
process, in which the constituent parts are the domain specific models. The
V&V process is ideally an independent process, conducted continuously, mak-
ing the most of all currently available objective information. The functioning
of a simulator is interpreted in light of the fact that the simulator needs to
fulfil its intended use. To determine whether or not the simulator can be used
as intended, its credibility as a whole needs to be established.

Figure 2.3 shows a general simulation application development process. Ander-
sson and Carlsson et al. provide an overview of the constituent activities in [7]
and [30]. The figure represents a simplification of the work-flow in current use
at Saab Aeronautics. Here, the process is presented as general to three different
simulation application levels: the Component level, the Model level, and the
Simulator level. The component level refers to the modeling of components to
be included in a larger sub-system model. A component could be, for example,
a modeled cold air unit or cooling pack to be included in an ECS model [31].
The components are typically constructed using the founding building blocks of
a preceding library level. This level is not depicted here; however, the process
could very well be applicable for the development of such libraries. The model
level refers to the development and use of a sub-system model; for example,
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any aircraft vehicle system model. As described previously, a simulator can be
of varying size and complexity. The simulator level of Figure 2.3 refers to the
development and use of any simulator in which two or more modeling domains
are incorporated.
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Figure 2.3 Simulation application development process. The application
specification is described as a top down process whereas the V&V is described as
a bottom up process. The fields highlighted in blue are targeted in the presented
work as well as in the OpenCPS project.

The process of each level comprises five different activities: Specification, De-
velopment, V&V, Export, and Use. The specification activity is formulated
using input from the previous, and planned, use of all levels where the simula-
tion application is included. In this step, the intended use of the simulation
application is expressed; including a requirement specification, interface de-
scription, V&V plan, etc. Both planned and current use need to be considered
since the development is an iterative process. The actual modeling occurs
during the development phase, which is preceded by an export activity of
artifacts from a lower level of abstraction. At the component level, available
library components are combined into a component model; at the model level,
modeled components are connected into a sub-system model; at the simulator
level, sub-system models from different domains are combined into a small-
scale, mid-scale, or large-scale simulator. The final step of each level concerns
V&V. In this step, suitable V&V techniques are used to verify the speci-
fied requirements and to validate the simulation application’s conformance
to the SoI that it represents. A bottom up approach to V&V is presented
in the figure where the V&V results are used as input to the corresponding
process at the higher level of abstraction. Please note that V&V is a con-
tinuous process in the presented work-flow and not an activity that is only
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relevant once the application is complete. This is essential to achieve the
sought after M&S application cost efficiently [32]. The concepts of V&V are
discussed in detail in Chapter 5. One suggestion for how to realize the model
and simulator validation activity shown in Figure 2.3 is presented in Figure 5.2.

The process of integrating models into simulators is described by the activities,
specification, development, and V&V of the simulator level in Figure 2.3. The
export activity of the preceding model level results in import and assembly
activities, here included in development, at the simulator level.
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Standards for

Model Integration

The administrative effort required for managing and integrating the models
included in a simulator is large [4]. Aircraft sub-system development at Saab is
therefore stipulated to benefit greatly from standardizing the model integration
process. The use of open standards will allow for a wider selection of simulator
execution S/W, here referred to as Master Simulation Tools (MSTs), poten-
tially increasing the availability of simulators. Additionally, the introduction
of standards is stipulated to help in reducing the manual effort associated with
model integration, and therefore result in a more efficient process.

There are several different standards associated with the exchange and coupled
simulation of models from different domains. The standards considered in this
thesis are FMI [33, 34] and SSP [35, 36, 37]. The applicability, with respect
to the aeronautical industry, of these standards is investigated and evaluated
using both simple, see Figure 3.1 and Paper [III], and industry grade applica-
tion examples [VI, IV]. The simple simulator example schematically visualized
in Figure 3.1 is used as an aid in the following descriptions and discussions.
The example is implemented as two simple Modelica models with signal type
components from the Modelica Standard Library (MSL) [2]. MSL is a Modelica
package containing fundamental modeling components, from several different
engineering domains, developed and maintained by the Modelica Association
(MA) [38].
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Subsystem A Subsystem B
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Figure 3.1 Two models, Subsystem A and Subsystem B, connected to form
a small-scale simulator. This example is intended to be an aid when explaining
the features of the FMI and SSP standards.

3.1 Exchange of Models
The FMI standard provides a standardized format for exporting and importing
models for execution in an integrating environment that is different from the
tool that is used for model development. Currently, over one hundred tools
provide native support, to varying extents, for exchanging models according
to the FMI specification. At the time of writing, FMI 2.0.1 [34] is the latest
available version of the standard. However, the features and functionality of
FMI 2.0 [33] is considered in this thesis as the latest version was released
during the manuscript writing. FMI 2.0.1 is a maintenance release with no
new features and the updates do not impact upon the presented work.

The modeling tools, supporting model export according to the FMI standard,
in focus within the frame of this thesis are Dymola [39], OpenModelica [40]
and Matlab/Simulink [41] for physics-based modeling, and Matlab/Simulink
for the development of controlling S/W. Currently, Dymola and OpenMod-
elica have native support for the export and import of Functional Mock-up
Units (FMUs). Limited native FMI support is available from Simulink version
R2017b; however, third-party S/W establishing support for both earlier and
current tool versions are available, see for example [42] and [43].

A model exported according to the FMI standard is referred to as a Func-
tional Mock-up Unit (FMU) in the specification. Models can be exported as
FMUs for Co-Simulation (CS) or Model Exchange (ME). FMUs for CS are
themselves responsible for integrating their comprising DEs via an included
numerical solver. In ME FMUs this solver is omitted and it is the responsibil-
ity of the MST to numerically solve the model equations. A model exported
as an FMU is packaged in a <model>.fmu file. This file contains the model
compiled binaries (or source code for source code FMUs) along with an Exten-
sible Markup Language (XML) file denoted as ModelDescription. In short, the
ModelDescription describes the model interface and properties according to a
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standardized XML schema.

One challenge that arises as a result of connecting co-simulation entities is the
possible occurrence of algebraic loops and the ability to identify them. Alge-
braic loops, and the methods as how to address them, are described rigorously
in the literature; see for example Kubler et al. [44] or Broman et al. [45]. An
algebraic loop arises in a situation where a model input is directly dependent
on one of its outputs. A common approach to dealing with algebraic loops is
to iteratively find a consistent solution to the dependent inputs and outputs.
Another approach is to incorporate non-physical delays. Such delays will break
the loop; however, they will also alter the behavior of the simulator. A third
approach, most relevant in simulator development, is to pass the responsibility
for dealing with algebraic loops to the sub-system modelers. If the coupled
sub-systems contain algebraic loops, then the wrong information is passed
between the sub-system models. That being said, if available methods to deal
with algebraic loops are to be used, their presence in a simulator need to be
established.

All model internal dependencies are not necessarily exposed in black- or grey-
box models [46]. If these dependencies remain unexposed, then the presence
of algebraic loops cannot be established. This issue is addressed in the FMI
standard via the dependencies attribute which exposes the necessary internal
dependencies to the ModelDescription file [33]. The ModelDesription file of a
model of Subsystem A, see Figure 3.1, is provided in Appendix A. An algebraic
loop will occur if Figure 3.1 is realized.

3.2 Simulator Composition and Exchange
The current SotA of model integration in the aeronautical industry is generally
to use non-standardized and problem specific methods. Such methods are
typically organization and tool specific and each simulator implementation is
therefore bound to a specific MST. Solutions of that sort are typically difficult
and expensive to maintain. Standardized methods to import and connect
sub-system models are here seen as means to further favor efficient CM and
the exchange of simulator applications. Such standardized methods will propa-
gate the benefits of using a standardized modeling language [3] for sub-system
modeling, such as Modelica, to simulator level.

High Level Architecture (HLA) is a standard for establishing interoperability
between distributed simulation models, favoring model reuse and tool inter-
operability. The HLA standard has been under successive development since
the early 1990’s and can now be considered well established [47]. Three key
concepts of the standard are: the Federation which describes the distributed
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simulation, the Federate which is the simulation entity, and the Run-Time
Infrastructure (RTI ) which manages the communication among the Federates
[48, 49]. Moreover, the HLA standard not only considers the assembly of sim-
ulators but also, much like the FMI standard, provides a standardized model
format via specified functions that a simulation model needs to support to be
considered a Federate. Even though interoperability between HLA and FMI
was shown to be successful by Sievert among others [50], HLA is mentioned
merely for context. The focus is instead placed on the recently released stan-
dard SSP [35] which aims to solve the same architecture specification problem.
This delimitation is motivated by the standard stipulated tool support as it is
a standard that is developed and maintained via the MA which is driven by
the tool vendors and industrial parties also maintaining and improving on the
FMI standard and Modelica modeling language.

The SSP standard is focused on connecting simulation models in a standard-
ized manner, providing a nested hierarchical definition of included sub-systems.
Where the FMI standard focuses on the exchange of domain specific models,
the SSP standard provides a format for standardized connection, parameteri-
zation, and exchange of a connected set of models, i.e. a simulator application.
The SSP standard specifies a XML schema used to carry this information. The
simulator composition is stored in a format denoted System Structure Descrip-
tion (SSD). The corresponding <simulator>.ssd file is packaged along with
its referenced resources in a<simulator>.ssp file. Examples of SSD referenced
resources are other SSP or SSD files and FMUs.

As the SSP standard is young, current tool support is scarce. However, support
for SSP in the Unified Modeling Language (UML) [51] based modeling tool
Papyrus [52] and OMSimulator was established during the OpenCPS project.
These tools have been used to investigate and evaluate the standard in this
thesis. The two M&S tools, FMIComposer [53] and FMIGo [54], are mentioned
for context as both tools provided FMI and SSP support early on. A brief
overview of available open source and commercial FMI supporting MSTs are
provided by Ochel et al. in [VIII].

3.3 Interoperability with FMI and SSP
The two sub-system models presented in Figure 3.1 are developed in Dymola
and the corresponding simulation application is implemented as a Composite
model in OMSimulator using the graphical editor OMEdit [55], see Figure
3.2a. A Composite model is a simulator in OMSimulator consisting of models
exported from any FMI supporting modeling tool or a tool supported by
tool-to-tool coupling [VIII]. An SSP file of the example constituent parts is
exported from OMSimulator using the OMEdit Graphical User Interface (GUI).
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The example SSD file is presented in Appendix A. The SSP file is imported
into Papyrus and a screen-shot of the resulting architecture is presented in
Figure 3.2b. At Saab, S/W architecture and event-driven software is typi-
cally developed using tools incorporating variants of UML, such as Papyrus
and BridgePoint [56]. The established interoperability connects simulator
architectural modeling to the domain of systems simulation. Please note that
SoI architecture modeling may occur at a different level of abstraction than
simulator architecture modeling and these discrepancies need to be assessed
and mapped to one another. For example, the system architecture model
might state that there are dependencies between the models in Figure 3.1
but not provide information on signal level. This topic is elaborated upon in
the OpenCPS project [57]; however, a final generic solution is not yet available.

Despite of the remaining challenges, the presented interoperability facilitates
the further evolution of the MBSE methodology, where the models act as in-
formation carriers. Some of the benefits of MBSE, in identified by INCOSE in
[29] are: 1) improved communication among development stakeholders, 2) in-
creased ability to manage system complexity, 3) and improved product quality.
The communication among development stakeholders is potentially improved
significantly via the demonstrated interoperability. Architectural modelers are
shown to have access to simulators in a development tool of their domain.
Conversely, the architecture is communicated to the simulator developers and
end users directly via the architecture model which is now part of the actual
simulation application.
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(a) The models of Figure 3.1 are imported into OMEdit. The model con-
nections are established and the resulting Composite model is visualized
in the figure. The composite model is exported from OMEdit as an SSP.
The corresponding SSD file is provided in Appendix A.

(b) Screenshot of SSP example imported into Papyrus.

Figure 3.2 Two simple Modelica models are exported from Dymola. The
models are imported into OMEdit. The model connections are established ac-
cording to specification, see Figure 3.2a, and the configuration is imported into
Papyrus, see Figure 3.2b.
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4
Co-Simulation of

Coupled
Sub-System Models

Co-simulating any two coupled sub-system models means that the included
models need to exchange information at discrete time instants, resulting in a
sampled system. The definition of Co-Simulation (CS) provided in the FMI
specification is provided here in Definition 4.0.1.

Definition 4.0.1. In CS, the data exchange between sub-systems is restricted
to discrete communication points. In the time between two communication
points, the sub-systems are solved independently from each other by their indi-
vidual solver [33].

Sampled systems introduce challenges in terms of maintaining simulation sta-
bility and numerical accuracy. This chapter addresses these challenges within
context of the simulation of coupled CS models. The FMI option of ME is not
considered here. With FMI for ME, the solver is omitted from the exported
model and the model equations are solved by the MST. The ME option is by
no means irrelevant; however, the ability to use domain specific proprietary
solvers enabled by the CS option is essential for many simulator applications.
This is particularly true when reusing detailed legacy simulation models in
simulator applications. Such models are often developed over the course of
many years and they are typically, intentionally or unintentionally, tailored
for optimal performance using the best suited solver of their corresponding
development tool.
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A different view of the example provided in Figure 3.1 is provided in Figure
4.1. Figure 4.1 illustrates a small-scale simulator application that is subject
to the challenges relevant for this chapter. The executions of a simulator
with two incorporated and connected models, Subsystem A and Subsystem
B, is schematically visualized in the figure. A variable step-size solver, see
for example Schierz et al. [58], is used to solve the Differential Algebraic
Equations (DAEs) of Subsystem A, and a fixed step-size solver is implemented
in Subsystem B. Information is exchanged between the models at equidistant
time instants shown as vertical dashed lines. The sampling interval Ts is the
time between two adjacent communication points. The time at the simulator
level is denoted as Tmacro.

Subsystem A

Tmacro

Ts

Subsystem B

Figure 4.1 Two models connected to form a small-scale simulator. The
models both have internal solvers solving the constituent DAEs. As a result,
the MST merely passes data between the two incorporated models. A fixed-step
solver is implemented in the Model Subsystem B and a variable-step solver in
the Model Subsystem A.

4.1 Challenges
Different challenges arising as a result of sampling are identified, and elaborated
upon, in the literature, see for example [16, 59, 60, 46]. A brief summary is
provided here. Three key challenges associated with the simulation of coupled
co-simulation models are: 1) the inevitable introduction of a phase shift, 2) the
introduction of high-frequency content occurring as a result of discontinuities
in the sampled signal, and 3) aliasing effects.

Figure 4.2 is presented as a basis for discussion concerning the first two listed
implications of sampling. The continuous signal, dashed and red, in Figure
4.2a consists of two superimposed sinusoids with energy content at 1Hz and
10Hz. This continuous signal is sampled with a frequency of fs = 40Hz. Values
between the sampling instants are kept constant using zero-order hold, type
extrapolation, also referred to as constant extrapolation [III]. The sampled
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signal is presented as solid and black in Figure 4.2a. A Hamming window is
applied to the time-domain data sequence prior to the Fast Fourier Transform
(FFT) producing the frequency domain results presented in Figure 4.2b and
Figure 4.2c. The leakage occurring as a result of the windowing is reduced via
the Hamming window [61].

The stability margins in connected sampled sub-system are generally decreased
with an increase in Ts. According to Glad and Ljung [62], the sampling process
can be approximated as a delay with transfer function

G(s) = e−sτ (4.1)

for Ts small in comparison to the signal energy content. In Equation 4.1,
0 < τ < Ts. Such a delay corresponds to a phase shift of

φ(ω) = arg(G(s = iω)) = −ωτ (4.2)

where ω is the angular frequency in radians per second. This phenomenon is
visualized in Figure 4.2a. The superimposed 10Hz signal is shifted 0◦ to 90◦

throughout the sampling interval compared to the original signal, presented as
dashed and red, which aligns with Equation 4.2 if fs = 40Hz. The 1Hz signal
is shifted 0◦ to 9◦ degrees showing that the introduced phase shift increases
with increased bandwidth of the sampled system. The exemplified phase shifts
will impact upon the simulation results, and possibly result in an unstable
simulation if not properly addressed.

The second topic for discussion, highlighted by Benedikt et al. [59], is the
introduction of high-frequency content occurring as a result of discontinuities
in the sampled signal. This phenomenon becomes apparent when comparing
the frequency content of the two signals presented in Figure 4.2b and Figure
4.2c. Note that the continuous sinusoid is sampled well above the Nyquist
frequency, so the frequency domain distortion is not a result of aliasing. The
frequency domain result shows that the sampling has introduced energy con-
tent at frequencies different than 1 and 10Hz. This energy content may excite
high-frequency dynamics in a coupled sub-system that should not have been
excited. This issue could be partly addressed by means of introducing low-pass
filters on the inputs of a receiving model. However, the filter will remove
energy content and introduce a phase shift, thereby altering the simulator.

If the sampling frequency is lower than twice the bandwidth of the sampled
system, the output content will be distorted as a result of aliasing [62, 60].
Signal energy content above the Nyquist frequency will be mirrored around
half of the sampling frequency and appear at an erroneous frequency. As a
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the sampled sinusoids of Figure 4.2a. En-
ergy content at most shown frequencies.

Figure 4.2 Exemplification of two of the primary challenges of de-coupling
coupled systems: 1) the inevitable introduction of a phase shift when sampling,
and 2) the introduction of high frequency content occurring as a result of dis-
continuities in the sampled signal.

result, the simulation may become miss-representative or unstable. This could
be partially addressed by means of adjusting the sub-system bandwidth via in-
corporated filters. Such filters will help to avoid aliasing, by means of removing
signal content in risk of aliasing prior to sampling. However, in the end infor-
mation is lost and this loss will impact upon the simulation results. It will then
be up to the engineer or researcher to determine whether the result are usable
or not, provided that the filtering itself did not result in an unstable simulation.

4.2 Transmission Line Method (TLM)
In Section 4.1, it is shown how the sampling of signals introduces delays. Such
delays will at best impact upon the accuracy of the simulation results if not
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accounted for. However, information is propagated at a limited speed, a speed
that depends on the considered physical domain. Such a physically motivated
delay can be exploited to decouple models without compromising accuracy or
stability [63]. TLM does precisely that. TLM, also known as Transmission
Line Modeling or bi-lateral delay lines, was introduced during the 1960’s by
Auslander et al. [64] and later refined by Johns et al. in 1980 [65]. One of
the significant contributions by Johns et al. was the introduction of numerical
parasitic components as a means of assessing errors occurring as a result of
discrepancies between utilized and physically motivated delays. In 1990, Krus
et al. contributed with further improvements by means of introducing filtering
in TLM type connections in order to address resonances in ideally modeled
transmission lines [66]. The TLM technique has since then been implemented
in various M&S tools such as Hopsan [66, 67, 68], OpenModelica [69], and
BEAST [70].

A schematic representation of a loss-less, hydraulic, and one-dimensional trans-
mission line is provided in Figure 1. This transmission line is loss-less in the
sense that there are no losses as a result of friction or contractions/expansions.
Each end of the transmission line is subjected to a pressure pi and volumetric
flow qi. A wave will travel through the transmission line at the wave propaga-
tion speed, the speed of sound a. This means that a wave has passed through
the pipe in ∆tTLM = lpipe/a seconds.

lpipe

p1, q1 p2, q2

Figure 4.3 One dimensional, loss-less, hydraulic transmission line modeled
as a pipe with length lpipe. Each side of the transmission line is input a pressure
and a volumetric flow.

The TLM equations describing such a transmission line are

p1(t) = Zc · q1(t) + c1(t)
p2(t) = Zc · q2(t) + c2(t)

(4.3)

where

c1(t) = p2(t−∆tTLM ) + Zc · q2(t−∆tTLM )
c2(t) = p1(t−∆tTLM ) + Zc · q1(t−∆tTLM ).

(4.4)

The variables ci in Equation 4.4 are known as wave variables. The wave vari-
ables collect the information at the opposite side of the transmission line at
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time t−∆tTLM . The acoustic characteristic impedance Zc is the complex val-
ued frequency domain ratio between input pressure and flow of an infinitely
long transmission line, see for example Boden et al. [71]. It is related to the
physical properties of the transmission line according to

Zc = β∆tTLM
V

(4.5)

if ∆tTLM = lpipe/a is inserted into the definition of characteristic acoustic
impedance, see Equation B.2. In Equation 4.5, β is the bulk modulus of the
fluid,

β = −V ∂p

∂V
, (4.6)

a measure of how resistant the medium is to compression. The quantity V in
Equation 4.5 and Equation 4.6 is the volume of the transmission line.

The TLM equations for a loss-less hydraulic transmission line are derived,
starting with Newton’s second law and the continuity equation, in Appendix A
for clarity and completeness. The TLM equations for other physical domains
can be derived in an analogous manner; see, for example, Fritzon et al. for a
derivation of the mechanical domain TLM equations [70].

4.3 Transmission Line Characteristics
A loss-less transmission line without inductance and delay is here referred to
as an ideal capacitance. The pressure in such a capacitance is traditionally
modeled as proportional to the integral of the net volumetric flow:

pe = K

t∫
t0

qnetdt (4.7)

where qnet = q1 +q2 and pe(t) = p(t)−p(t0) [69, VI]. The relationship between
the constantK and the TLM parameters Zc and ∆tTLM can be derived starting
with the definition of the bulk modulus. Equation 4.6 can be re-written as

∂p

∂t
= β

V
qnet (4.8)

if the volume flow is defined as positive inwards, i.e qnet = −∂V∂t , and both sides
are divided by ∂t. Integrating Equation 4.8 with respect to time yields

pe(t) = β

V

t∫
t0

qnetdt. (4.9)
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If Equation 4.5 is inserted into Equation 4.9,

pe(t) = Zc
∆tTLM

t∫
t0

qnetdt, (4.10)

then the relation to characteristic impedance and transmission line delay time
becomes evident. In models developed using the Modelica language, delays
(if relevant for the analysis) can be added via the Modelica delay operator
between cascaded modeled capacitances.

Taking the Laplace transform of Equation 4.10 yields

P (s) = Zc
s∆tTLM

Qnet(s). (4.11)

if qnet(t0) = 0.

The TLM equations, see Equation 4.3 and Equation 4.4, provide a relation-
ship between pressure and flow at the two ends of a transmission line. If the
transmission line is assumed to have one closed end, then the net volumetric
flow can be related to pressure and a transfer function on the same format as
Equation 4.11 can be derived. So, inserting q2(t) = 0 into Equation 4.3 and
Equation 4.4 yields

p1(t) = Zcq1(t) + p2(t−∆tTLM ) (4.12)

and
p2(t) = Zcq1(t−∆ttlm) + p1(t−∆tTLM ). (4.13)

Inserting Equation 4.13 into Equation 4.12, taking the Laplace transform, and
solving for P1(s) results in

P1(s) = Zc
1 + e−2∆tTLM

1− e−2∆tTLM
Qnet(s) (4.14)

where Qnet(s) = Q1(s) as Q2(s) = 0.

In Figure 4.4, the frequency response transfer function magnitudes of Equation
4.11 and Equation 4.14 are plotted for a pipe with diameter d = 0.1m in which
air is flowing. The length of the pipe is set as lpipe = 5m in Figure 4.4a and it
is varied in Figure 4.4b. Figure 4.4a shows how an ideal hydraulic capacitance
differs from a transmission line. The two representations have identical static
gains between net flow and pressure. However, the pipe resonance frequencies
are captured by the transmission line representation whereas they are not by
an ideal capacitance. Figure 4.4b illustrates how the resonance frequencies
change with changing transmission line length; an increase in transmission-line
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parison of an ideal hydraulic capacitance,
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Figure 4.4 Frequency domain characteristics of loss-less hydraulic transmis-
sion line and an ideal hydraulic capacitance. The characteristic impedance is
specified as Zc = 37823sP a/m3 corresponding to a pipe with diameter d = 0.1m
in which air is flowing.

length results in a lower resonance frequency.

TLM exploits the characteristics of transmission lines to derive an indepen-
dence between coupled models. In principle, a modeled transmission line is
extracted from one or both models to be connected via a physical connection.
This transmission line is positioned in the actual connection. In that way,
the properties of the sampling procedure are encompassed by the transmission
line and the sampling procedure does not introduce an error provided that the
sampling interval is correctly related to ∆tTLM and that the characteristic im-
pedance can be assumed to be constant. This is not true for an ideal hydraulic
capacitance because such a capacitance does not include a delay between the
two sides of the pipe. A phase shift is introduced between flow and pressure,
but it is not equivalent to that of a delay.

4.4 TLM and FMI
Neither FMI 2.0 or FMI 2.0.1 are adapted to support physical connections in
general or TLM specifically. In Paper [III], various solution alternatives com-
bining FMI and TLM are investigated and evaluated. As a result, a strategy
for asynchronous simulation of FMUs, coupled via TLM-type physical con-
nections, is formulated. Asynchronous here means that each TLM connection
has its own independent time delay. Consequently, each included FMU has its
own maximum allowed sampling interval. This can be compared to the syn-
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chronous algorithm presented in [64]. Auslander et al. propose a method for
simulating models of coupled transmission lines where the transmission lines
are grouped to form transmission lines with equal delay times. These lines
are then decoupled for an equal amount of time and a synchronous exchange
of information between groups does not result in modeling errors. The FMI
supporting tool Hopsan incorporates a similar approach with synchronized
exchange of data; however, the transmission lines are not grouped. Instead, a
transparent modeling error is accepted to enable full parallelization. This is
an efficient approach for simulating models in the TLM supporting tool where
they were originally developed. However, in an FMI supporting MST, the
option of asynchronous communication without the introduction of modeling
errors can be essential depending on the M&S activity. The frequently used
detailed simulation models are often not robust enough to handle significant
coupling errors.

Multi-domain co-simulation is bound by the parallelization techniques, on a
model level, supplied by the model development tools. An MST can therefore
only exploit decoupling strategies for parallelization at the system level. Clus-
tering FMUs with equal coupling delays to avoid modeling errors is feasible.
However, the parallelization benefits of small-scale and mid-scale simulators
will be small with such an approach as they typically only consist of a small
number of FMUs. Asynchronous communication is here seen as a more efficient
approach because each incorporated FMU can be executed in parallel without
the introduction of numerical errors. Asynchronous communication between
FMUs connected via transmission lines is implemented in the OMSimulator
[VIII].

4.4.1 Accessing interpolation data

The SotA in standardized co-simulation is to let the input values remain
constant throughout the sampling interval; an approach known as constant
extrapolation or zero-order-hold, see Figure 4.5a. The challenges associated
with sampled sub-system models are the most prolific in such situations and
great knowledge of the incorporated models is required to ensure stability
and accuracy. With TLM, interpolation of input data is possible. Therefore,
suitable interpolation strategies need to be selected. The current format of
the FMI standard does not allow FMUs to access data at arbitrary time in-
stants, but only at the beginning of each sampling interval Ts. Three possible
workarounds exist: 1) sub-stepping, 2) append interpolated time derivatives
to the FMU inputs, and 3) inserting the entire input interpolation table into
each FMU. The two latter workarounds are respectively categorized as coarse-
grained interpolation and fine-grained interpolation in Paper [III]. The method
of coarse grained interpolation is described in detail in Paper [III]. Focus here
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is placed on sub-stepping and fine-grained interpolation.

Subsystem A

Tmacro

Subsystem B

MST

Extrapolation

(a) SotA in standardized CS. Inputs are
updated at the beginning of each sam-
pling interval. Inputs for intermediate
time instances are extrapolated, most
commonly using constant extrapolation
also known as zero-order-hold.

Subsystem A

Tmacro

Subsystem B

MST

Interp.
table

Interp.
table

Interpolation

(b) Subsystem A is specified to be ex-
ecuted for a pre-defined number of sub-
steps during each sampling interval. In-
termediate input values can then be ac-
cessed from an interpolation table in the
MST as updating FMU inputs is allowed
at the beginning of each sub-step.

Subsystem A

Tmacro

Subsystem B

Interp.
table

MST

Interp.
table

Interp.
table

Interpolation

(c) An interpolation table is constructed
in Subsystem B. This interpolation table
is provided to Subsystem A via the MST.
The Subsystem A model is wrapped with
the necessary interpolation functionality.

Subsystem A

Tmacro

Subsystem B

MST

Interp.
table

Interp.
table

Interpolation

(d) The FMI standard is extended with
functionality for setting FMU interme-
diate inputs. Subsystem A is allowed
access to an interpolation table in the
MST whenever the internal solver needs
updated information.

Figure 4.5 Communication between connected FMUs. The flow of infor-
mation from Subsystem A to Subsystem B is depicted as red. The converse
flow of information is omitted from the figures for clarity. Figure 4.5a visualises
the SotA in standardized CS. Figure 4.5b, Figure 4.5c, and Figure 4.5d aim to
describe various solutions to establishing interoperability between FMI 2.0 and
TLM. Subsystem B is depicted to output an interpolation table in the three lat-
ter figures. Sub-stepping Subsystem B or introducing callbacks for intermediate
outputs and inputs are additional considered approaches; however, they are not
represented in the figure.
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The methods of sub-stepping and fine-grained interpolation are visualized
in Figure 4.5. In order to describe the principles, focus is directed towards
the communication from Subsystem B to Subsystem A. However, note that
bi-directional information is required if connecting models with TLM type
connections, see Equation 4.3 and Equation 4.4. For a hydraulic transmission
line, the volumetric flows of both Subsystem A and Subsystem B are sent
to the MST. The wave variables ci are computed in the MST via Equation
4.4. The pressures can then be calculated through Equation 4.3. All TLM
methods presented in Figure 4.5 are depicted with Subsystem B supplying a
fixed resolution interpolation table to the MST. This can be done, considering
FMI 2.0, via a number of pre-defined sub-steps or by means of modifying the
interface to include an output vector, of pre-defined resolution, along with a
corresponding time vector.

The simplest and most straight forward workaround to establish interoperabil-
ity between FMI and TLM is to force each FMU to do a number of sub-steps.
The sub-steps allow the FMUs to access interpolated input values with the
resolutions of the conducted sub-steps, see 4.5b. For models with fixed-step
solvers, the solver step size can be synchronized with the sub-steps to ensure
the passing of accurate input data. However, many industry grade physics-
based simulation models require variable step-size solvers with error control
[58]. For CS FMUs with variable-step solvers, extrapolation is required for
internal steps that are intermediate the sub-steps. So, even though an im-
provement compared to the SotA, such communication does not result in a
fully accurate representation of the TLM connection and stability cannot be
guaranteed. This particular method is tested and evaluated in [VI] and [72].
The results show that sub-stepping is not sufficient to maintain stability in all
of the investigated examples. Additionally, implementing sub-steps may have
a significant negative impact on the simulation execution time if invoked on
models with variable step-size type solver as each sub-step results in disconti-
nuities in the model inputs.

The second workaround is schematically visualized in Figure 4.5c. In Paper
[III], fine-grained interpolation in FMUs is enabled by means of sending com-
plete interpolation tables at the end of each sampling interval. In that case,
an instance of the interpolation table is located inside both FMUs: Subsystem
A and Subsystem B. Consider data sent from Subsystem A to Subsystem B:
Subsystem A saves output values in an interpolation table of fixed resolution.
Once a sampling interval is completed, the interpolation table is passed from
Subsystem A to Subsystem B via the MST. Since the data is passed via a TLM
type connection, the interpolation table is valid ∆ttlm seconds into the future
and Subsystem B can, as a result, interpolate the current values such that the
internal solver has access to accurate inputs for all internal time steps. This
particular approach is compatible with FMI 2.0 and it is evaluated in [III, IV].
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Figure 4.6 Modelica models of two different hydraulic types of interfaces.
Figure 4.6a shows a simple conversion from a Modelica connector to passing
data in the form of single inputs and outputs of fixed causality. The wrapper
of Figure 4.6b includes the interpolation functionality required to enable fine-
grained interpolation with the current version of FMI.

Drawbacks of fine-grained interpolation in the FMUs are the necessary mod-
eling side modifications as well as the passing of entire interpolation tables
at each communication point. In addition to extracting suitable transmission
lines from each model to the MST, the constituent models need to be wrapped
with interpolation functionality. An example of such a wrapper for a hydraulic
interface of a Modelica model is provided in Figure 4.6b. The original interface
is provided in Figure 4.6a. Originally, the pressure p and the volumetric flow
q are passed like all other information that is relevant, for this particular
model. The wrapper visualized in Figure 4.6b is designed to accommodate
a transmission line type of connection positioned in the MST with charac-
teristic impedance Zc, see Equation 4.5. This particular wrapper receives an
interpolation table in the form of two vectors of pre-defined length: a vector
of wave variables c1, see Equation 4.4, and a vector of corresponding time
stamps t1. These two vectors are constructed in the MST given information
from the interfacing model. The outputs xwn, xsn, and hn pass information
on liquid phase water content, steam phase water content, and enthalpy to the
interfacing model. The corresponding information is received from the opposite
side via the inputs xw, xs, and h. These transport quantities are bypassed
the TLM connection and they are simply passed on as delayed signals. The
transport quantities time constant is related to the velocity of the flow which
is assumed as significantly longer than ∆ttlm.
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Unlike in Figure 4.5c, the wrapper of Figure 4.6b does not construct and
supply the MST with a high resolution vector of volume flow but simply the
value at the end of each sampling interval Ts. Even so, the wrapper enables
interpolation of input data via TLM compared to the extrapolation required
for models with traditional physical interfaces.

To mitigate the drawbacks of fine-grained interpolation with FMI 2.0, new FMI
functionality is proposed in Paper [III]. The accepted proposal is to introduce
two new callback functions to the FMI standard. The callback functions al-
low CS FMUs to access and populate interpolation tables in the MST at time
instances different than the communication points defined by the sampling in-
tervals. In this way, high resolution input data is available to the CS FMU
whenever it is needed by the internal solver. The proposed solution is schemat-
ically visualized in Figure 4.5d. A detailed description of the functionality is
provided in Paper [III].
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"The thing that doesn’t fit is the thing that’s the most interesting: the part that
doesn’t go according to what you expected."

Richard P. Feynman
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5
Credibility

Assessment

5.1 Concepts and Terminology
Balci formulated one of the more popular definitions of V&V as presented in
Definition 5.1.1 [32].

Definition 5.1.1. 1) model validation is concerned with assessing whether
the right model is built, and 2) model verification is concerned with assessing
whether the model was built right.

More specifically, model validation is the task of determining whether the
model represents the SoI well enough to fulfill its intended use(s); the impor-
tance of well defined intended uses is discussed by Balci and Ormsby in [73]
and by Piersall and Grange in [74]. The validity assessment is conducted via
validation metrics. Such metrics quantify the difference between the model and
SoI System Response Quantities (SRQs) [75]. In contrast, model verification is
the task of establishing whether the model has been transformed correctly, for
example from specification to executable implementation. These definitions
are generally agreed upon in the literature even though the wording might be
different, see for example [76, 77, 78].

V&V are activities that influence the simulation result’s credibility. Credi-
bility assessment is a wider term incorporating aspects such as Uncertainty
Quantification (UQ), use history, and people qualifications. NASA suggests a
total of eight factors, along with guidelines on how to account for them, that
contribute to M&S credibility in the Credibility Assessment Scale (CAS), see
Appendix B of [76]. Eek provides a thorough overview of V&V and credibility
assessment in [6].
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5.1.1 Domains of model operation

A model Operational Domain (OD) is an n-dimensional volume spanned by all
feasible values of model inputs affecting observable system states [79, V]. Such
a domain can be defined once the model interfaces and its intended use(s)
are specified. The model OD might be different from the OD of the SoI. If,
for example, the SoI is a test rig able to run an aircraft vehicle system on
the ground, then potential inputs such as Mach number and altitude remain
constant in all conducted experiments. If the model of the same sub-system is
specified to represent both the test-rig and the aircraft sub-system in an actual
A/C, then the model OD will be of higher dimension.

In Figure 5.1, three different hypothetical ODs are visualized: ODSoI, ODA,
and ODB. ODA and ODB are ODs of two different models of the same SoI;
for example, two models with different level of detail as a result of different
intended uses. The SoI that the models are designed to mimic has operational
domain ODSoI. Experiments on the SoI are conducted in the points jointly
forming the corners of a convex hull demarcating the dark grey region denoted
Domain of Validation (DoV). In two dimensions, a convex hull can be seen
as the smallest area with convex faces that encloses a given set of points. If
comparisons between the SoI and models are conducted in these operational
points, then each model will have a DoV. DoVB = DoV as ODB encompasses
the area denoted DoV. This is not the case for ODA and DoVA is a vertical
line between the two leftmost experiment settings. Model A is not intended
to represent the true system outside of its OD and comparisons most often
cannot, and should typically not, be made at such settings.

An M&S application is considered valid if it fulfills its intended use during
specific operating conditions. However, as soon as the model is used under
slightly different operating conditions, the validity can be questioned. Model
C in Figure 5.1 can thus only be said to be valid in the four operational points
where it has been compared to the SoI. However, most models are developed
to predict system behavior at untested settings. The concept of validity thus
need to be expanded to account for operation in the entire model OD. This can
be done by means of incorporating a coverage metric. Such a coverage metric
needs to distinguish between interpolation and extrapolation. In the context of
conducting model based predictions, interpolation corresponds to conducting
M&S activities under model operating conditions located within the confines
of the established DoV. In contrast to interpolation, extrapolation corresponds
to conducting M&S activities at untested model settings outside of the DoV.
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Figure 5.1 Visualization of the domains relevant to model and simulator
credibility assessment. Three different Operational Domain (OD) are shown:
the OD of the System of Interest (SoI) is denoted ODSoI, the OD of Model A is
denoted ODA, and the OD of Model B is denoted ODB. The domain demarcated
by four conducted validation experiments is denoted DoV.

5.1.2 Operational domain coverage
Model coverage is a measure of how well a model’s OD is covered by a given
set of validation experiments. Oberkampf and Roy provides a comprehensive
discussion on the notions of ODs, DoVs, comparisons between the two, and
how they relate to making model based predictions [75]. Atamturktur et al.
presents an objective coverage metric accounting for the addition of new vali-
dation experiments in [80], the nearest neighbor metric. In 2015, Atamturktur
et al. formulated four criteria to which an exemplary coverage metric should
be sensitive: 1) conducting validation experiments at an untested model opera-
tional point should always improve coverage; 2) diverse validation experiments
yield better coverage than clustered validation settings; 3) regions of extrap-
olation result in a degradation of coverage; 4) the metric should be objective,
[79]. As a result, the nearest neighbor metric was modified,

ηc = 1/g
g∑
i=1

min(dE,i) + dZI,i, (5.1)

to account for all of the specified criteria. The metric ηc in Equation 5.1
decreases with increasing coverage of the OD. If every point within the OD
is validated, then the metric is zero. The total number of grid points within
the model’s OD is denoted g. The coverage metric is normalized by g ensuring
that the metric remains unaffected by the resolution of the OD. The distance
dE,i is the length from grid point i to the closest validation point. The dis-
tance dZI,i is the smallest distance from grid point i to a convex hull spanned
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by the validation experiments. The distance dZI,i is specified as zero for all
grid points contained within the convex hull, thus serving as an extrapolation
penalty as it penalizes clustered validation settings by means of incorporating
the distance to the area of interpolation.

If such a metric is minimized for each selection of validation experiments,
then there is no experiment better suited for model validation than the one
selected. Equation 5.1 describes one of several existing coverage metrics, see
for example [81]; however, the nearest neighbor coverage metric accounts for
all the previously presented criteria.

A coverage metric, such as the nearest neighbor metric, only conveys informa-
tion about coverage. This means that it does not in itself include information
describing how well the model represents the SoI in the conducted validation
experiments. However, experiments on how to append such information to the
nearest coverage measure have been conducted, see Equation 5.2.

5.2 Automating Model Validation
In Paper [I], it is stated

The proposed method for assessing the credibility of a simulator is intended
to make use of the results from V&V of the individual simulation models in
a simulator, compile this information, and present it to simulator users in a
clear and comprehensible manner.

A clearly expressed and highly automated approach to model V&V is necessary
if the method of simulator credibility assessment proposed in Paper [I] is to
be feasible. Even though aspects such as independence in V&V as well as the
importance of conducting V&V activities are stressed in the literature, see for
example [82, 77], concrete proposals for how to automate V&V of simulation
models are rarely found. Domain specific challenges associated with automa-
tion and scalability are often not addressed in detail. In fact, Chew et al. state
that

There is no single set of Verification Validation and Accreditation (VV&A)
tasks, events, or methods that applies exclusively every time to every situation
[83].

Even so, this section aims to highlight general aspects needed to make the
most of available measurement data in terms of model validation and, in the
end, to contribute to simulator credibility assessment. Extensive validation
efforts conducted on a high fidelity ECS model of the Gripen Fighter A/C, see
Figure 2.1, resulted in a semi-automatic validation framework in Paper [V].
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This framework is refined here, incorporating the perspective introduced in
Paper [I] and Paper [II]. An overview is presented in Figure 5.2. The dashed
section of the figure constitute activities initially conducted well in advance of
any system level validation activities. However, as model development tends
to be iterative (requirements etc. may not be known beforehand) these activ-
ities need to be re-visited throughout the model’s life-cycle. Here, the Model
Specification coincides with the description provided in Section 2.3.

HF model

Operational
Domain

Model
Specification

Physical

Pre-

Yes

NoModel Validation
Experimentprocessing

Experiments

Pre-
processing

Update
Domain

of Validation

Assessed
validity

Iterate as new measurements become available

Relevant

Figure 5.2 Schematic overview of framework for automated model validation.

5.2.1 Pre-processing
The pre-processing activity illustrated in Figure 5.2 includes any necessary
filtering and re-sampling, categorization of the data, steady-state identification
and generation of simulation boundary conditions. The gathered measurement
data may be sampled at various rates, and simulation models often require uni-
form input resolution. In addition, it is often not efficient to feed a model with
high resolution data if the model is not meant to represent the corresponding
high frequency dynamics of the SoI. The simulation execution is likely to take
longer without any gain in information. If the data is to be down-sampled,
filtering may be necessary to avoid distorting the measurements as a result of
aliasing [60] of present noise and SoI dynamics outside of the model scope of
representation.

Categorizing the data is included as a step in this framework as it is impor-
tant to ensure traceability and efficient CM. For example, storing information
regarding the testing station (if there are several stations capable of produc-
ing measurements of the same sub-system) may be essential when creating
model boundary conditions for conducting validation experiments because the
measurement signal names may be different. Steady-state identification is
determined as necessary for expressing the steady-state DoV. Various steady-
state identification techniques are evaluated in Paper [II]. Comparing the
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DoV expansion occurring as a result of additional validation experiments is
one approach to assessing the potential increase in knowledge provided by the
physical experiments conducted. Figure 5.3 illustrates how the results of a
coverage function fc can be used to aid in determining whether to proceed
with a particular validation experiment or not. Such functionality is useful
if the time available to conduct validation experiments is limited. If so, the
knowledge gained from each experiment is of the essence. The nearest neighbor
coverage metric, ηc, is one example, see Equation 5.1, of such a coverage func-
tion, fc. A significant increase in coverage may not be the only condition to
consider when establishing whether it is relevant to proceed with conducting
the corresponding validation experiments. The SoI may, for example, have
been operated outside of the model OD, see Figure 5.1.

So far, the research conducted has been limited to methods establishing steady-
state DoVs. In order to similarly quantify the validity of a model’s dynamics,
methods to express ODs that include transients need to be established. One
possibility is to incorporate the time derivatives of the model inputs in the
OD. Dimensionality reduction techniques, see for example Andersson et al. for
a similar application [84], can then be applied to obtain ODs of manageable
dimension. Investigating the feasibility of such an approach is left for future
research.

fc(DO, DoV1)

fc(DO, DoV2)

Compare
OD

DoV2

DoV1

Continue

Discard

Figure 5.3 Example of how comparisons of the current (DoV1) and a fu-
ture Domain of Validation (DoV2) to the model OD can be used as criteria
for conducting validation experiments. DoV2 represents the DoV, including the
validation experiment settings, that is up for evaluation.

The modified nearest neighbor metric is used to exemplify how coverage can
be used to quantify the added value of future validation experiments. Figure
5.4 depicts a gridded symmetric OD. The modified nearest neighbor coverage
metric is computed in an exhaustive search where, 1) each grid point is selected
as the first and only point in the DoV, 2) a second set of validation settings
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Figure 5.4 Convex hull enclos-
ing a gridded OD. Values of com-
puted nearest neighbor coverage are
presented for the first 3 selected
experiment settings. The highest
value represents the first selected set
of model input settings, marked as
green in Table 5.1. The computa-
tions corresponding to the second
and third selected settings are pre-
sented in Table C.1 and Table C.2
respectively.

Validation experiment 1
Model Input 2 Model Input 1 ηc

0 0 1,5868
0,25 0 1,3605
0,5 0 1,2831
0,75 0 1,3605
1 0 1,5868
0 0,25 1,3605
0,25 0,25 1,1106
0,5 0,25 1,0253
0,75 0,25 1,1106
1 0,25 1,3605
0 0,5 1,2831
0,25 0,5 1,0253
0,5 0,5 0,9372

Table 5.1 Selection of initial
validation settings, using nearest
neighbor coverage, within a rectan-
gular and symmetrical operational
domain spanned by two model in-
puts. The row marked in green rep-
resents the optimal first selection
of validation settings whereas the
rows marked in red represent the
worst selections of validation set-
tings. Only half of the data is show
in the table as this example is sym-
metric.

are identified provided the first point is selected optimally, and 3) a third set
of validation settings are identified provided the first and second point are
successively selected such that ηc is minimized at every step. The coverage
values of all possible selections of initial point are presented in Table 5.1. The
corresponding exhaustive search values for the second and third points are
presented in Appendix C.

Provided that the measurements are established as relevant for model vali-
dation, the model may have to be configured to represent the SoI prior to
simulation. It is not unusual for models to be parameterized to represent sev-
eral different configurations of the same SoI in order to exploit the benefits
of reuse. Once configured, the model boundary conditions are input into the
model and a validation simulation is conducted. The simulation results are
placed under CM and made available for post processing and future analysis.
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5.2.2 Post-processing
The post processing phase includes computing relevant validation metrics at
both the signal and sub-system levels. In addition, computed validation mea-
sures and updated DoVs need to be stored and placed under CM along with the
simulation results and the generated model or simulator boundary conditions.
As a result, all validation experiments are repeatable and traceable and the
history of sub-system validation is available to both developers and end users.

Atamturktur et al. [79] expand the coverage metric to incorporate uncertain-
ties. Similarly, coverage can be modified to include different identified model
quality aspects. Forss [85] illustrates how Equation 5.1 can be modified to
include a sub-system level validation measure VE ,

ηc,V = 1
g

g∑
i=1

min(dE,i)(1 + VE) + dZI,i. (5.2)

In Equation 5.2, the validation measure VE is used to scale the minimal dis-
tance dE,i. As a result, it is ensured that a validation experiment indicating a
poor model fit will influence ηc,V for all grid points i in the OD.

Many signal level validation measures exist, and which of these is favorable de-
pends on the engineering domain and application. In the field of system iden-
tification, predictive models are estimated from available measurement data.
Predictive models aim to predict system outputs, and as such it is often rea-
sonable to minimize a prediction error εt(θ)via a loss function l according to

θ̂ = argmin
θ

1
n

n∑
t=1

l(εt(θ)). (5.3)

This is known as a Prediction Error Method (PEM) and it is used to estimate
the optimal model parameter vector θ̂. A typical selection of the loss function
is l(εt) = ε2t where εt is the prediction error at time t, resulting in the minimiza-
tion of the mean square prediction error over the n available samples [46, 22].
The mean square prediction error is one signal level measure that is feasible for
automated model validation. Oberkampf and Roy [75], as well as Dowding et
al. [86], provide several examples of validation efforts where similar measures,
based on for example the L1 and L2 vector norms of the prediction error, have
been used.

The selected appropriate signal level validation metrics needs to be aggregated
to form a system level metric if they are to be incorporated in Equation 5.2.
One simple, yet intuitive, selection of system level validation metric is to simply
extract the maximum signal level metric value of all model SRQs of interest.
The framework presented in Paper [V] incorporates the weighted average of
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all relative errors. This weighted average is designed to act as a type of filter
tolerating small relative errors but penalizing large relative errors exponentially.

5.3 Automating Simulator Credibility Assessment
In Paper [I], a method for assessing and presenting the credibility of large-
scale simulators is presented. The method includes equipping each sub-system
model with a meta-model. This meta-model is specified as describing the
sub-system model credibility by means of dynamic measures of credibility at
both the model and signal levels. In addition, inspired by [76] and [87, 88], a
set of static measures is presented in Paper [I]. Simulator overall credibility is
assessed by means of aggregating the credibility information of each included
sub-system model.

The designed meta-model outputs credibility at a higher level of abstraction
than what is provided by the system level validation metrics discussed in
Section 5.2.2. This is achieved by means of Subject Matter Experts (SMEs)
providing subjective input. The SMEs translate the assessed model credibil-
ity, via an agreed upon mapping, into a meta-model. The meta-model then
provides an integer output describing discrete predefined levels of credibility.
Another approach is to first agree upon a generic meta-model with a math-
ematically defined translation of sub-system model credibility information.
Such an approach favors objective V&V, reuse, and automation. However, it
is a challenge to translate the modelers and end users subjective experience on
model quality into mathematical expressions.

Once formulated, the meta-model is automatically populated with updated
information on assessed model credibility, supporting and enhancing simulator
level credibility assessment according to [I], by means of the Validation frame-
work shown in Figure 5.2. A schematic description of this approach is provided
in Figure 5.5.

Validation framework

Identified areas of model improvement

Sub-system model

ModelModeling

Validated Sub-system

activities

model with updated
credibility information

storage

and documentation

Simulator
application

Figure 5.5 Schematic description of proposed flow for development, mainte-
nance, and automated continuous credibility assessment of simulators.

The proposed method is described in the enumerated list below.
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1) A sub-system model is exported from the modeling tool in which it is
developed using the standardized FMI format.

2) The model is integrated in the V&V framework where validation experi-
ments are conducted once the corresponding measurements are available.
Validation metrics are computed and the model DoV is updated. The
sub-system modeler is notified if non-acceptable discrepancies are de-
tected which may require model updates. The meta-model is updated
with the most current credibility information. The model is then placed
under CM in a central model storage.

3) Models are checked out from the central model storage and integrated into
relevant small-scale, mid-scale, and large-scale simulator applications.

4) The meta-models of all sub-system models in the simulator application
are set to point to the most recent stored assessed credibility informa-
tion provided that the model placed in the validation framework remains
unchanged. Once an updated version of the model is imported in the
validation framework, the assessed credibility of the previous model is
frozen because it will no longer be updated. That way, the most recent
dynamic credibility metric is always presented to the simulator end user.

The presented method is also feasible on a simulator level, supporting the
sought after bottom up approach of V&V presented in Figure 2.3. In that case,
a simulator application is integrated into the V&V framework. The simulator
application needs to aggregate the outputs of the constituent sub-system meta-
models into a simulator level meta-model. This top level meta-model will then
describe the credibility of the simulator application in question. A simple
example of a simulator level meta-model is an operator extracting the minimum
credibility level provided by the constituent sub-system meta-models.
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Discussion and

Conclusions

6.1 Discussion
As stated in Chapter 1, in order to fully retain the value of investments in
A/C simulation applications, flexible and sustainable methods for model and
simulator development, reuse, maintenance, documentation, and V&V are
required. All these aspects are essential, and any major deficiencies will result
in sub-optimal product development and operation. The author believes that
the topic of model and simulator credibility assessment is of particular interest
because its influence on product development is somewhat implicit. For exam-
ple, model-based decisions with respect to a simulator’s intended use can be
taken once the simulator is available. However, if there are no investigations
of the credibility of the simulator or its constituent models, then there is no
telling how accurate these decisions are. In addition, the ambition to increase
the use of M&S during A/C development imposes significant requirements
on techniques for exchanging, connecting, and jointly simulating executable
models. If the credibility assessed at the model level is to say anything about
the simulator’s credibility, the assembly procedure cannot introduce unknown
discrepancies with respect to the SoI.

The vast number of available sensors in modern aircraft is opening up a new
world of possibilities for model validation during later development phases.
Even so, to be able to make use of all the available information, advances need to
be made in automating the model validation processes. As a result, techniques
to express model and simulator credibility mathematically is a must. The
techniques used need to be scalable and generic such that they are applicable
to most sub-system models. Scalable and generic methods not only simplify
the bottom up approach to credibility assessment of simulator applications, but
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they are also essential for managing the maintenance and development costs of
the validation framework itself.

The importance of Independent Verification and Validation (IV&V) is stressed
in the literature, see for example Gupta [89] and Arthur et al. [90]. In IV&V,
a separate organization responsible for V&V activities is suggested; primarily
in order to achieve objectivity, added analytical perspective, and additional
informal testing using independent tools [91]. It is the authors belief that a
significant amount of the identified benefits of IV&V are obtained for "free"
when automating validation according to the proposal presented in this thesis.
An automated validation framework is seen here as a separate organization
capable of computing and evaluating mathematically defined metrics at the
same rate as measurements become available.

Even though full independence may be difficult to achieve without humans in
the V&V loop, the use of open standards and tools allows for validation using
independent software without increasing the complexity of implementation.
Another stipulated benefit of automated validation is that engineers will be
freed from tedious and error prone V&V activities; allowing them to focus on
engineering work with, for example, direct impact on the SoI development.
However, automating model validation is not deemed as risk free. One chal-
lenging aspect is that automated model validation requires the simulation
application to be used as originally intended at all times. This is often not
the case in practice. If the validation metrics are miss-representative of the
actual intended use, the impact on the validation results need to be established
manually by humans in the loop. That being said, the end-user may not be
aware of this discrepancy resulting in hidden risks that may impact simulation
based decisions. Similar problems arise when using manually validated simula-
tion applications; particularly in situations where the end-users are different
from the personnel conducting the V&V. Even so, a manual framework does
not produce results without naturally occurring points of bench-marking. The
chances of identifying miss-representative intended uses are therefore greater.

One of the contributions of this thesis is the industrial context provided for
the developed, investigated, and evaluated standards and techniques for the
integration of simulation models. Applying the SotA in academia to existing
industrially relevant methods for model based aircraft sub-system development
has resulted in more needs than those that have been addressed in this thesis.
A sub set of research questions that need to be answered by future research
are presented in Section 6.3. Even though the remaining challenges are nu-
merous, automated model and simulator validation, considering aspects such
as independence and objectivity, is a realistic future achievement.
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6.2 Conclusions
The research questions first presented in Chapter 1 are re-stated below in
order to remind the reader prior to reflecting upon the answers presented in
this section.

RQ1: Is the FMI standard applicable for the aeronautical industry and A/C
vehicle system development?

A scalable mid-scale A/C simulator is developed in papers [VI, IV, VII]. The
simulator is, among other things, intended to answer RQ1 demonstrating
FMI as a feasible option for the standardized exchange of A/C sub-system
simulation models. The feasibility of FMI is shown by means of conducting an
industry relevant study connecting ECS performance to pilot thermal comfort.
Models from the engineering domains of H/W, S/W, and human factors are
successfully incorporated into the simulator exemplifying the interoperability
established via FMI. Finally, a mission profile is simulated in the open source
OpenCPS effort the OMSimulator.

RQ2: Can multiple connected A/C sub-system be simulated in parallel
without affecting accuracy and numerical stability?

A second purpose of the mid-scale simulator mentioned above is to demon-
strate interoperability between TLM and FMI in order to achieve numerically
robust and parallel co-simulation. However, early development of this simula-
tor, see Paper [VI], revealed that the approach of establishing aforementioned
interoperability via sub-stepping is insufficient in terms of numerical stability.
Consequently, a method for passing high resolution interpolation data with the
current version of FMI is developed in Paper [III]. This approach is successfully
evaluated in Paper [IV] and Paper [VII] where results deemed as accurate were
obtained via a parallel simulation. The TLM approach was compared to a
corresponding sequential simulator implementation in Paper [VIII].

Furthermore, Paper [IV] and Paper [III] contributed to an accepted FMI stan-
dard change proposal allowing for access to input and output information at
the discretion of each incorporated FMU. As identified by Benedikt et al. [16],
the use of TLM-type connections requires modeling-side modification, partic-
ularly if considering the fine-grained approach compatible with FMI 2.0. This
drawback is significantly reduced under the accepted FMI proposal; however,
modifications are still necessary, see Chapter 4. Modifying models to accom-
modate TLM type connections is not always a possibility. In such a case, it
may very well be better to rely on knowledge concerning the system dynamic
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properties to ensure numerical accuracy and stability.

RQ3: What aspects need to be addressed if V&V in later development
phases is to be automated?

The mid-scale simulator of Paper [IV] was implemented in the OMSimulator.
This mid-scale simulator was used to demonstrate how models from various
domains can be assembled and simulated in an open-source tool on an indus-
trially relevant scale. In addition, the SSP standard was investigated and the
simulator was used to demonstrate the exchange of simulation architectures
between the tools OMSimulator and Papyrus, see Section 3.3. In answer to
RQ3, the OMSimulator functionality provides a key piece of the puzzle to
achieving an industrially relevant framework for automated model validation;
an open-source tool able to numerically accurately simulate coupled aircraft
vehicle system models using open standards for information exchange. Auto-
mated model validation is here partitioned into two different parts separated
by the definitions of ODs: model validation during steady-state and transient
operation respectively. The topic of steady-state operation is addressed in
Paper [II] in which available methods for steady-state identification were in-
vestigated and applied to flight measurements. Once steady-state operation
is identified, comparisons between ODs and DoVs can be made to compute
coverage and system level validation metrics, see Chapter 5. If it were possible
to express ODs including identified dynamic phenomena, similar coverage and
validation metrics could be applied to account for the accuracy of modeled
dynamics. One possible solution could be to include time derivatives of the
inputs to the OD and use dimension reduction techniques, see Andersson et
al. [84], to obtain ODs of manageable dimension.

Here, the nearest neighbor coverage metric is used to account for coverage, see
Equation 5.1, and as a system level validation metric, see Equation 5.2. The
nearest neighbour coverage metric requires a gridded OD, which is a significant
computational challenge for models with input space of large dimension. For
such models, a different approach may be necessary.

RQ4: How can the validity of A/C sub-systems be propagated to simulator
level?

In answer to RQ4, a method for assessing and presenting the credibility of
simulators, directly during simulation, is proposed and evaluated in Paper [I].
Each model included in a simulator is appended with a meta-model describing
different aspects of sub-system model credibility. This meta-model is popu-
lated with information concerning validity originating from the normal V&V
procedures [7] of Saab Aeronautics. The outcomes of Paper [I] and Paper [II]

52



Discussion and Conclusions

are used to refine the framework proposed in Paper [V] for model validation.
The outline of the refined framework is presented in Chapter 5 where the
results from automated model validation are proposed to populate sub-system
meta-models for on-line simulator credibility assessment.

There is a fine balance between keeping metrics conveying credibility simple
enough to be understandable to end-users while complex enough to actually
say something about the model’s credibility. The meta-model solution does
help in addressing this challenge. A meta-model example with a proposed
standardized interface is provided in Paper [I]. Such a meta-model can act as
a parser of complex metrics to provide coarse but relevant information about
model and, in the end, simulator credibility.

6.3 Outlook and Future Work
Efficient model integration is identified as a key area for future research by
Saab and the European M&S community at large, with accepted research
initiatives such as the NFFP 7 research project Digital Twin for Automated
Flight Test Evaluation and Model Validation [92], and the ITEA 3 project
Environment for model-based rigorous adaptive co-design and operations of
CPS(EMBrACE) [93].

The research presented here has been received by the Saab Aeronautics key
technology area Compact and Efficient Platform in which the Technology
Readiness Level (TRL) of the results will be successively increased. The am-
bition is to have an implemented and operational framework for automated
model validation and anomaly detection in place by the time the next large
development project commences.

Implementing a framework as described in Chapter 5 does not only increase the
confidence in M&S method and applications. The applications of automated
and model-based anomaly detection and prognosis emerge as feasible once the
models and simulators credibility with respect to the SoI is established. An-
other possible spin-off is the improved planning of flight tests conducted with
the specific purpose of validating models and simulators. This topic is touched
upon in Chapter 5. Further improvements to the presented approach are to use
model in the loop optimization to maximize knowledge gained with respect to,
for example, consumed fuel. A number of research questions have emerged as a
result of the presented work. A selected few of particular interest are presented
in the list below. These questions, among others, will be investigated in the
accepted NFFP 7 research project mentioned above.
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1) How can techniques for model validation during steady-state conditions
be adapted to assess the transient operation validity?

2) How can metrics of operational domain coverage be used to reduce the
number of required validation experiments and flight tests?

3) How can model in the loop optimization reduce the costs of assessing
model and simulator credibility?
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FMI and SSP

Examples

A.1 Exchange of Models
The example provided in Figure 3.1 is implemented in Dymola. This particu-
lar example is constructed in order to visualize the most fundamental aspects
relevant for this thesis. The two modeled sub-systems are exported as FMUs
and the resulting Subsystem A ModelDescription file is presented in Listings
A.1.

The ModelDescription file presented in Listings A.1 shows that this par-
ticular FMU contains binaries for both ME and CS. This feature is not a
requirement but an export option that is mentioned in the standard speci-
fication and is available in Dymola. If the optional capability flag provides-
DirectionalDerivative, seen at the top of Listings A.1, is specified as true,
then the FMU directional derivatives can be obtained using the specified
function fmi2GetDirectionalDerivative. The capability flag canGetAndSetF-
MUState states whether the FMU supports the functions fmi2GetFMUstate,
fmi2SetFMUstate, and fmi2FreeFMUstate, or not. If these functions are sup-
ported, the MST can acquire and set the FMU internal states, allowing for
advanced master algorithms supporting, for example, roll back. The last
capability flag shown in Listings A.1 is denoted canHandleVariableCommu-
nicationStepSize seen under the CoSimulation element. This capability flag
states that the FMU internal solver can handle non-constant step sizes in the
fmi2DoStep function; the flag is only relevant for the CS case as the model
equations are solved by the MST in the ME case. The modelIdentifier attribute
under the ModelExchange and CoSimulation elements states the model name.
The UnitDefinitions and TypeDefinitions are not expanded. However, the
UnitDefinitions element presents the actual and display units of the variables
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listed under the ModelVariables element. The TypeDefinitions element is used
to define all the types used in the ModelVariables via subordinate SimpleType
elements. The simple type elements contain the attributes name and type. The
types allowed in FMI 2.0 are Real, Integer, Boolean, String, and Enumeration.

The previously mentioned ModelVariables element includes a list of all accessi-
ble variables in the model. Each variable is listed as a ScalarVariable element
assigned with one of the previously defined types and a number of attributes.
Examples of ScalarVariable attributes are name, valueReference, causality, and
variability. The valueReference is a unique number assigned to each model
variable. The example valueReference value has been omitted from the list-
ings. This number is used by the MST to reference the specific variable. If the
variable is an input, output or parameter is stated via the causality attribute
and the variability attribute states how the variable is allowed to change, or
not, throughout the simulation.

The ModelStructure element states the structure of the exported model. This
information can be used to, for example, identify algebraic loops. If focusing
on the Outputs element. The xml file first states that the ModelVariable with
index 5, yIA, directly depends on the ModelVariable with index 4 uIA. This
direct dependency could cause an a algebraic loop. The second output yIIA
with index 7 does not directly depend on any input.
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Listing A.1 ModelDescription xml file of Subsystem A in Figure 3.1. Non-
relevant information, such as the FMU value reference numbers have been re-
moved from the xml code. All ScalarVariables of causality different from "input"
and "output" have been removed to simplify readability.

<fmiModelDescription>
<ModelExchange providesDirectionalDerivative="true" canGetAndSetFMUstate="true"
modelIdentifier="Subsystem_A"/>
<CoSimulation providesDirectionalDerivative="true" canGetAndSetFMUstate="true"
modelIdentifier="Subsystem_A" maxOutputDerivativeOrder="1" canInterpolateInputs="true"
canHandleVariableCommunicationStepSize="true"/>
<UnitDefinitions>
<TypeDefinitions>
<DefaultExperiment tolerance="0.0001" stopTime="10.0" startTime="0.0"/>
<ModelVariables>

<!−− Index for next variable = 2 −−>
<ScalarVariable name="gain.u" valueReference="">

<Real declaredType="Modelica.Blocks.Interfaces.RealInput"/>
</ScalarVariable>
<!−− Index for next variable = 3 −−>
<ScalarVariable name="gain.y" valueReference="">

<Real declaredType="Modelica.Blocks.Interfaces.RealOutput"/>
</ScalarVariable>
<!−− Index for next variable = 4 −−>
<ScalarVariable name="u_1" causality="input" valueReference="">

<Real start="" declaredType="Modelica.Blocks.Interfaces.RealInput"/>
</ScalarVariable>
<!−− Index for next variable = 5 −−>
<ScalarVariable name="y_1" causality="output" valueReference="">
<Real declaredType="Modelica.Blocks.Interfaces.RealOutput"/>
</ScalarVariable>
<!−− Index for next variable = 6 −−>
<ScalarVariable name="u_2" causality="input" valueReference="">
<Real start="1" declaredType="Modelica.Blocks.Interfaces.RealInput"/>
</ScalarVariable>
<!−− Index for next variable = 7 −−>
<ScalarVariable name="y_2" causality="output" valueReference="">

<Real declaredType="Modelica.Blocks.Interfaces.RealOutput"/>
</ScalarVariable>

</ModelVariables>
<ModelStructure>

<Outputs>
<Unknown dependenciesKind="fixed" dependencies="4" index="5"/>
<Unknown dependenciesKind="fixed" dependencies="12" index="7"/>

</Outputs>
<Derivatives>

<Unknown dependenciesKind="fixed" dependencies="6" index="13"/>
</Derivatives>
<InitialUnknowns>

<Unknown dependenciesKind="dependent dependent" dependencies="1 4"
index="5"/>
<Unknown dependenciesKind="dependent" dependencies="10" index="7"/>
<Unknown dependenciesKind="dependent" dependencies="10" index="12"/>
<Unknown dependenciesKind="dependent dependent" dependencies="6 8"
index="13"/>

</InitialUnknowns>
</ModelStructure>

</fmiModelDescription>
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A.2 Simulator Exchange

The models of the example provided in Figure 3.1 are implemented in Dymola.
The two modeled sub-systems are exported as FMUs. The FMUs are imported
into OMEdit and the connections are established according to the example
specification. The resulting simulator is exported as an SSP file where the ar-
chitecture is described by the comprising SSD xml file. The latter is provided
in Listings A.2. The example SSD file is provided as a basis for explaining the
fundamental properties of the SSP standard [35]. Text marked as cursive in
the description below indicate xml elements or attributes of the schema.

The first xml element, System, of Listings A.2, describes the top level of the
simulator architecture. The System of the example is given name "Root" via
the name attribute of the element. The System has children Elements and
Connections.

The child Elements incorporates the included Components specified as the
FMUs "SubsystemB.fmu" and "SubsystemA.fmu". Each Component has the
attributes name, type, and source. The attribute name sets the name of the
Component. The type attribute indicates whether the component is an FMU,
an SSP package, or another SSD file. These three types are the ones speci-
fied in the standard specification. However, a future possibility would be to
support a type considering direct connection to an M&S tool. The source
attribute specifies the path to the resources of the component, in the example,
the corresponding FMU.

A Component can have several child elements according to the specification:
Connectors, ElementGeometry, and ParameterBindings. The Connectors ele-
ment represents the interface of incorporated model and is, in the case of the
example, mapped to the interface information of each FMUs ModelDescrip-
tion file. A Connector element has attributes name, kind, and type. These
attributes must match the ScalarVariable attributes name and causality of
the model description file. The SSD attribute kind must match the type
of the considered ScalarVariable specified in the TypeDefinition element of
the ModelDescription file. The ElementGeometry element is optional and it
describes geometry information of the component. The ParameterBindings
element specifies the application of a set of parameters applicable for the
component that are supplied from, for example, a specified source file. This
ParameterBindings is optional and not included in the example.

The second visualized System child Connections specifies the top level simu-
lator connections. The Connections element has children denoted Connection
representing the individual couplings between Connectors. The Connector at-
tributes startElement and endElement give the names of the elements contain-
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ing the startConnector and endConnector attributes. The latter two attributes
are required and need to map to corresponding Component Connectors.

Listing A.2 SSD xml file describing the simulator architecture presented in
Figure 3.1.

<ssd:System name="Root">
<ssd:Elements>

<ssd:Component name="SubsystemB" type="application/x−fmu−sharedlibrary" source="
resources/SubsystemB.fmu">
<ssd:Connectors>

<ssd:Connector name="u_1" kind="input" type="Real">
<ssd:ConnectorGeometry x="0.000000" y="0.333333" />

</ssd:Connector>
<ssd:Connector name="u_2" kind="input" type="Real">

<ssd:ConnectorGeometry x="0.000000" y="0.666667" />
</ssd:Connector>
<ssd:Connector name="y_1" kind="output" type="Real">

<ssd:ConnectorGeometry x="1.000000" y="0.333333" />
</ssd:Connector>
<ssd:Connector name="y_2" kind="output" type="Real">

<ssd:ConnectorGeometry x="1.000000" y="0.666667" />
</ssd:Connector>
<ssd:Connector name="gain.k" kind="parameter" type="Real" />

</ssd:Connectors>
<ssd:ElementGeometry x1="12.000000" y1="−16.000000" x2="56.000000" y2="

28.000000" rotation="0.000000" iconRotation="0.000000" iconFlip="false"
iconFixedAspectRatio="false" />

</ssd:Component>
<ssd:Component name="SubsystemA" type="application/x−fmu−sharedlibrary" source="

resources/SubsystemA.fmu">
<ssd:Connectors>

<ssd:Connector name="u_1" kind="input" type="Real">
<ssd:ConnectorGeometry x="0.000000" y="0.333333" />

</ssd:Connector>
<ssd:Connector name="u_2" kind="input" type="Real">

<ssd:ConnectorGeometry x="0.000000" y="0.666667" />
</ssd:Connector>
<ssd:Connector name="y_1" kind="output" type="Real">

<ssd:ConnectorGeometry x="1.000000" y="0.333333" />
</ssd:Connector>
<ssd:Connector name="y_2" kind="output" type="Real">

<ssd:ConnectorGeometry x="1.000000" y="0.666667" />
</ssd:Connector>
<ssd:Connector name="gain.k" kind="parameter" type="Real" />
<ssd:Connector name="integrator.k" kind="parameter" type="Real" />
<ssd:Connector name="integrator.y_start" kind="parameter" type="Real" /

>
</ssd:Connectors>
<ssd:ElementGeometry x1="−70.000000" y1="−16.000000" x2="−26.000000" y2="

28.000000" rotation="0.000000" iconRotation="0.000000" iconFlip="false"
iconFixedAspectRatio="false" />

</ssd:Component>
</ssd:Elements>
<ssd:Connections>

<ssd:Connection startElement="SubsystemB" startConnector="y_2" endElement="
SubsystemA" endConnector="u_2">
<ssd:ConnectionGeometry pointsX="80.000000 80.000000 −92.000000 −92.000000

−70.000000" pointsY="13.000000 −41.000000 −41.000000 14.000000 14.000000
" />

</ssd:Connection>
<ssd:Connection startElement="SubsystemA" startConnector="y_2" endElement="

SubsystemB" endConnector="u_2">
<ssd:ConnectionGeometry pointsX="11.000000 11.000000" pointsY="13.000000

13.000000" />
</ssd:Connection>
<ssd:Connection startElement="SubsystemA" startConnector="y_1" endElement="

SubsystemB" endConnector="u_1">
<ssd:ConnectionGeometry pointsX="11.000000 11.000000" pointsY="−1.000000

−1.000000" />
</ssd:Connection>
<ssd:Connection startElement="SubsystemB" startConnector="y_1" endElement="

SubsystemA" endConnector="u_1">
<ssd:ConnectionGeometry pointsX="69.000000 69.000000 −83.000000 −83.000000

−70.000000" pointsY="−1.000000 −30.000000 −30.000000 0.000000 0.000000"
/>

</ssd:Connection>
</ssd:Connections>

</ssd:System>
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B
Derivation of TLM

Equations

The equations describing a one dimensional, loss-less, hydraulic transmission
line are derived in this section. Such a transmission line is schematically visu-
alized in Figure B.1.

p2, q2p1, q1
p+ ∂p

∂x∆xp

x

∆x

q + ∂q
∂x∆xq

Figure B.1 One dimensional, loss-less, hydraulic transmission line modeled
as a pipe with length lpipe. Each side of the element is input a pressure and a
volumetric flow.

Newton’s second law in one dimension for a fluid element with length ∆x, and
cross sectional area A, is

A∆x∂p
∂x

= ρA∆x∂v
∂t

(B.1)

where the left hand side of the equation is the net force acting on the fluid
element. The total mass of the element is represented by ρA∆x. The charac-
teristic acoustic impedance is defined as

Zc = ρa

A
(B.2)

for a one dimensional acoustic wave. The speed of sound is denoted a in
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Equation B.2. Inserting Equation B.2 into Equation B.1 yields

∂p(t, x)
∂x

= Zc
a

∂q(t, x)
∂t

(B.3)

after some simplifications. Equation B.3 is known as one of the two telegraphers
equations. The second telegraphers equation is here derived from,∑

qi = dV

dt
+ V

β

∂p

∂t
(B.4)

the continuity equation [94]. The volume V = A∆x of the fluid element in
Figure B.1 does not change with time, Equation B.4 can therefore be re-written
as

∂q

∂x
∆x = A∆x

β

∂p

∂t
, (B.5)

and if the the Newton-Laplace equation

a =
√
β/ρ (B.6)

is inserted into Equation B.5 along with Equation B.2; then the second teleg-
raphers equation

∂p(t, x)
∂t

= aZc
∂q(t, x)
∂x

(B.7)

is obtained. Differentiating Equation B.3 and Equation B.7 with respect to t
and x respectively results in

∂2q(t, x)
∂t2

= a2 ∂
2q(t, x)
∂x2 (B.8)

which is known as the wave-equation. The general solution to the wave-equation
in the Laplace domain,

Q(s, x) = A1e
sx
a +B1e

− sx
a , (B.9)

can be found by means of taking the Laplace transform of Equation B.8 and
applying the initial conditions q(0, x) = 0 and ∂q

∂t (0, x) = 0. Inserting the
solution, along with the initial condition p(0, x) = 0, into the Laplace transform
of Equation B.7 yields

P (s, x) = Zc(A1e
sx
a −B1e

− sx
a ) (B.10)

after some straightforward simplifications. The boundary conditions, see Figure
B.1, are

P (s, 0) = P1(s)
Q(s, 0) = −Q1(s)

P (s, a∆tTLM ) = P2(s)
Q(s, a∆tTLM ) = Q2(s)

(B.11)
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in the Laplace domain. The constants A and B are determined using the
boundary conditions. Once the constants are known, Equation B.9 and Equa-
tion B.10 can be re-written as

Q(s, x) = P1(s)
Zc

(e
sx
a − e−sx

a

2 )−Q1(s)(e
−sx
a + e

−sx
a

2 ) (B.12)

and

P (s, x) = P1(s)(e
sx
a + e

−sx
a

2 )− ZcQ1(s)(e
sx
a − e−sx

a

2 ) (B.13)

respectively. Subtracting Equation B.12 multiplied by Zc from Equation B.13
yields

P (s, x)− ZcQ(s, x) = (P1(s) + ZcQ1(s))e
−sx
a . (B.14)

Focusing on the rightmost end of the transmission line element, x = a∆tTLM
and taking the inverse Laplace transform of Equation B.14 gives

p2(t)− Zcq2(t) = p1(t−∆tTLM ) + Zcq2(t−∆tTLM ) (B.15)

the first of the time domain TLM equations. The second equation is presented
in Equation B.16,

p1(t)− Zcq1(t) = p2(t−∆tTLM ) + Zcq2(t−∆tTLM ). (B.16)

and it can be derived analogously or simply stated as a result of symmetry.
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C
Validation

Experiments

The second and third proposed validation experiment settings presented in
Figure 5.4 are derived using the nearest neighbor coverage, see Equation 5.1,
computations presented in Table C.1 and Table C.2.
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C.1 Experiment 2
During the second iteration, selecting point (0.5 0.5) as the next set of valida-
tion experiments would not increase knowledge on coverage as these settings
already have been tested, see Table 5.1, a property that is clearly revealed in
Table C.1. In Table C.1,

∑g
i=1 dE,i and

∑g
i=1 dZI,i are different from one and

another. In this phase, the distance dZI,i is the distance from grid point i to
the line in between the two selected sets whereas, in the first iteration of Table
5.1, it is the distance from grid point i to a single selected point.

Validation Experiment 2
Model Input 2 Model Input 1

∑g
i=1min(dE,i)

∑g
i=1 dZI,i ηc

0 0 10,3896 9,3929 0,7913
0,25 0 10,0806 9,5733 0,7862
0,5 0 10,1825 9,6074 0,7916
0,75 0 10,0806 9,5733 0,7862
1 0 10,3896 9,3929 0,7913
0 0,25 10,0806 9,5733 0,7862
0,25 0,25 10,0967 9,8929 0,7996
0,5 0,25 10,1825 10,1825 0,8146
0,75 0,25 10,0967 9,8929 0,7996
1 0,25 10,0806 9,5733 0,7862
0 0,5 10,1825 9,6074 0,7916
0,25 0,5 10,1825 10,1825 0,8146
0,5 0,5 11,7148 11,7148 0,9372

Table C.1 Selection of second set of validation settings given that the first
set was selected optimally with respect to the nearest neighbour coverage met-
ric. The rows marked as green corresponds represents the optimal selection of
validation settings. The row marked as red was selected first, see Table 5.1, and
does therefore not contribute with new information. Only half of the data is
show in the table as this example is symmetric

C.2 Experiment 3
In Table C.2, any of the two previously chosen sets are depicted as the least
favorable third set selection, see the rows marked as red. Equation 5.1 favors
diversity in validation experiments. The selected settings of (1.00 0.25) encloses
a total of six grid points within the resulting convex hull, meaning that a total
of six dZI,i are zero. In Table C.2, the settings (0.75 1) have the same coverage
metric value as the settings of (1.00 0.25). However, this is a result of round
off and the point is in fact a worse selection as the extrapolation penalty is
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slightly larger.

Validation Experiment 3
Model Input 2 Model Input 1

∑g
i=1min(dE,i)

∑g
i=1 dZI,i ηc

0 0 9,7271 8,8837 0,7444
0,25 0 10,0806 9,5733 0,7862
0,5 0 9,3735 8,7254 0,724
0,75 0 8,8145 7,8435 0,6663
1 0 8,8145 7,2063 0,6408
0 0,25 9,418 8,5512 0,7188
0,25 0,25 9,5806 9,2069 0,7515
0,5 0,25 9,3735 9,0648 0,7375
0,75 0,25 8,668 7,916 0,6634
1 0,25 8,5055 7,1701 0,6270
0 0,5 8,9609 7,862 0,6729
0,25 0,5 9,0645 8,4391 0,7001
0,5 0,5 10,0806 9,5733 0,7862
0,75 0,5 8,6074 7,8003 0,6563
1 0,5 8,5484 6,9243 0,6189
0 0,75 8,5055 7,1189 0,6270
0,25 0,75 8,4626 7,3990 0,6345
0,5 0,75 8,5484 7,8332 0,6553
0,75 0,75 8,4626 7,4814 0,6378
1 0,75 8,4465 6,6959 0,6057
0 1 8,7555 6,5653 0,6128
0,25 1 8,4465 6,6957 0,6057
0,5 1 8,5484 7,0307 0,6232
0,75 1 8,4465 9,5733 0,7208
1 1 8,7555 6,7519 0,6203

Table C.2 Selection of third set of validation settings given that the first two
sets were selected optimally with respect to the nearest neighbour coverage met-
ric. The row marked as green corresponds to the optimal selection of validation
settings. The rows marked as red were previously selected, see Table 5.1 and
Table C.1, and does therefore not contribute with new information.
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