CEAS Space Journal
https://doi.org/10.1007/512567-025-00597-9

ORIGINAL PAPER

=

Check for
updates

Uncertainty quantification data model for the probabilistic design
of the thermal protection system of a reusable launch vehicle stage

Aaron D. Koch' - Jascha Wilken' - Marko Alder?

Received: 31 July 2024 / Revised: 20 December 2024 / Accepted: 27 January 2025

© The Author(s) 2025

Abstract

Early design phases significantly impact a system’s life-cycle costs, yet they are fraught with large uncertainties. Hence,
it is important to incorporate uncertainties in preliminary design activities. However, sampling the uncertain design space
instead of analyzing a single system entails a considerable computational cost. It also demands a high degree of automation.
Standardized data models can significantly aid this effort by offering a structured way of storing and handling large amounts
of data. Therefore, this paper proposes an uncertainty quantification (UQ) data model for dealing with probabilistic data. Its
hierarchical structure has been specified using Extensible Markup Language Schema Definition (XSD). It is complemented
by a library written in C++ and provides additional Python bindings. The proposed approach is used in a case study in which
the design of a thermal protection system (TPS) of the wing profile of a reusable launch vehicle stage is assessed. The UQ
data model was used to store the UQ data of the TPS design study.

Keywords Probabilistic design - Uncertainty quantification - Data model - XML schema definition (XSD) - Reusable

launch vehicle (RLV) - Thermal protection system (TPS)

1 Introduction

Blair et. al. [1] estimate that at least 80% of a launch vehi-
cle’s life-cycle cost is determined in the conceptual design
phase. At the same time, the highest level of uncertainty
is present in the earliest stages, i.e., during the conceptual
and the preliminary design phase. Essential methodological
tools during these phases are trade and sensitivity studies.
Incorporating the effects of uncertainties into conceptual
design studies can improve the robustness of the results and
thus support the decision-making process when compar-
ing different designs. Instead of just evaluating the nominal
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(deterministic) performance of different vehicles, a system
designer can also consider the level of uncertainty sur-
rounding a particular performance metric. During prelimi-
nary design, incorporating uncertainty can help reduce the
required margins of safety. Rather than relying on worst-case
assumptions, a probabilistic approach allows for a more real-
istic combination of various factors. This could be especially
beneficial for launch vehicles and in particular for reusable
versions. Reusable launch vehicles (RLV) have high-per-
formance requirements and are therefore very sensitive to
additional dry mass caused by excessive margins.

The state of the art in uncertainty quantification (UQ) in
the conceptual design of (reusable) launch vehicles encom-
passes a variety of methodologies and applications aimed at
addressing the inherent uncertainties in the design process.
The fundamental task in UQ is to propagate the uncertain-
ties in the system’s input variables and the uncertainties
imposed by the disciplinary models to the system’s outputs
(i.e., results). While input uncertainties can be classified into
epistemic (i.e., lack of knowledge which can be reduced by
additional knowledge) and aleatory uncertainty (i.e., cannot
be reduced), most of the studies in the context of conceptual
and preliminary design focus on the first category [2, 3].
This is because this phase of the design process is dominated
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by rather large assumptions on performance characteristics
and technology assumptions for a future entry into service
of the vehicle. Furthermore, decision making (e.g., in which
discipline to invest resources) requires ranking the impor-
tance of inputs with respect to output uncertainties through
sensitivity analysis, where Sobol indices [4] have proven
to be a valuable indication of the sensitivity of the global
design space [5]. Within the probability formalism, tech-
niques based on the Monte Carlo method are typically used
in the literature because they are easy to implement in multi-
disciplinary design tasks (disciplinary models can be consid-
ered as black boxes) and the propagated output uncertainty
can be characterized by statistical moments, such as mean,
variance, skewness, or kurtosis. However, nearly all studies
recently found in the literature aim at reducing the compu-
tational cost of classical Monte Carlo approaches. Thunnis-
sen et al. [6] advance the latter through subset simulation,
a modified version of an efficient probabilistic method. It is
applied to conceptual design problems such as estimating
fuel mass for attitude control, providing computational effi-
ciency especially for risk-averse decision makers. Brevault
et al. [7] apply surrogate models such as reduced-order
models and spectral methods to the trajectory optimization
of two-stage-to-orbit launch vehicles. Smith and Mahade-
van [8] employ reliability-based design optimization on a
reusable launch vehicle using sequential optimization and
reliability assessment as proposed by Du and Chen [9].

Although mathematical methods exist to address these
issues [2], UQ is not yet standard practice for launch vehi-
cle design and analysis. The broader adoption is hindered
by the additional effort it requires. This effort is twofold.
Firstly, there is a substantial computational burden because
a single simulation is replaced by a sampling of the uncer-
tain design space, often involving thousands of system
evaluations. Secondly, designers need to acquire additional
knowledge regarding methods and tools for defining, exe-
cuting, and evaluating probabilistic studies. While research
on UQ methods has resulted in a large number of software
products, most of which have been made available as open
source, each product usually has a high level of complexity
in terms of freely selectable meta-parameters, a large variety
of methods for solving complex problems, and individual
visualization techniques. In cases where different software
solutions need to be combined or where design experts need
to communicate and share knowledge, problems arise with
efficient storage and robust communication of UQ data (i.e.
misinterpretation of parameter meanings, value units, etc.).
This is due to the fact that there is little scientific research
on the standardization of interfaces, which is a fundamental
prerequisite for digitization.

To our best knowledge, the most comprehensive progress
in developing standards and guidelines on UQ, including
verification and validaton (V&V) of methods, has been made
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by the American Society of Mechanical Engineers (ASME),
which has published a series of documents providing a
“common language and definitions, conceptual framework
for V&V and UQ, methods for V&V and UQ, guidance
for implementation, and best practices” [10]. However, it
strongly focuses on the development and use of disciplinary
tools, while the integration of a holistic design process tends
to involve black-box tools and is dominated by the propaga-
tion of uncertainties rather than the V&V of individual tools.
Furthermore, the introduction of a “common language” for
UQ evolves from the documents and guidelines, but they
do not explicitly provide a parameter dictionary or naming
standard, which could directly be applied for defining data
interface models.

In this regard, it is helpful to look beyond the topic of
UQ to other areas of research that are dealing with the issue
of data management and robust interface standards. In the
early design of aerospace transportation systems, domain-
specific data models such as CLAVA [11] and CPACS [12]
provide schema-based hierarchical parameterizations of
space launchers and aircraft, respectively. Similar solutions
are found in other domains, for example, Holispec [13] for
maritime transport systems. Based on such domain-specific
languages, the overall design process integrates disciplinary
tools (typically provided by experts as black-box tools) into
automated design workflows. Therefore, the domain-inde-
pendent data model CMDOWS [14] proposes a standard
on how such workflows are composed and which of the
domain-specific exchange data is transferred between the
involved tools. The combination of data models for multi-
disciplinary design and optimization workflows (CMDOWS)
with domain-specific data (CPACS, CLAVA, etc.) paves the
way for efficient and robust communication of engineering
design data. While a similar approach for the standardized
specification of uncertainty could expand this approach
towards UQ, no solution has yet been found in the literature.

The German Aerospace Center’s (DLR) project for the
probabilistic technology assessment of complex transpor-
tation systems (PROTEKT) aims at the development of a
framework for the analysis and propagation of uncertain-
ties in multidisciplinary design processes, which essentially
consists of three pillars: (1) modeling uncertainties and man-
aging uncertainty data, (2) proposing consistent methods,
tailored for specific application cases, to propagate uncer-
tainties within the multidisciplinary design process, and (3)
supporting the assessment, analysis, and visualization of
the results. Together, these three pillars form the basis of
a framework that aims to make UQ more accessible in the
early design stages. The present study investigates to what
extent this can be achieved by technologies for efficient and
robust exchange of UQ data.

Therefore, this paper presents the development of a
UQ data model, complemented by a software library for
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high-performance data storage and queuing. The focus
is on probabilistic UQ via sampling-based Monte Carlo
approaches. These are typically challenging because they
require high computational resources, and also produce large
amounts of data, for which a structured and standardized
approach to data management is desirable. Sec. 2 presents
the UQ data model in detail along with the development of
an associated software library for reading and writing the
data. The benefits of such an approach are demonstrated in
Sec. 3 by performing a preliminary sizing of a thermal pro-
tection system (TPS) of an RLV stage. Then, the advantages
and disadvantages as well as future extensions of the UQ
data model are discussed in Sec. 4. Finally, Sec. 5 provides
a conclusion and a short outlook.

2 Data management in uncertainty
quantification

The strategy for managing UQ data in probabilistic design
studies presented herein is based on the following basic
assumptions: (1) Monte Carlo-based design processes gen-
erate a large number of samples, which require efficient
processing and memory management, (2) disciplinary anal-
ysis modules are regarded as black boxes, which require
non-intrinsic propagation methods, and (3) a higher-level
discipline (space, aviation, transportation, etc.) employs a
domain-specific data model, which should not be modified
in the context of a UQ study and which can be referenced
to supplement probabilistic information. The following sec-
tions first discuss the use of domain-specific data models in
the context of multidisciplinary design processes. Then, a
dedicated domain-independent data model for uncertainty
data is introduced. Further, the UQ data model’s implemen-
tation as a C++ software library with bindings to the Python
programming language for efficient and robust data handling
is addressed. Finally, the usage of the data model within a
larger framework is outlined.

2.1 Data modeling in a deterministic design process

As a prerequisite for the results presented in this study, clas-
sical deterministic design processes are first introduced. The
task of designing complex transportation systems, such as an
RLYV, is to find a consistent (and ideally optimal) solution to
a multidisciplinary system of equations. This is called multi-
disciplinary analysis (and optimization) (MDA(O)). Experts
from different disciplines contribute a variety of analysis
modules, which are usually considered as black box modules
due to the use of individual (and often proprietary) solu-
tion algorithms and software architectures. Previous studies
have shown that the resulting complexity of MDA(O) work-
flows can be addressed by standardized interface definitions.

These include domain-independent data models such as
CMDOWS [14], which describes the general composition of
the design process, and domain-specific data models such as
CLAVA [11] or CPACS [12], which serve as a central source
of truth for the actual product under consideration. Typically,
such data models are structured hierarchically. A suitable
technique for implementing data models is the Extensible
Markup Language (XML) Schema Definition (XSD) [15],
which can be used to specify and validate data in the XML
data format. Alternative data modeling approaches include
the Unified Modeling Language (UML) (s. e.g. [16]) or
schema-free techniques derived from Semantic Web Tech-
nologies, such as the Resource Description Framework
(RDF) or the Web Ontology Language (OWL). Since any
data given in XML and XSD can be converted to RDF, it can
be used to semantically link data from different domains and
infer new knowledge from such [17, 18].

Since this study focuses on modeling UQ data, a central
schema-based approach is desired, which is why XSD is
chosen to implement the actual UQ data model. In addition,
an object-oriented implementation using C++ is investigated
to provide high-performance data queuing methods even
for large amounts of data. The conversion to RDF or OWL
offers the potential to connect additional information such as
provenance data, but this is beyond the scope of this paper.

2.2 Uncertainty quantification data model
in a probabilistic design process

This section will first introduce the probabilistic design
process. Then, the UQ data model is presented in detail.
Next, the actual usage of the data model within the described
probabilistic design process is illustrated.

2.2.1 The probabilistic design process

Figure 1 shows a probabilistic design and analysis pro-
cess in the form of an extended design structure matrix
(XDSM) [19], which is comprised of three distinct steps:
(1) a sampling algorithm is used to generate the probabilistic
input factor sets X for the actual design process, which is
composed of (2) at least one disciplinary black-box model
(usually more) solving for the solutions y; of deterministic
equations (in this study this step is substituted with a com-
plex design process as shown in Sec. 3). In step (3), the
results are collected and analyzed with respect to their statis-
tical properties or sensitivity measures. A detailed descrip-
tion of this process is given in [5].

2.2.2 The uncertainty quantification data model

A data management strategy should be able to map
the three steps shown in Fig. 1, considering that the
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Fig.1 XDSM representation of the data exchange in a probabilistic design process

disciplinary modules should be treated non-intrusively and
the domain-specific data model, s. Sec. 2.1, should be left
unchanged so as not to interfere with its use in determinis-
tic analysis. For this purpose, we have designed a UQ data
model, which utilizes XSD to define its schema, s. Online
Resource 1. In this context, the schema describes how the
data is structured and which parameters are used to store
the data. It also defines the data types of the parameters.
The actual data from a probabilistic study are stored in
an XML file that adheres to the structure defined in the
schema.

The hierarchical structure of the proposed UQ data
model, version 0.23, is shown in Fig. 2 in terms of an XSD
diagram. This type of representation visualizes the hierarchi-
cal dependency of the corresponding elements, with solid
and dashed frames indicating mandatory and optional ele-
ments, respectively; while deviating occurrences are repre-
sented by a stacked block symbol with an indication of the
minimum and maximum number of occurrence (e.g. from 1
to infinity for study). The XSD elements, sequence and
choice, are represented by an eight-sided shape containing
three horizontal or vertical dots, respectively. A sequence
contains several other elements in a given order, while a
choice allows a choice between different elements. When
the last element in the presented tree-structure contains a
plus on the right side, then it contains a sequence with
additional parameters. Their contents are separately depicted
in Figs. 3 to 6. An important detail that cannot be inferred
from the diagram is the usage of the XSD data types ID
and IDREF. These are here exclusively used as attributes
of elements and their purpose will be explained when the
respective element is described in the following paragraphs.

The root element of the UQ data model is called ug. It
first contains a header element with the mandatory ele-
ments, name and version. Like everywhere in the model,
the description element is optional. It can be used to
provide any kind of detail, e.g., the purpose, the rational for
making specific choices, or literature references. In addition,
the header contains an optional domainFile element.
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This can be used to reference a domain-specific data file as
explained in Sec. 2.1.

The first step of the probabilistic design process (s.
Fig. 1) is represented by the variables element, which
allows to predefine the inputs and outputs of the pro-
cess in terms of a name, description, and a reference
(xPath) to the corresponding domain-specific variable
inside the domain file. The latter is currently implemented
via XPath [20] but could in the future also be extended by
other means of references, such as indices for cells and rows
in a table, stored as a comma-separated values file. This
approach allows enriching the domain-specific data with
uncertainty information, without modifying it (i.e., keeping
it independent from the research in UQ). Input variables
(referred to as factors in Fig. 1) are furthermore specified
by a probability density function (PDF, including margin-
als), which is currently covered by a parametrization of
beta, (truncated) normal, triangular, and uniform distribu-
tions. This list can easily be extended by further PDFs. The
composition of the implemented PDFs is shown in Fig. 3.
All the distributions have the elements 1owerBound and
upperBound, which are optional in the case of the nor-
malDistribution element. In addition, the betaDis-
tribution is characterized by the parameters, alpha
and beta, the normalDistribution by mean and
stdDev, which is the standard deviation, and the trian-—
gularDistribution by its mode. Each input and
ouput has an id attribute of type InputIdType and
OutputIdType, respectively. An identifier (ID) uses the
XSD type ID but is further restricted by the type of ele-
ment it denotes. The ID of an input uses the prefix in and
the ID of an output the prefix out. This means that a valid
reference to a variable can be limited to either input or out-
put elements. The UQ data model uses camelCase for IDs.
Digits are allowed anywhere within the ID. So, study1 is
an acceptable ID. Also, valid examples for the main stage
diameter of a rocket are inStageDiameter and out-
StageDiameter. As this example shows, it is possible
to use the same base name, here StageDiameter, when
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Fig. 2 Hierarchical structure of the uncertainty quantification (UQ) data model

a variable is used as an input in one study and as an output
in another. The base name is, however, not a reliable way
to determine if two variables are the same, as the variable
naming is entirely decided by the user.

The actual probabilistic studies are aggregated under
a single element. Each study inside it has a name and
adescription. In addition, a study carries specific
sampling information. These are currently a descrip-
tion, the number of samplesPerDimension, and the
sampling method. The variables that are used in a specific
study are chosen from the variables segment and ref-
erenced in the study data segment. Each study input
and output contains an idref attribute of XSD type

IDREF. These references are, however, restricted to the
variables type with the correct prefix, in this case, either
in or out. This is achieved by defining the custom types,
InputIdrefType and OutputIdrefType. The input
data represent the values of the design variables x; of the
domain-specific model, shown as green component (2) in
Fig. 1. The output data, on the other hand, match the val-
ues of the coupling variables y;, once the MDA(O) step is
finalized. Figure 1 shows a single domain-specific model
but this block could consist of several interconnected mod-
ules and within that workflow the y; can function both as
inputs and outputs. Relevant to the probabilistic process are
only the final values that these variables assume. Further,
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Fig. 3 Distribution types of the
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each study has an 1d attribute with the prefix study. As
before, this ID uses came 1Case with digits allowed at any
position. It is utilized when accessing the studies contained
in the data model from outside. It is safer to access them
via an ID than by their numerical position in the XML file.

Finally, the third component (3) in Fig. 1 comprises the
analysis of the uncertainty data Y. This is accomplished by
a dedicated analyses element containing information
on statisticalMoments (Fig. 4), correlations
of variables (Fig. 5), and quantification of globalSen-
sitivities (Fig. 6), such as FAST, Morris, and
Sobol sensitivity indices. The first four moments, mean,
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Fig.5 CorrelationType of the UQ data model

variance, skewness, and kurtosis, can be specified
for the input and output data. These entries utilize the
XSD type 1ist, and the length of the list equals the number
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of study inputs or outputs, respectively. Next, Pearson as
well as Spearman correlations can be defined in the data
model. They are both of type CorrelationType, which
contains three elements, inIn, inOut, and outOut.
These store the correlation coefficients between inputs and
inputs, inputs and outputs, as well as outputs and outputs.
There is no inherent matrix data type in XSD but arrays
can be saved using the data type 1ist. So, a straightfor-
ward way of storing multi-dimensional data is to flatten the
matrix into a one-dimensional array. This data model utilizes
row-major order. In the case of the correlations, only the
data above the diagonal is stored. The data below the diago-
nal is redundant and the values on the diagonal are always
one. Lastly, each type of global sensitivities element, like
Sobol, holds a confidenceLevel parameter. This is the
confidence interval level used to calculate the confidence
intervals belonging to the respective sensitivity indices. The
indices themselves are contained in the sensitivity ele-
ment, one for each output of interest. Each sensitivity
contains an idref attribute. It has the XSD type IDREF
but is restricted to reference IDs that use the prefix out.

I=
:_ confidenceLevel

sensitivity @—(1"”—."-;— =1

For further details on the three available methods and their
indices s. [5, 21]. For FAST, the parameters are called S1
and ST. Both are arrays with a length that equals the number
of study inputs. Sobol has the same parameters plus the
parameter S2. This parameter is a two-dimensional matrix
and for the same reasons as for the correlations, only the
values above the diagonal are stored as a flattened array. The
length of that array equals ”("T_l), where n is the number of
study inputs. Finally, Morris contains the parameters mu,
muStar, and sigma. They each have a length equal to
the number of study inputs. Each of the parameters S1, ST,
S2, and mu have an additional confidence interval parameter
defined. They are denoted with the parameter name plus the
suffix Conf and have the same length as the parameter they
belong to.

An additional design decision when creating the schema
was to define abstract base types and then extend them to
show that several types belong together. This was applied for
the probability distributions (BaseDistributionType),
for the variables (BaseQuantityType), the global sen-
sitivity analyses (BaseSensitivityAnalysisType)
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and the individual sensitivities (BaseSensitivity-
Type). The base types, BaseDescriptionType and
BaseNameDescriptionType, cover the often-occur-
ring case that a type contains an optional description ele-
ment or in addition a mandatory name element. The usage of
base types also explains why the XSD element sequence
is used instead of all. Using all means that unlike in a
sequence, the order of the elements can be freely cho-
sen. This can be the preferred behavior in cases where zero
or one of each element occurs. Its usage is, however, not
allowed when extending types. Therefore, sequence is
used everywhere in the schema to stay consistent.

Another configuration choice is the definition of container
nodes. This concerns the studies node, as well as the
inputs and outputs nodes that both appear twice in
the UQ data model. A container only holds elements of a
single data type. To denote this relationship, the container
is named by forming the plural of the name of the element
it contains. As an example, the inputs container stores
input elements. It is not strictly necessary to use contain-
ers. The data element could directly include an input and
an output element with an occurrence of zero (minOc-
curs="0") to infinity (maxOccurs="unbounded").
The advantage of containers is that it is easy to handle all
elements of a single type together. The study inputs and
outputs, e.g., are often read or written as an entire block. It
also simplifies accessing elements of a specific type that are
identified via their ID, like a study. Both behaviors are
matched by data structures commonly found in program-
ming languages, and this is further addressed in Sec. 2.3.

One of the most important architectural decisions was
to separate the variables definitions from the actual data
storage inside the study elements. This has two advantages.
First, the variables can be reused in different studies, e.g.,
to perform convergence studies, where the sampling size
is varied. Secondly, the custom data types used to model
the input and output data are very lean. StudyInput-
Type and StudyOutputType consist only of a list of
double values and an attribute each. This means that the
data segment inside the XML file is very compact. It also
facilitates alternative implementations of data storage in
binary formats (s. Sec. 4) or as data structures in program-
ming languages (Sec. 2.3). It is still possible to add variables
when the UQ data model already contains previous studies.
The new variables can then be included in subsequent stud-
ies. It is even thinkable to add outputs to a completed study
when the values for those outputs are still available. In this
case, they should be added after the existing outputs. This
means that one-dimensional analyses results, like the mean,
can be easily extended by appending the results to the new
outputs. In the case of multi-dimensional results, however,
it is easier to rewrite those result items instead of inserting
the additional values at the correct locations. By contrast,
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adding input variables to a study always requires rerunning
the entire study because all inputs need to be included in the
sampling step.

Overall, the structure of the UQ data model is primarily
hierarchical because it divides the data into several levels
of significance and defines parent—child relationships. A
study, e.g., contains a sampling, data, and analy-
ses. An advantage of this architecture is that information
that belongs contextually together can be easily read and
written as a whole. For example, all header information is
contained in the header element. The information con-
tained in the study element is sorted according to the steps
of the probabilistic design process in Fig. 1. As the steps of
the process itself are considered fixed, the model focuses
on the data generated by this process. It only stores some
settings needed by the probabilistic design process, like the
specification of the sampling. An exception to the tree
structure is brought in by the cross-references implemented
via the XSD types ID and IDREF. In this case, the model
more resembles a graph structure. A study input or out-
put references an input or output definition in the
variables segment. References are a feature that helps
to avoid redundancies in data models.

2.2.3 Usage of the UQ data model during the probabilistic
design process

The UQ data model is used throughout the probabilistic
design process shown in Fig. 1. Its usage can be divided into
three distinct steps, which are preprocessing, sample han-
dling, and postprocessing. The following paragraphs provide
instructions for a typical use case, where a UQ data model
is set up from scratch, a domain-specific file is used, and a
single probabilistic study is run, including postprocessing.
The preprocessing step occurs before the design pro-
cess is even started. First, create a ug element and add a
header element underneath it. Then, at least specify the
name and version element of the header to describe
the contents of the file. To make use of a domain-specific
data model, as explained in Sec. 2.1, set domainFile to
the path where the respective file is located. Next, define the
input and output variables that will be used in this instance
of the UQ data model. For this purpose, insert the vari-
ables element into the ug element, along with its children
inputs and outputs. Add each input to the inputs
element and at the minimum define for each a name and a
distribution with its respective parameters. Insert each out -
put to the outputs element and provide at least a name
for each. In addition, set the id attribute of each input
and output, using the prefixes in and out, respectively.
Also, as a domain-specific file is being used, provide the
location of each variable inside that file by populating the
xPath element with an appropriate value. Finally, insert the
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studies element into the ug element and below it add a
single study element for the probabilistic design process
that will be run next. Set its id attribute using the study
prefix. Add the data element to the study, along with its
children inputs and outputs. Chose the desired input
quantities among the inputs defined under variables.
For each input, create a reference to its definition in the
variables section by setting its 1dref attribute to the
corresponding value. Otherwise, leave each input element
empty. Perform the equivalent steps for the outputs. Insert
the sampling element into the study. Below it, specify
the sampling method element and the samplesPerDi-
mension element.

Once the outlined data has been defined, the probabil-
istic design process, s. Fig. 1, is started. Its step (1) is the
sampling of the inputs, defined in the current study,
using the chosen method with its samplesPerDimen—
sion parameter. The sampling step is complete when the
values for all inputs have been produced. For each input,
add the generated values as a list. Now, the input ele-
ments will be filled, while the output elements will still
be empty. Their values are generated by running step (2),
the MDA(O) model, for each sample. The domain-specific
file acts as an input to this model and a file with the correct
values needs to be created for each sample. First, aggregate
the values of the inputs into a matrix. Assuming row-major
order, the simplest way to handle this is to iterate over the
inputs and store the value list contained in each input as a
row in a matrix. After finishing the data extraction, transpose
the matrix so that each row of the matrix contains the values
for a single sample. Now, generate the input files by iterat-
ing over the rows and writing the sample values into a copy
of the original domain-specific file. The correct locations
for those values are designated by the corresponding XPath
expressions of the input variables. For every sample that has
finished its MDA(O) run, the domain-specific file will now
contain the computed outputs and a reverse procedure has
to be applied. The XPath expressions of the output variables
indicate where in the file the output values are found. Extract
those values and gather them in another matrix. Once the
entire step (2) has finished, transpose the output matrix so
that is sorted by outputs rather than samples. Iterate over its
rows and transfer the values to the study outputs of the UQ
data model.

The last step is the postprocessing of the generated data
set. It is denoted as step (3) Analysis in Fig. 1. Add the
analyses element to the current study element to store
all analysis results. Assume that we are interested in the
statistical moments of the output variables and the results
of a Sobol analysis. Below the analyses element, add
the statisticalMoments element, and then under-
neath that an output element. After calculating the mean
and variance of all outputs, add elements with the same

name to the analysis output element. For each, insert the
calculated values as an XSD 11ist entry. Next, create a
globalSensitivities element under the analy-
ses element, and subsequently add a Sobol element to the
globalSensitivities element. If you are interested
in the confidence intervals of the Sobol indices, then add
the confidenceLevel element to the Sobol element.
Provide its value. SALib [21], e.g., uses a default value of
0.95. For each output for which you would like to store the
results of a Sobol analysis, add a sensitivity element
with an attribute idref referencing the respective output
variable. Add the correct elements (S1, ST, S2) for storing
the Sobol indices and their respective confidence intervals
(S1Conf, STConf, S2Conf)to each Sobol sensitiv-
ity element. For each, insert the calculated Sobol sensitiv-
ity analysis values as an XSD 1ist.

The UQ data model for this single study is now com-
plete. Optionally, provide additional information by adding
description elements. It is especially useful to add a
short summary to the study and the header element.
When the file contains more than one study, then it is helpful
to briefly describe its contents.

2.3 Implementation of the UQ data model as a C++/
Python software library

Once a standardized, hierarchically structured schema, like
in Fig. 2, has been created, there are at least four ways one
could work with it. (1) Manually accessing the XML file,
which is tedious and error prone, and therefore only suit-
able for handling a small number of parameters. It also does
not fit into an otherwise automated workflow process. (2)
Directly working with the XML data using, e.g., the Python
package, xml.etree.ElementTree [22]. This approach is
still tedious and error prone as the data in the XML file is
accessed step by step and the code has to be adapted to each
new use case. It also does not make usage of the schema,
which provides type definitions that are akin to classes in
object-oriented programming. (3) Auto generating a hierar-
chical class structure using an existing XSD code generator.
The disadvantage here is that the generated classes merely
provide read and write access and lack additional function-
ality. (4) Creating a common software library specifically
for the schema. The schema plus the library constitutes the
full data model. It comprises of the hierarchical structure,
defined through the XSD schema, and the added func-
tionality provided by the library. We previously used this
approach for the CLAVA data model [11], which features a
library using C++ and provides Python bindings via Boost.
Python [23]. This hybrid approach combines the speed of
C++ with the user-friendliness of Python [24]. As this is
an established approach, that code base was reused within
PROTEKT to develop the UQ library for the UQ data model.
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In addition to using C++, utilizing a fast XML parser,
as well as minimizing the number of read and write opera-
tions, ensures a good performance of the data model library.
When a user wants to work with an existing data model
that is stored as an XML file, then the content of that file
is parsed using an XML Document Object Model (DOM)
parser. Kapoulkin’s C++ library, pugixml 1.13 [25], was
selected for this purpose because his benchmarks showed
that pugixml was the fastest C++ XML parser on an x64
architecture at the time of testing. After the DOM tree is
constructed, it is recursively translated into a class-based
representation of the schema. While working with the data
model, the entire model is kept in memory. The data is only
converted back into a DOM tree and then written into an
XML file when the user explicitly executes the model’s write
function. While this has the disadvantage that progress is
lost should a crash occur, the data can usually be recreated
by rerunning the respective Python script.

The custom, complex XSD types like study are imple-
mented in C++ as classes. All classes are derived from a
common Base class that provides the basic functionality for
reading data from XML and writing data to XML. In con-
trast, native XSD types like double, used e.g. for mean,
are implemented by matching them with native C++ types,
in this case double. The reference mechanism provided with
the XSD data types ID and IDREF are implemented in C++
using shared pointers. The containers, mentioned at the end
of Sec. 2.2.2, are matched by data structures found in C++.
When the order of elements in a container matters, then a
vector type is used. This applies to the inputs and out-
puts in the study data element. When an ID is used to
identify the elements inside a container, then a map type is
employed. This is, e.g., the case for the studies node.
The key that is used in the map is formed by removing the
ID’s prefix and lowercasing the first letter of the base name
to adhere to camelCase. For example, the ID studyRock-
etSobol would yield the key rocketSobol. If the base
name starts with a digit, then no change occurs. So studyl
would result in 1. The Python bindings translate vector and
map into list and dictionary, respectively.

In addition to implementing the schema as defined in
XSD, the UQ library offers additional functionality for often
occurring tasks. For example, Sec. 2.2.3 describes two tasks
as part of step (2). The first is creating a domain-specific file
that contains the sampled input data. The second task is the
opposite, i.e., reading the output data from a domain-specific
file that results from the MDA(O) process. These jobs are
covered by the C++ functions, Study: : realize sam-
pleand Study: :load sample, respectively.

Moreover, using a software library creates another level
of abstraction. The usage of XML/XSD could be replaced
by another format without changing the functionality of
the library itself, s. Sec. 2.1 for alternatives. XSD offers
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a relatively easy way to define a hierarchical structure,
where additionally elements can reference each other. The
overall functionality is, however, limited. Switching to its
latest implementation, version 1.1 [26], would add useful
features, like conditional type assignment. Unfortunately,
to our knowledge, only commercially available editors fully
support XSD 1.1. This substantially limits its potential for
wider adoption. One of the main ideas behind a standardized
format is data exchange between users. So, if a specialized
software with additional costs is required, then not everyone
will be able to access the data with all its properties.

2.4 Usage of the UQ data model in the UQ
framework

Within DLR’s PROTEKT project, the UQ data model
serves as the central source of truth of the UQ framework,
mentioned in Sec. 1. The framework consists of a backend,
which integrates the UQ data model, and a frontend, which
provides a graphical user interface. The framework utilizes
the software library described in Sec. 2.3 to implement the
steps outlined in Sec. 2.2.3. For the most part, the backend
keeps the UQ data in memory but at specific points dur-
ing the probabilistic design process the data is saved as an
XML file. These save points occur after the generation of
samples and before the workflow execution, after retrieving
all processed results from the workflow execution, and after
an analysis step, like a Sobol analysis, has been performed.

3 Case study

The purpose of the following case study is to show a practi-
cal application of the UQ data model, as introduced before.
The next three subsections focus on the case study itself,
while the final Sec. 3.4 addresses the application of the data
model.

3.1 Thermal protection system design

A full design process for a launch vehicle necessarily
includes the assessment of many subsystems, which are
tightly coupled. To keep the number of degrees of freedom
to a manageable level and avoid time-consuming iterations,
in this case study the portion of the workflow was singled
out that directly affects the design of the TPS system.

Herein, the case study contains the following analysis
steps:

e Assessment of trajectory performance
e Derivation of an aerothermal database
e TPS sizing for a given wing profile
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Given the computational cost of repeatedly sampling the
toolchain, rapid methods are required to assess the effect of
the uncertainties on the individual subsystems. Instead of a
full optimization the descent trajectory is controlled with a
proportional-derivative controller that ensures that the maxi-
mum permissible lateral acceleration of 2g is not exceeded.
After the initial deceleration a constant flight path angle of
—1° is targeted. The aerodynamic and aerothermodynamic
properties along the trajectory are assessed with the DLR
tool HOTSOSE [27], which can rapidly estimate the values
for hypersonic flow with surface inclination methods [28].
Finally, the local TPS thickness is sized with the DLR tool
TOP3, which integrates the thermal response of the TPS in
one dimension and subsequently varies the insulation thick-
ness until the temperature limits of the underlying structure
are respected. The different tools used to perform these steps
are combined via a Python script and evaluated for each
sample.

Within these three steps, the following uncertainties are
considered in this case study

e Aerodynamic reference area: In trajectory integration,
the reference area is utilized to compute the forces act-
ing on the vehicle based on the aerodynamic coefficients.
Variations in this typically fixed value, linked to the aero-
dynamic dataset, are used to represent the uncertainty in
aerodynamic forces during reentry.

e Reentry mass: This is the initial mass at the start of the
reentry trajectory integration. This uncertainty can stem
from the assumptions made for the vehicle’s dry mass
during conceptual design but can also appear during the
actual flight, when it is, e.g., uncertain how much of the
residual and reserve propellants still remain in the stage.
Other possible sources are variations in the production
of each individual vehicle.

e Initial conditions for reentry: Depending on external fac-
tors during ascent and the performance of the guidance,
navigation, and control systems, the conditions at stage
separation can vary from mission to mission. Herein,

uncertainties in the initial flight path angle (FPA), alti-
tude, and velocity are considered. As can be expected,
the initial conditions have a major impact on the trajec-
tory, including the thermal loads experienced during the
reentry.

e Transition Reynolds number: The transition from laminar
to turbulent flow has a significant impact on the local
heat flux and its prediction is notoriously uncertain.
Local flow perturbations can trigger the transition early
and lead to local hot spots.

e TPS panel emissivity: The majority of the heat flux that
enters the TPS is radiated outward. The thermal insula-
tion assures that only a small fraction arrives at the vehi-
cle’s main structure. Therefore, the emissivity of the TPS
surface panels has an impact on the necessary insulation
thickness.

e Heat flux uncertainty: This parameter accounts for the
general uncertainty in deriving the local heat loads
numerically.

e Heat transfer coefficient and ambient temperature dur-
ing non-hypersonic flight: For the estimation of the heat
loads, the HOTSOSE tool, which estimates the aerody-
namic and aerothermodynamic properties with surface
inclination methods, is used. This approach works well
for hypersonic speeds but is not applicable for lower
supersonic and subsonic speeds. While the highest
heat loads are present during the hypersonic phases,
the slower phases also have to be modelled to correctly
account for the cooling of the structures. Within this
study a fixed heat transfer coefficient and ambient tem-
perature are assumed and uncertainties are applied to
them.

In this use case, all uncertainties were considered as uni-
form variations around the reference value. The specific
relative variation and reference values are given in Table 1.
The values are chosen arbitrarily for this case study and do
not necessarily reflect relevant cases. The variation for the

Table 1 Considered

e . L Uncertainty
uncertainties and their variation

Relative variation Reference value

and reference value, all sampled

‘ Aerodynamic reference area
uniformly

Reentry mass

Initial velocity

Initial flight path angle
Initial altitude

Transition Reynolds number
TPS Panel emissivity

Heat flux

Heat transfer coefficient for non-hypersonic flight

Ambient temperature for non-hypersonic flight

[0.9,1.1] 461 m?

[0.9,1.1] 229657 kg

[0.99,1.01] 3772 m/s

[0.9,1.1] 5.06°

[0.9,1.1] 62.26 km

[0.5,5.0] 1x 107

[0.9,1.1] 0.81

[0.9,1.1] Varies for each samples
[0.9,1.1] 20 W/(Km?)

[0.9,1.1] 200 K
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velocity is set very small, as its impact on the heat flux is
known to be large and follows a cubic trend.

Within HOTSOSE, methods for laminar and turbulent
boundary layers are implemented. However, no models are
implemented for the transition phase. Instead, every point
on the mesh with a Reynolds number above the transition
Reynolds number is treated as fully turbulent and other-
wise as fully laminar. In contrast to the transition usually
encountered in subsonic flows, recent results indicate that
for the hypersonic boundary layer transition two heat flux
peaks are formed. The first local heat flux peak is found
at the maximum amplitude of the second mode instability
and the second heat flux peak is caused by the full transi-
tion to turbulent flow [29-31]. These new insights could be
implemented in a future more detailed analysis. This, more
complex, hypersonic transition would likely also include
additional uncertainties in the modelling.

The transition Reynolds number variance used herein is
based on the values given in [32] for a cone at 0° angle of
attack and is chosen to be large enough to include both the
values found in conventional, noisy wind tunnels as well as
in flight tests. Possible surface deformations that might trig-
ger the boundary transition are not considered.

3.2 Results

For this case study, the UQ analysis was performed for the
wing profile at the root of the wing of the SpaceLiner 8
Booster stage, as described in [33]. In the following, only
the bottom side of the wing is considered, as it sees the
larger thermal loads.

In total, the uncertainty space was sampled 11264 times
for this exemplary case study. Figure 7 shows the resulting
reentry trajectories. The therein presented estimation for the
heat flux at the stagnation point is derived for a reference
nose radius of 0.5 m with a modified Chapman equation:

1Rnose,ref <L>3'05 (1)

PR Rnose Vref

g = 20254.4W /cm? -

Ry ose.re 18 the reference nose radius (1 m), R the vehi-
cle nose radius, v the vehicle’s velocity, and v, a refer-
ence velocity of 10000 m/s. It can be seen that the selected
uncertainty distribution leads to a fairly broad range of initial
conditions and, subsequently, also heat fluxes encountered
throughout the trajectory. For each of the trajectory samples
shown in Fig. 7, an aerothermal database is derived. As the
local heat flux depends on the local wall temperature, the
calculations are repeated for four different wall temperatures.
This makes it possible to compute the current heat flux by
interpolation, using the current wall temperature, during the
thermal simulation for the TPS design.
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Fig.7 Reentry trajectory variation resulting from uncertainties in the
initial conditions. A subset consisting of 10% of the evaluated sam-
ples is shown

Figure 8 shows the wing profile and Fig. 9 shows the heat
flux along the x-axis of this profile resulting from the tra-
jectory variations. The transition from laminar to turbulent
flow can be seen in the sudden jumps in heat flux between
two trajectory points. They are not evenly distributed, since
the aerothermodynamic database is not evaluated at every
instance of the trajectory due to the associated computa-
tional cost. Instead, the evaluation times are evenly dis-
tributed along the trajectory and expanded at critical time
points such as the time of maximum stagnation point heat
flux. Therefore, the transition from laminar to turbulent flow
at any location can only happen between two timesteps at
which the aerothermal database is evaluated. In this case, the
maximal timestep size was set to 10 s.

The dips in heat flux seen at approx. 220 s are likely
caused by a temporary reduction in the angle of attack,
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Wing root profile of SLB8
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Fig.8 Wing root profile of the Space Liner 8 vehicle (SLB8). The bottom side, the focus of this case study, is highlighted
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Fig.9 Variability of heat flux over time and position along wing profile. Values assuming a wall temperature of 100 K are shown

which can also be seen in Fig. 7. This leads to temporary
lower heat flux on the rearward portions of the wing, as it is
less exposed to the incoming flow.

The final objective of this case study was the determina-
tion of the required TPS thickness to keep the temperature of
the structure below 400 K. In this case, an idealized minimal
insulation thickness was assessed along the wing chord. In
reality, only a limited number of different thicknesses would
be used to reduce production and maintenance effort. Fig-
ure 10 shows the resulting minimal thickness of the insula-
tion layer of the chord of the wing root.

As expected, the TPS needs to be thickest at the stagna-
tion point, which is in line with the heat load distribution.
While the average values follow a clear trend, a number of

outliers, including the worst-case scenario, exhibit signifi-
cantly increased TPS thickness in the rear half of the wing
profile.

For the vehicle design, the local TPS thickness is of less
importance than the total TPS mass. To assess that, the total
insulation cross-section along the wing profile was calcu-
lated and the resulting values are shown in Fig. 11. The
aforementioned outliers are also visible here. While most
samples result in a TPS cross-section of approx. 0.2 m?, the
distribution is strongly skewed by the outliers, which result
in significantly higher cross-sections.

To underline the motivation for assessing the system
performance within an uncertainty framework, Fig. 10 and
Fig. 11 also show the theoretically possible worst case. In
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Fig. 10 Minimal TPS insula-
tion thickness of wing chord.
Average values and range of 0.05
all 11264 samples are shown
alongside the theoretical worst
case
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Fig. 11 TPS cross-section

data for all 11264 samples and “on
theoretical worst case. Result 600
distribution is highly skewed
by a group of outliers with very 500
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that case, every uncertainty parameter was chosen to result
in the highest TPS cross-section possible. This value cor-
responds to a conservative design approach. A significant
difference can be seen between the results of this worst case
(0.68 m?), the worst evaluated sample (0.63 m?), as well as
the 99th percentile (0.47 m?).

The cause behind the outliers can be identified when
examining the correlation between the input variables and
the resulting TPS cross-section, as shown in Fig. 12. It can
be seen that if the transition Reynolds number is assumed
to be underneath a critical value, which appears to be less
than 2e7, it has a major impact on the thickness of the TPS.
Above this value, the trajectory results in a fully laminar
boundary layer in the hypersonic portion of the flight, con-
sequently the value has no further impact.

3.3 Sensitivity analysis
In total ten uncertain parameters were modelled in the

case study given above. To quantify the effect on the out-
puts (both the local TPS thickness as well as the total
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cross-section area), a Sobol Analysis was conducted using
the implementation of the SALib library [21].

Figure 13 shows the total effects indices with regard to
the TPS cross-section along the wing profile. It is clearly
apparent that the uncertainty in the transition Reynolds
number accounts for most of the variance in the output val-
ues. As mentioned above, this affects only a portion of the
dataset, but in these cases the effect is very significant. The
uncertainties in the heat flux, initial FPA, reentry mass, and
aerodynamic reference area also have noticeable effects,
although the magnitudes are smaller.

Figure 14 also shows the total effect indices but this
time for the local TPS thickness over the wing profile.
Herein some interesting contrasts to the sensitivity of the
global results appear. The transition Reynolds number has
no effect on the local TPS thickness for the first few meters
of the wing profile. Even at the lower boundary, the bound-
ary layer remains laminar in all cases. Instead, the variance
in the heat flux, reference area, initial FPA, and initial alti-
tude affect the TPS thickness. Even though the variation of
the initial velocity is an order of magnitude smaller than
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Fig. 12 Results for TPS cross-section plotted over the ten considered input uncertainties as defined in Table 1

Fig. 13 Total effect sensitiv-
ity indices with regard to TPS
cross-section. Error bars indi-
cate confidence interval

Aerodynamic reference area

that of the other initial conditions, it still has a roughly
equal effect on the outcome. At the stagnation point, the
hottest point, the initial FPA has the largest impact. The
front of the wing is also the only portion where the panel
emissivity plays a role. Here, the temperatures of the TPS
surface are highest and therefore the radiation heat transfer
plays the largest role.

Non-hypersonic ambient |

temperature

Non-hypersonic heat
transfer coefficient

Heat flux I

Panel emissivity }

Initial altitude
Initial flight path angle
Initial velocity

Reentry mass

cHy T

0.2 0.4 0.6 0.8
Total effect Sobol index [-]

0

3.4 Application of UQ data model

The entire size of the input and output data, generated by
this study and stored as a Python pickle file, is 7.8 GB. From
this data set a UQ data model was generated. The respective
XML file is provided as Online Resource 2. The UQ data
model contains a single study with ID studySobol. All
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Fig. 14 Total effect sensitivity
indices for local TPS thickness
for different points along the
wing profile including confi-
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ten uncertain inputs, listed in Table 1, along with the TPS
cross-section as an output, were extracted and stored in the
model. The cross-section was selected because it serves as
the main performance metric of the TPS system design. It is
correlated with the mass of the TPS, and thus, has a direct
influence on the RLV’s system performance. The study
contains a total of 11264 samples. In addition, the mean,
variance, and Sobol indices for the output outCrossSec-
tion are included. In sum, about 124000 double-precision
floating-point values are stored in the XML file. The result-
ing file size is about 2.2 MB.

Other outputs that are important when looking spe-
cifically at the design of the TPS subsystem are the ones
evaluated in Figs. 7, 9, and 10. These encompass altitude,
stagnation point heat flux, load factor in z-direction, angle
of attack, and velocity as functions of time, plus TPS insu-
lation thickness as a function of the x-coordinate along the
chord, and finally heat flux as a function of both time and
x-coordinate. However, the presented version of the UQ data
model only supports scalar variables and its future exten-
sion to multidimensional variables is addressed in the last
paragraph of Sec. 4.

4 Discussion of UQ data model and future
extensions

The previous section provides an example for the application
of the UQ data model to the probabilistic study of a single
TPS system. This use case serves as a proof-of-concept, and
despite its small size, helps to highlight certain benefits and
limitations. First, the UQ data model functions as a single
source of truth. It simplifies the storage of all data related
to the probabilistic design study by consolidating it into a
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single file. This file can then be used for postprocessing steps
such as visualization, as well as for data exchange and the
archiving of study results. The example also showcased that
even a small probabilistic study generates a large volume of
data and that the purposeful selection of the relevant proba-
bilistic data significantly reduces that amount. Employing
the UQ data model for this purpose also provides valuable
guidance to the user on selecting the appropriate pieces of
information because it offers a predefined structure. In addi-
tion, by using a domain-specific data file, as described in
Sec. 2.2.2, the input files for specific samples can be restored
and rerun. This is a functionality supported by the software
library described in Sec. 2.3. This feature was not utilized
here because the launch vehicle data model, CLAVA, does
not yet cover RLV-specific design tasks, like the TPS sub-
system design.

The benefits of a standardized data model become even
more apparent when considering the adoption of probabil-
istic methods on a larger scale than presented herein. This
could mean more complex use cases, trade studies, or the
participation of several institutions in a study. In this context,
a complex use case could mean the probabilistic design of
an entire RLV, with the TPS just being a subsystem. Such
an approach would necessitate the deliberate selection of
essential data for the probabilistic assessment, due to the
sheer amount of data. Further, recent European RLV trade
studies, like ENTRAIN [34] and SYST-RLV [35], compare
different vehicle staging and stage return concepts. As the
analyzed variants can differ substantially from each other,
quantifying the uncertainty of the performance metrics, like
the vehicle’s gross-lift-off mass, adds a layer of information
that is valuable to decision makers. A decrease in perfor-
mance might be acceptable when paired with a reduction
in performance uncertainty. Analyzing and visualizing the
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results for the different vehicles is facilitated by standardized
data sets, as the same tools can be used for processing the
results of several configurations.

Further, applying a standardized approach for handling
probabilistic data is particularly advantageous in a collabo-
rative setting, where experts from different disciplines are
involved. The UQ data model is domain independent, and
therefore tools developed within that context can be used by
everyone. The data model helps to ensure data consistency
and enables automation of the entire probabilistic design
process, (s. Fig. 1), because it was devised with this particu-
lar process in mind. It also facilitates data exchange between
partners. A disadvantage of such an approach is that collabo-
ration is needed so that all involved parties keep adhering
to the same standard. Sharing a software implementation
of the data model helps to ensure this, as ideally the soft-
ware library will enforce correct usage. In addition, a library
makes consistency checks possible that go beyond simple
compliance with the schema. Both, a common schema and
a related software library, entail an additional effort but the
wide adoption of CPACS in aeronautics demonstrates that
the advantages of this approach substantially outweigh the
effort [36].

As described in Sec. 2.4, the UQ data model is the cen-
tral part of the UQ framework under development at DLR.
Within this context, it is used to store and handle the proba-
bilistic data. In addition, the proposed UQ data model can
be used independently from such a framework. The minimal
requirement for effectively using an XSD-based format is
the installation of an XML editor, like the freely available
Eclipse XML Editors and Tools [37].

Within the PROTEKT project, the first tests were per-
formed using much larger studies, and the data model
approach presented herein worked as intended. Still, at
some point the total amount of data will become an issue
for two reasons. First, the size of the XML file will become
unreasonably large, as the data is stored using the American
Standard Code for Information Interchange (ASCII). Sec-
ondly, when working with the data model, it is fully kept
in memory to ensure good runtime performance; however,
Random Access Memory (RAM) is a much more limited
resource compared to hard drive space. Therefore, trials
were performed where everything contained in the data
element belonging to a study was stored using the Hier-
archical Data Format version 5 (HDF5) instead. HDF5 has
two advantages. First, storing double-precision floating-
point values requires less storage in a binary than in a text
format. Secondly, it natively supports matrix data types. As
the combination of two data sources was handled by the
UQ library, the user experience stayed the same. However,
maintaining consistency when employing two files adds
additional challenges. The UQ library has to ensure that both
files stay in sync and the data element exists either in the

XML or the HDFS file and not in both at the same time. So
far, these aspects have not yet been fully addressed in the
current implementation of the UQ library.

At the moment, the UQ data model presented herein
provides the basic functionality required to handle the data
involved in probabilistic studies, as shown in Fig. 1. There
are several areas for future extension of the model. As of
now, the information included in the sampling element
is quite limited. It is therefore planned to replace the current
sampling method element, which is now a simple string,
with a complex type that contains the various parameters of
that method. Next, the use case in Sec. 3 produces trajec-
tory results, e.g., altitude over time. At present, the UQ data
model only supports single-value quantities. As discussed
in Sec. 2.2.2, multidimensional data can be saved in XML
by flattening it into a one-dimensional array. If the shape
of the original data cannot be inferred from other informa-
tion stored in the model, then an additional shape attribute
needs to be added to the respective element. Another poten-
tial extension relates to surrogate models. The execution
time of a single MDA(O) run in the presented case study is
about two minutes on a single core. When this time increases
considerably and is combined with a high number of evalu-
ations, then Monte-Carlo-based UQ studies become only
possible with the help of surrogate models. It might there-
fore be useful to store information on the surrogates used in
such studies in the UQ data model to adhere to the idea of a
single source of truth.

5 Conclusion and outlook

A UQ data model that facilitates probabilistic design stud-
ies was presented. Its structure was developed based on the
probabilistic design process and its purpose is to store the
data associated with this process. The schema that describes
the model’s hierarchical structure was implemented using
XSD. As a proof-of-concept, the data model was applied to
a case study addressing the uncertainty-based TPS sizing
of the wing of an RLV stage. This use case demonstrated
that the proposed model provides the basic functionality for
aggregating the data that is associated with the probabilis-
tic design process into a single data repository. The XML
file that stores the data then functions as a single source of
truth and can be used as an input for postprocessing, data
exchange, and storage of study results. In addition, the struc-
ture of the UQ data model guides users in the selection of the
appropriate data, and thus significantly reduces the amount
of stored data.

The case study also revealed a current limitation of the
model when it comes to storing multidimensional data that
are, e.g., produced as part of trajectory simulations. This
important point will be addressed in the next iteration of
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the UQ data model because our long-term goal is to per-
form an uncertainty-based design of a full launch vehicle.
Other future features concern increasing the level of detail
of certain elements, employing the binary format HDF5, and
adding information on surrogate models.
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