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The design process of road vehicles is a complex endeavor that involves the collaboration
of multidisciplinary engineering teams. Each of these teams has its own set of knowledge
and tools. As a result, communicating and exchanging design data across these multidis-
ciplinary teams pose significant challenges. Providing a common language for the engi-
neering teams contributes positively to the standardization, efficiency, and robustness of
the collaboration within the design process. For this purpose, the aim of this article is
to introduce a collaborative vehicle configuration schema (CVeCS). CVeCS acts as a
central data model providing a hierarchical parameterization of the vehicle’s subsystems,
the infrastructure, with which it is interacting as well as the analyses that have been con-
ducted. To demonstrate the advantages of such a data model, the conceptual design phase
of the plug-in hybrid electric vehicle named interurban vehicle (IUV) is considered. The

1UV is a research vehicle designed at the German Aerospace Centre.
[DOLI: 10.1115/1.4070846 ]
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1 Introduction

1.1 Problem Setting. In recent decades, mankind has experi-
enced an exponential technological growth in various areas. As a
result, the complexity of products is increasing significantly. Scien-
tists and engineers are now faced with the challenge of channeling
this progress in order to develop economically and ecologically
sustainable system architectures. Within this context, transport
systems, particularly road vehicles, play a crucial role. A road
vehicle is a complex system, which consists of several independent
subsystems interacting together. The design of such subsystems
and their integration in the overall system requires multidisciplin-
ary know how [1,2]. Moreover, what determines the success of the
product, i.e., the road vehicle, is not the optimization of a single
subsystem, property, or variable, but rather the optimization of
the overall system’s performance [3]. Therefore, a holistic
approach, which takes into consideration the whole vehicle
system and its multidisciplinary character is best suited for the
design process. The design process starts with the conceptual
design phase, progresses to the detailed design, and finally ends
in the manufacturing phase. An essential phase in the design
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process is the early phase of the vehicle design, also known as
the concept phase or conceptual design phase. This phase is
crucial as it establishes a major part of the development and pro-
duction costs of the vehicle [4,5]. With the objective of reducing
costs and accelerating the design process, computer-aided engi-
neering (CAE) tools are being leveraged, especially during the con-
ceptual design phase. One major challenge in the conceptual design
phase is the communication of knowledge across the multidisci-
plinary teams involved. As each of these teams has its own set of
knowledge, CAE tools, and data formats (e.g., text-based
formats, binary formats), the collaboration among them becomes
a tedious task. This challenge is addressed in the following
sections.

1.2 State of the Art. This section reviews the state of the art
on the conceptual design phase of road vehicles and presents tech-
niques that facilitate the communication and collaboration within
the design process, more broadly and beyond the scope of road
vehicles.

1.2.1 Conceptual Design Phase of Road Vehicles. Within the
context of integrating and automating the multidisciplinary efforts
within the conceptual design phase of road vehicles, the work pre-
sented in Ref. [6] makes use of multidisciplinary design analysis
(and optimization) (MDA(O)) techniques. Here, CAE tools from
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various design domains, such as structural design, aerodynamics,
interior design, and so on, were integrated into a single design
process. The exchange of design parameters across the CAE
tools was orchestrated using a relational data base (MS access)
as well as a computer-aided design (CAD) model for geometric
parameters. In addition to the conceptual design phase, MDA(O)
techniques are often utilized within the context of crash and
noise, vibration and harshness (NVH) analysis of road vehicles.
See, for instance, the work presented in Refs. [7,8]. Additionally,
a substantial body of literature exists that focuses less on the mul-
tidisciplinary and collaborative character of the conceptual design
phase of road vehicles, while placing increased emphasis on the
automation of generating vehicle concepts. For instance, the
authors in Refs. [9,10] provide a methodology and a software
implementation that generate optimized concepts for electric road
vehicles. More recent approaches generate digital vehicle concepts
while taking into account autonomous driving as presented by the
authors in Ref. [11].

1.2.2  System Modeling. Within the context of collaboration
across engineering teams, model-based systems engineering
(MBSE) plays a crucial role in enhancing communication through-
out the design process. MBSE represents a specialized approach
within the systems engineering (SE) framework. While classical
SE approaches are based on documents, MBSE utilities digital
system models to model, analyze, and verify complex systems,
their requirements, and behaviors [12]. Moreover, MBSE aims
on creating a centralized system model, which describes the
system at hand with all its domain-specific subsystems, thus
achieving a single source of truth. To this end, a general-purpose
modeling language called systems modeling language (SysML),
standardized by Object Management Group [13], is used. while
SysML is based on the unified modeling language (UML), its
newest version, SysML v2, is based on kernel modeling language
(KerML) [14] and provides both a textual and graphical notation of
the model.

1.2.3  Data Modeling via xmL. In addition to SysML, which
primary focuses on a generic modeling of complex systems,
there exist various data modeling approaches. These aim to
define the structure and constraints of the data and its relationships.
For instance, the extensible markup language (XML) schema def-
inition (XSD) [15] is used to define hierarchical data structures.
More precisely, an XSD serves as a blueprint, specifying the
vocabulary to be used and the semantic rules, the data should be
following. A concrete realization of an XSD is represented by an
XML document. Based on such data modeling approaches,
several attempts were made with the aim of improving communi-
cation in the conceptual design phase of vehicles across multidisci-
plinary teams. Here, one can differentiate between domain-specific
and domain-nonspecific data models.

Domain-Specific Data Models: Each of the teams involved in
the conceptual design phase of vehicles has its own set of compu-
tational tools that encapsulate domain-specific expertise. For
instance, in the domain of aerospace transportation systems, data
models such as concurrent launch vehicle analysis (CLAVA)
[16] and common parametric aircraft configuration scheme
(CPACS) [17] were developed for the early design phase of
space launchers and aircraft, respectively. Both models define a
hierarchical parameterization of the vehicle considered and are
implemented using an XSD. Due to this hierarchical structure,
the various vehicle systems and their corresponding subsystems
and components can be parameterized. Such models are central
data models, which provide a single source of truth for all
vehicle designers and a common language to integrate their tools
into a unified design process [18]. Similar approaches were fol-
lowed in other fields such as HOLISPEC [19] for the early
design phase of maritime transport systems.

Domain-Nonspecific Data Model: In contrast to the domain-
specific data models such as CPACS, CLAVA, and HOLISPEC,
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the common mDO? workflow schema (CMDOWS) [20] is used
to describe design workflows in a general, domain-nonspecific
manner. More precisely, CMDOWS provides a standard for struc-
turing design workflows and defining which domain-specific data
are exchanged between the tools integrated in the design workflow.
CMDOWS also has a hierarchical structure and is implemented
using an XSD.

1.3 Research Gap and Contribution. As SysML does not
explicitly provide a common language for the engineering teams
in the design process, it will not be considered in this article. On
the other hand, within the context of aerospace transportation
systems, XML-based data models have proven advantageous in
collaborative settings and have demonstrated ease of implementa-
tion compared with other modeling languages [21]. However, to
the authors’ knowledge, such data models are not used in the con-
ceptual design phase of road vehicles. For this reason, this article
aims on answering the following research question:

How can an XML-based data model be implemented in the con-
ceptual design phase of road vehicles as a single source of truth for
all the multidisciplinary teams involved?

1.4 OQutline. Section 2 is dedicated for the MDA(O) engineer-
ing approach within the context of road vehicles. Section 3 pro-
vides an introduction to the collaborative vehicle configuration
schema (CVeCS). Here, the advantages and disadvantages of
CVeCS, its implementation, and its impact on the efficiency of
the conceptual design phase of road vehicles are discussed. In
Sec. 4, the implementation of CVeCS to the design workflow of
the interurban vehicle (IUV) is presented. Finally, a brief
summary and an outlook are provided in Sec. 5.

2 Multidisciplinary Design Analysis for Road Vehicles

The main objective of the conceptual design phase of road vehi-
cles is to generate consistent gravimetric and volumetric vehicle
concepts, which meet the defined high level requirements [22].
Due to the multidisciplinary character of the conceptual design
phase, finding vehicle concepts that are consistent and ideally
optimal requires solving a set of multidisciplinary equations. For
this reason, designers can make use of the MDA(O) engineering
approach. To build MDA(O) workflows, engineers from various
disciplines contribute using their own set of tools and methods.
Figure 1 provides an extended design structure matrix (XDSM)
[23] of such an MDA(O) workflow. The tools of the disciplines
involved are represented as rectangels and are placed on the
XDSM diagonal. The numbers 1, 2, 3 represented in the rectangles
refer to the execution order of the tools. The data connection
between these tools is represented by thick gray lines. More pre-
cisely, the input parameters of each tool are placed on the vertical
line connected to this tool, whereas the output parameters are
placed on the horizontal line. As each discipline is affected by
the other in MDA(O), the MDA(O) workflow is evaluated multiple
times to reach consistency, which is checked by a converger
(rounded rectangle in Fig. 1). For instance, the vehicle performance
depends on several parameters including the vehicle’s total mass,
i.e., for the initial execution of the MDA(O) workflow, an initial
total mass is required. In turn, computing the mass of some
power train components, such as the battery pack in case of an elec-
tric vehicle, depends on the vehicle performance. Based on the cal-
culated mass of the battery pack and the other vehicle’s
components, the total mass of the vehicle is computed. This com-
puted total mass is then used to reevaluate the vehicle performance.
In this manner, the MDA(O) workflow is executed until the total
mass of the vehicle converges. Within this context, a central data

2MDO stands for multidisciplinary design optimization and refers to a set of
domain-specific tools, their data exchange, and their connections.
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model contributes (i) to the standardization of the interfaces
between the domain tools involved and (ii) to enhancing the effi-
ciency of the communication between the domain experts.

3 An Introduction to CVeCS

This section introduces the development of CVeCS. CVeCS is a
data model inspired by CPACS, which was first introduced in the
work presented in Ref. [17]. CPACS has the objective of enhancing
the collaboration within the multidisciplinary design process of air-
craft. Similarly, CVeCS is used to parametrize road vehicles and
orchestrate the data exchange across the disciplines involved in
the design phase, thus standardizing the interfaces between them.
CVeCS is designed to serve as a central data model that provides
vehicle designers with a single source of truth for data in collabo-
rative design activities. Its application reduces the number of inter-
actions and data exchange between the disciplines. To clarify this
notion, a maximum number of N(N — 1) bidirectional interactions
might result, if N disciplines are involved in the design phase.
Leveraging a central data model as a single source of truth
reduces the number of interactions to 2N, as illustrated in
Fig. 2(a) [18]. In the same manner as CPACS, CVeCS is designed
as an XSD for use with XML [17]. Therefore, due to the hierarchi-
cal structure of XML, CVeCS is able to parametrize the different
vehicle systems and their corresponding subsystems and compo-
nents, as shown in Fig. 2(a).

3.1 Advantages of Extensible Markup Language. XML is
an open-source data modeling language maintained by the World
Wide Web Consortium (W3C) and widely recognized and
adopted in the field of information technology [18,24]. XML
offers multiple benefits including:

e XSD provides a robust validation mechanism. It is used to val-
idate XML documents and check them for consistency, reduc-
ing errors and inconsistencies [15].

e XSD is human and machine readable [20].

e The XML format does not depend on a specific programming
language and can therefore be integrated with different pro-
gramming languages [20].

e XML is inherently generic and can thus be used to parameter-
ize road vehicles and their subsystems [18].

e Compared with (system) modeling languages, such as UML,
XML offers a simple and extensible approach within collabo-
rative design environments, as mentioned by the authors in
Ref. [21].

3.2 Disadvantages of Extensible Markup Language.
Despite the advantages of XSDs, there exist some disadvantages:

ASME Open Journal of Engineering

e Large XSDs can become difficult to read and maintain.

e XSDs model system architectures only through data hierar-
chies, which limits their abilities to decompose system archi-
tectures in logical, physical, and functional components.

e XSDs face difficulties in representing complex relationships
between elements. For instance, it is challenging to enforce
that the value of one parameter depends on or is derived
from the value of another.

e XSDs have some limitations when it comes to inheritance and
modular design and are not as intuitive as object-oriented
models. For instance, multiple inheritance is not supported.
This can lead to complex workaround structures.

3.3 CVeCS Implementation. As CVeCS is an XSD, the first
step of implementing it is to create an XSD file. Such a file defines:

(1) the hierarchical structure of the parameters,

(2) the order in which parameters can be arranged,

(3) the parameters’ names,

(4) the parameters’ type (e.g., string, integer, array),

(5) the occurrence of the parameters, i.e., how often a parameter

may appear.

As a result, a generic vehicle concept is defined. Based on this
generic concept, specific vehicle concepts can be derived.
Figure 3 represents CVeCS in an XSD diagram, which illustrates
the hierarchical structure of the parameters. The occurrences
of the elements/parameters can be deduced from the line styles of
the element boxes in the XSD diagram. While a dashed line refers
to an optional element, see, for instance, <infrastructure>,
a solid line represents a mandatory element, see, for example,
<header>. Moreover, if the occurrence of an element/parameter
has an upper and lower limit, these limits are shown in the top—
right corner of the element box. For instance, 1...oc0 indicates
that the element must appear at least once and may be repeated indef-
initely, see, for example, <engine>. Additionally, the order of the
elements is deduced from the three dots illustrated in the irregular
octagon seen in the XSD diagram. If the dots are on top of each
other (#313, the corresponding child elements can appear in any
order. Moreover, their occurrence is limited to O and 1 On the
other hand, if the dots are placed next to each other —@-, the
child elements must appear in a specific order. Here, the child ele-
ments can occur from 0 to any number of times [25].

The first level in the hierarchy of the generic vehicle concept
consists of five nodes, as shown in Fig. 3. The <header> node
contains general information mainly regarding the vehicle consid-
ered and the version of the XSD being used. The <vehicle>
node is considered to be the backbone of the data model since it
contains most of the vehicle’s parameters. Mainly, it contains the
following child nodes:

e <requirements> node parameterizes high level require-
ments of the vehicle concept, such as performance and
crash requirements.

e <properties> node contains some general vehicle proper-
ties, such as parameters related to the power train, aerody-
namic, inertia, mass, and center of gravity of the entire
vehicle.

e <components> node parameterizes the main components/
subsystems considered for the vehicle concept, such as
engines, transmission, exterior, chassis, and batteries. Each
of these components consists of its own set of parameters,
such as volume, mass, and center of gravity. To support mul-
tiple occurrences of the same component (e.g., <engine>)
while reducing redundancies, each component is uniquely
identified using an id attribute within the XSD.

e <energyStorage> node contains information on how the
energy is being stored in the vehicle. This is useful if the con-
sidered vehicle is a hybrid one. For instance, 25% of the
energy is extracted from the battery pack, while the rest
from hydrogen tanks.
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Fig.4 The steps involved in creating a CVeCS-based MDA(O) workflow for road vehicles (sources of images (a), (b), (c), and (d):

[18,27,26,22], respectively)

e <packaging> node defines how the components are posi-
tioned in the vehicle.

As computing the energy consumption of a vehicle concept is
essential in the conceptual design phase, a <mission> node is
added. It consists of parameters related to the driving cycle used
for such computation. Additionally, the charging and fueling infra-
structure have a large impact on the overall energy balance (well to
wheel energy consumption) as well as the operating costs of the
considered vehicle. For this reason, an <infrastructure>
node is added for a parametric description of such data. Finally,
an <analysis> node is defined to provide a parametric descrip-
tion of the analyses to be conducted by the design workflow
(MDA(O)) at hand. In other words, it defines the main outputs to
be computed. After creating the XML schema (CVeCS) in an
XSD file, an XML file can be derived. For this purpose, there are
multiple open-source software (see, for instance, the website3),
which support creating and/or importing an XSD file and subse-
quently deriving an XML file from it. Moreover, some of those
software provide validation functionalities. More precisely, the
parameters’ hierarchical structure, order, names, types, and occur-
rences are validated against the rules defined in the XSD. In order
to derive a specific vehicle concept parameterized based on
CVeCS, the following steps are required:

3https://eclipseide.org/ E

ASME Open Journal of Engineering

(1) Derive an XML file from the XSD file.

(2) In the XML file, add child nodes related to the specific
vehicle concept considered. For instance, add a child node
<batteries> to the parent node <components> if an
electric vehicle is considered.

(3) Assign values to the elements/parameters in the XML file.

3.4 Integrating CVeCS in the Conceptual Design Phase.
Within the context of MDA(O) for road vehicles, CVeCS comes
into play with the objective of standardizing the interfaces
between the discipline experts involved in the conceptual design
phase. The steps involved in creating a CVeCS-based MDA(O)
workflow for road vehicles can be described as follows (see also
Fig. 4):

(1) Formulating the Design Objectives: Here, the parameters
relevant for the vehicle concept are defined. This is achieved
based on the vehicle’s transport task, powertrain configura-
tion (electric, hybrid, etc.), seat configuration, intended
operating environment (urban, highway, etc.), required
range, and crash scenarios, with which the vehicle must
comply [26]. Accordingly, vehicle designers decide which
disciplines/domains should be involved and which domain-
specific tools are needed. If the existing XSD (CVeCS)
covers all the parametric descriptions needed, an XML file
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can be directly derived from it, else the XSD should be
extended first, before deriving the XML file.

(2) Developing the Tools’ Interfaces to the CVeCS-Based
XML File: Having now a unified language (e.g., names of
parameters, unit system) across all teams involved, the inter-
faces between the tools and the XML file are standardized by
developing a wrapper for each tool. Such a wrapper reads
the tool’s inputs from the XML file and writes the outputs
back to the XML file.

(3) Creating the MDA(O) Workflow: Here, the tools are
fused together into a single MDA(O) workflow. As all
parameters are consolidated into a single XMLile, the
input and output parameters can be easily assigned to
their respective tools (see, for example, multidisciplinary
design analysis and optimization workflow design acceler-
ator (MDAX) [28]).

(4) Executing the MDA (O) Workflow: The execution of the
MDA(O) workflow takes place in a process integration soft-
ware (see, for instance, remote component environment
(RCE) [29)).

(5) Processing and Analyzing the Results: After the execu-
tion, the outputs are processed (e.g., visualized) and subse-
quently analyzed. As the tools’ outputs are written to a
single XML file, processing the results is facilitated.

3.5 Impact of CVeCS on the Efficiency of the Conceptual
Design Phase. In order to quantify the impact of CVeCS on the
efficiency of the conceptual design phase, the cycle time zcycle is
taken into consideration. Within the context of this article, zcycie
is defined as the time span between the definition of the require-
ments and the design objectives to generating a vehicle concept
that fulfils these requirements. Additionally, 7.y includes the
time needed for rework R due to, for instance, late design
changes in the conceptual design phase [30]. Therefore, 7y can
be decomposed into several design tasks as follows:

M
Teyele = )T+ R (1)

i=1

Here, M € N denotes the total number of design tasks and z;
represents the time needed to conduct the ith design task
(i€ {l,2,..., M}). In this article, the impact of CVeCS on zcycle
is examined by comparing the cycle time of the conceptual
design phase while using CVeCS (7cyciecvecs) With the
cycle time of the conceptual design phase without using CVeCS
(rcyd&m). For this purpose, the following assumptions are
made:

e For 7qygecvecs and Teycle, CVECS the five design tasks (M =5)

listed in Sec. 3.4 are considered. More precisely, for

Teyele, CVECS” the same design tasks are taken into account exclud-
ing any tasks and subtasks related to CVeCS and xML files.

e CVeCS as a standard is already developed, i.e., the time
needed to develop CVeCS is not included in 7cycie cvecs-

e The domain-specifc tools for the MDA(O) workflow are
already developed, i.e., their development time is not included

mn Tcycle,CVeCS/M'

Based on Eq. (1) and the design tasks listed in Section 3.4, 7y,

cvecs and Teycle,CVeCs CaN be expressed as follows:

Teycle,CVeCS = 71.CVeCS T %2,CVeCS T 73,CVeCS

2
+74,CVeCS * 75CVeCS + Rcvecs

Teycle.CVeCS — “1.CVeCS T %2.CVeCS T %.CVeCS )

+7,5veCs T %sovecs T Revecs

051008-6 / Vol. 5, 2026

Here, 71 cvecs is the time needed to conduct the first design task,
i.e., to formulate the design objectives and extend CVeCS, if
required (see Sec. 3.4). However, to simplify the comparison
between 7, cvecs and 7 cvecs, the time needed for the extension
of CVeCS will be included in Ry ecs and not in 7y cyecs. There-
fore, the following equality is valid:

7,.CVeCS ~ F1.CVeCS “4)

This is due to the fact that, in both cases, the design objectives
must be formulated, independent of CVeCS. Moreover, 7, cvecs
in Eq. (2) denotes the time needed to develop the interfaces
between the domain-specific tools and the derived XML file
based on CVeCS. As a result,

7, cvecs =0 )

since no XML file is used. After developing the interfaces, the
designers are tasked with connecting the domain-specific tools
together to create a unified MDA(O) workflow. The time needed
for this task is denoted by 73. Without CVeCS (73 cvecs), conduct-
ing this task requires an extensive exchange between the domain
experts involved in the conceptual design phase. As illustrated in
Fig. 2(a), there exists a maximum number of N(N — 1) interactions
between N disciplines/domains. More precisely, the parameters
needed for the domain-specific tools must be communicated.
Here, the domain experts should ensure consistency, especially
in the parameter names, unit system, and coordinate system used.
The effort and time required to do so exceed the effort and time
needed to create a unified MDA(O) workflow based on CVeCS.
When having an XML file, which is derived from CVeCS and con-
tains all the parameters needed for the MDA(O) workflow, the
input and output parameters can be easily assigned to their corre-
sponding domain-specific tools. Therefore, fusing the domain-
specific tools together into a single MDA(O) is facilitated, for
instance, using MDAX [28]. For this reason, the following inequal-
ity can be derived:

T,CVeCsS ~ ~%.CVeCS (6)

Moreover, for simplicity reasons, it is assumed that design task
4, which is executing the MDA(O) workflow, is not influenced by
using CVeCS. Therefore, the following equality is valid:

%, CVeCS ~ F4CVeCS (7

However, one may argue that having a single input and output
file for all the domain-specific tools can accelerate the process of
reading the inputs and writing the outputs. This fact is partially
considered in 7scvecs. Here, 7s refers to the time needed to
process and analyze the results. 75 can be decomposed into three
main subtasks: (i) reading the outputs, (ii) processing (visualiza-
tion, computation, etc.) the outputs, and (iii) deriving conclusions
and decision making. For the comparison between 75 cyecs and
75 cvecs> only the first sub-task is taken into account, since process-
ing, deriving conclusions and decision making are not directly
affected by CVeCS. As in the CVeCS case, the inputs and
outputs of all domain-specific tools involved are consolidated
into a single file, reading them is faster than reading multiple
files. For this reason, the following inequality can be deduced:

T.CVeCS ~ “5.CVeCS )

Finally, for simplicity reasons, the rework time R is defined to be
the time needed for late design changes in the conceptual design
phase. In the CVeCS case, this could involve the extension of
CVeCS to include new parameters. On the other hand, without
having a standard as CVeCS, rework requires a larger effort, spe-
cifically an extensive exchange with the domain experts. Therefore,
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the following inequality is valid:

RCVeCS > Rcvecs ©

Table 1 lists the design tasks and the comparison between their
duration with and without CVeCS.

Evaluating the difference between Teycle,CVeCS and Teycle,cveCss
i.e., subtracting Eq. (2) from Eq. (3) and taking Egs. (4), (5), and
(7), and inequalities (6), (8), and (9) into account, the following
equation is obtained:

AT=7, 1e.CVeCS ~ Teycle,CVeCS
= (7, &VeCs ~ F1.CVeCS) (7, Eyecs ~T2CVeCS)
~———
A7;=0 =0
+ (7, &vecs ~ BCVeCS) t (7, Gyecs ~ CVeCS)
=A73>>0 Ary=0 (10)
+ (7, &vecs ~ Fs.CveCs) + (Reyees ~ Revecs)
=A75>0 =AR>0
=-7,CVeCS t A7z + Ar5 + AR
>>0 >0 >0

Here, 7, cvecs can be reduced by providing a standard template
for the domain experts, on how to establish the interface between
domain-specific tools to the XML file. Moreover, based on the
experience of CPACS, the time gain by using a central data
model in design tasks 3, 5 and the rework time is larger than the
time required to establish the interfaces (7, cvecs). Therefore, the
following inequality is satisfied:

Aty + Ats + AR >72,CVCCS (11)
>>0 >0 >0

Based on inequality (11) and Eq. (10), one can deduce that:

Ar= Tcycle.CVeCS ~ Teycle,CVeCS > 0 (2)

Consequently, based on inequality (12), CVeCS decreases the
cycle time of the conceptual design phase of road vehicles, thus
increasing its efficiency. As this concept has not yet been validated
in practice within the automotive engineering sector, the increase in
efficiency of the conceptual design process by following a central
approach is proven in the aeronautical engineering sector. In the
work presented in Ref. [31], a 40% reduction in cycle time was
achieved by making use of such a central approach.

4 Implementation of CVeCS to the Interurban Vehicle

The IUV is a research vehicle conceptualized and developed
within the German Aerospace Center. It was one of the main
parts of a project named Next Generation Car [32]. The IUV is a

Table 1 Comparison of the time needed to conduct design
tasks in the conceptual design phase with and without the use
of CVeCS

i Description Comparison

1 Formulating the design objectives T, CVeCS = 11.CVeCS
2 Developing the tools’ interfaces to the 7, EVeCS <72.CVeCS

CVeCS-based XML file _—
=0

3 Creating the MDA(O) workflow 7, CVeCS > >T3 CVeCS
4 Executing the MDA(O) workflow 7, CVeCs = “4.CVeCS
5 Processing and analyzing the results T, CVeCs ~ T5.CVeCS

Rework

Revecs > Revecs

ASME Open Journal of Engineering

Table 2 High level requirements used for the IUV’s simplified
design workflow [22]

Name Symbol Value Unit
Acceleration time from O t0-100 8.4 S
Top speed VYmax 180 km/h
Cruise speed Veont 160 km/h
Range R 1000 km

five-seater developed with the aim to travel comfortably long dis-
tances. It is a plug-in hybrid vehicle equipped with a rechargeable
battery pack and a fuel cell. In this article, the applicability of
CVeCS will be demonstrated based on the IUV’s simplified
digital design workflow. This design workflow was used within
the context of the IUV’s conceptual design phase presented in
Ref. [22].

4.1 Revisiting the Interurban Vehicle’s Simplified Design
Workflow. The main objective of the IUV’s simplified design
workflow was to digitize and automate its multidisciplinary con-
ceptual design phase. The high level requirements considered
within this design workflow are listed in Table 2. Moreover, the
simplified design workflow consists of the following engineering
domains: vehicle performance, engine sizing, fuel cell sizing,
mission, energy storage, mass computation, cost computation,
and finally, well-to-wheel energy consumption. As a result, the
design workflow consists of 84 design variables, 62 of which are
inputs and 22 are outputs.

4.2 Interurban Vehicle’s Dataset. Based on CVeCS, which
provides a parametric description of a generic vehicle concept as
discussed in Sec. 3.3, the IUV’s dataset was derived. More pre-
cisely, an XML file was derived where the following elements
were added to the XML file:

e IUV’s high level requirements with their respective parameter
values under
<vehicle>/<requirements>/<performance> (see
Fig. 5).

e The components of the [UV’s power train, such as battery and
fuel cell were appended with their respective parameter values
under <vehicle>/<components> (see Figure 5).

e The considered analyses, such as the computation of the
energy consumption and operating costs were added under
<analysis>.

4.3 Interurban Vehicle’s Multidisciplinary = Design
Analysis. The MDA workflow of the IUV was schematically
modelled in MDAx (see Fig. 6). MDAx was introduced by
Ref. [28] with the aim of simplifying the process of building
complex engineering workflows. In MDAX, tools can be created
schematically and are represented by rectangles. One of the advan-
tages of MDAX is that it supports the usage of XML-based data
models. By uploading the IUV’s XML file to MDAX, the input
and output parameters can be assigned to the corresponding
tools. In this manner, the MDA workflow of the IUV was built.
Finally, the MDA workflow was exported from MDAXx to the
open-source software RCE [29]. RCE is a process integration
framework, in which the MDA workflow is automatically
executed such that each tool, hosted on its respective server, is
invoked, and the necessary data are exchanged [29]. Here, the
tools involved extract the inputs needed from the IUV’s XML
file and write their results back into the XML file. Therefore, the
communication between the domain-specific tools involved is
standardized.
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Fig.5 (a) XSD diagram of CVeCS providing a parametric description of a generic road vehicle concept (parameterization of high
level requirements and battery are highlighted); (b) IlUV’s XML implementation of CVeCS
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Fig. 6 XSDM representation of the IlUV’s MDA workflow
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4.4 Discussion. Despite its simplicity, the IUV use case pro-
vides a proof of concept that demonstrates the added value of a
central data model within the context of the conceptual design
phase of road vehicles. Some of the added values are summarized
and listed below.

e CVeCS serves as single source of truth for all designers
involved in the conceptual design phase. It centralizes the
access of data needed for the design phase by combining it
into a single file. One of the positive implications of having
a single source of truth is data consistency. Unit systems
and coordinate systems serve as a good example of that.
Having access to the same data ensures that all involved
domains are using the same unit and coordinate system.

e Moreover, CVeCS enhances the efficiency of the interactions
between domain-specific tools. For instance, the tool Mass
requires input data from the tools Engine, FuelCell, and Ener-
gyStorage (see Fig. 6). Without a central data model, the tool
Mass is dependent on these other tools and must retrieve its
input data by accessing those tools directly or through their
output files. By making use of a central data model, Mass
extracts its input data from the central data model and
writes its output back to it. As a result, not only output data
of domain-specific tools is consolidated in one file but also
the direct dependency of the tool Mass on the other tools is
eliminated. This not only reduces the number of interactions
between the domain-specific tools but also improves their
ability to be used as stand-alone tools.

e Additionally, standardizing the interface between the
discipline-specific tools and the central data model facilitates
the automation of the design process. In other words, as all
tool developers use the same interface, integrating the
domain-specific tools into a single design process requires
less effort.

e Also, combining an MDA(O) approach, which enables simul-
taneous designing, involving all domains at once, with a
central data model, centralizing the communication between
those domains, serves as a powerful framework to create a
collaborative and modular design process. More precisely,
domain-specific tools can be easily extended or replaced in
the MDA(O) workflow without affecting other tools. This is
due to the elimination of the direct dependency on other
tools by the central data model. For instance, the tool FuelCell
can be easily replaced by another tool, which models an inter-
nal combustion engine instead.

5 Summary and Outlook

Within the context of this article, CVeCS was developed based
on CPACS. CVeCS is an XSD, which provides a hierarchical
parameterization of a generic vehicle concept. Such parameters
describe the vehicle concept’s requirements, components (e.g.,
engine, chassis), properties (e.g., curb weight, moment of
inertia), packaging configuration, energy storage system, mission
(driving cycle), as well as the infrastructure with which the
vehicle is interacting (e.g., charging infrastructure). Additionally,
the analyses that are conducted by the designers are included.
Within this context, the parameters’ names, types, order, and occur-
rences are defined by CVeCS. Based on this XSD, a specific
vehicle concept represented in an XML format is derived. This
XML file serves as a single input and output file for the design
workflow. CVeCS functions as a central data model providing a
common language for the engineering teams involved in the con-
ceptual design phase of road vehicles.

As a set of multidisciplinary equations must be solved to gener-
ate consistent road vehicle concepts, the entire conceptual design
phase can be regarded as an MDA(O) workflow. By making use
of this central approach, i.e., CVeCS, the interfaces between the
multidisciplinary tools within the MDA(O) workflow are standard-
ized. Therefore, the number of interfaces between the domain

ASME Open Journal of Engineering

experts is reduced enhancing the communication efficiency along
the conceptual design phase. Moreover, the modularity and flexi-
bility of the design workflow is increased by eliminating interde-
pendencies among the domain-specific tools. To ensure the
applicability of CVeCS, the simplified design workflow of the
IUV was used (see Sec. 4.3 in Ref. [22]). The IUV’s MDA work-
flow was modeled in MDAX and executed in the open-source soft-
ware RCE.

One of the most difficult challenges within the context of CVeCS
is involving experts from different domains and ensuring that they
keep following the same standards. Additionally, finding compro-
mises between those domain experts can become a tedious task
since each team of experts has its own priorities and expectations.

In future studies, the increase in efficiency of the conceptual
design phase of road vehicles, provided by CVeCS, will be vali-
dated by applying it to practical projects. In addition, further devel-
opment must not be limited to conventional road vehicles, but also
take into account nonconventional ones, like, for instance, self-
driving cars. Moreover, the applicability of CVeCS within the
context of geometric modeling of road vehicles will be explored.
Additionally, establishing a GitLab repository under an open-
source license to manage version control and enhancements of
CVeCS will be considered. This not only promotes the adoption
of CVeCS across various projects but also contributes to the
enhancements of CVeCS.
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