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Abstract: Faced with the desired shift-left concept in automotive development, it is essential to au-
tomate and digitise the development process. It is common practice in automotive software engineering
to implement DevOps processes, such as continuous testing. In the context of the off-car development
method, extended data from test drives and in-service operations are utilised as stimuli for continuous
off-car robustness testing. The robustness testing complements regression testing by using the explor-
atory nature of road tests. This allows the software to be analysed in a real-world operational context
at an early stage in the development process. The implementation of automated road testing in simula-
tions and on test benches enables the execution of a significant number of measurements, the evaluation
of which can prove to be a challenge. In addition to the assessment of functional tests, other character-
istics, such as the quantity of the change of states and the availability of electrical energy, are also
relevant for behaviour of a performance-hybrid vehicle in real-world conditions. This work presents a
method and tools for automated evaluation and aggregation of data obtained from off-car testing. Ob-
ject-oriented approaches and interactive dashboards are employed for data and code management, as
well as for visualisation purposes. An efficient analysis is enabled, supporting data-driven develop-
ment. The use of software-in-the-loop simulations and the implementation of analysis classes ensure a
consistent evaluation throughout the product development process in different development environ-
ments.

1 Research Motivation and the Challenge of Off-Car Testing

The complex nature of control systems in modern vehicles, which involve a multitude
of actors and interactions, requires a comprehensive and intensive testing process. As
it is not feasible to test all operational conditions, the software system’s functionality
can only be proven within a covered range [Wo018, My12]. Intensive testing of the
system reduces the likelihood of errors occurring during in-service operation. Road
testing, which is a highly resource-demanding process, is of pivotal importance. In
addition to functional tests, the vehicle's behaviour is tested subjectively and explor-
atively under varying boundary conditions. However, due to shorter development
cycles and limited availability of test vehicles, there is diminishing time available for
road testing. Therefore, it is essential that the vehicle software reaches a high level of
maturity before the road testing phase in order to ensure an efficient use of time. The
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goal is to continuously increase the software’s maturity throughout the product devel-
opment process (PDP). [Ma22]

In order to guarantee this, the continuous integration, deployment, and testing pro-
cesses, as defined by the DevOps methodology [HPJ20], will be employed. A new
software or calibration dataset is tested against defined requirements. To extend the
test coverage and subject the evolving system to exploratory analysis and error inves-
tigations at an early stage of its development, off-car robustness testing is
implemented as part of the off-car development method (OCM) in the PDP [Ma22].

The OCM employs data derived from both test drives and in-service operation to em-
ulate the conditions of road tests in simulations and on test benches. Published works
on this topic employ Markov chains to aggregate speed measurement reports from test
drives into compressed, equivalent advance profiles [FIG20]. By emulating road tests,
the system behaviour can be evaluated in a non-road environment, subjected to com-
prehensive analysis, and adapted to real-world operational requirements. The off-car
test (OCT) used in this paper is a 2000-kilometre road test comprising of 100 individ-
ual trips varying in length. The total distance of OCTs and, consequently, the number
of individual trips can be scaled as required. A probabilistic approach to the configu-
ration of the trips in question ensures that a different OCT is conducted if the software
or calibration dataset is modified.

The accumulation of data through the fast-moving nature of continuous off-car testing
presents a challenge for analysis. A time series based interpretation of results requires
a significant amount of resources for this quantity of data. To capture insights and
identify potential avenues for enhancing system behaviour, it is essential to employ
efficient methods.

This work proposes a solution to the challenge of off-car testing, namely a method
and tools for automated data evaluation and aggregation. In order to automate and
standardise the evaluation of data across the PDP, an object-oriented approach to data
and code management has been integrated into the tool chain (see section 2). The tools
have been designed with the specific purpose of aggregating vehicle‘s internal meas-
urement signals, calibration data, and calculation instructions for the usage of
evaluation and visualisation. In accordance with user predefined calculation instruc-
tions, the results of the OCTs are presented in the form of interactive dashboards,
accompanied by the calculation of key figures, as described in section 3. The paper
concludes with a comparison of two calibration datasets. The examples are demon-
strated through software-in-the-loop (SiL) simulations [SZ16, Sy24] and a control
system for the change from electric to hybrid drive of a plug-in performance hybrid
vehicle.

2 Consistent Evaluation and Aggregation: Data and Code Management

The reusability of calculation procedures and the aggregation with data are of funda-
mental importance for efficient and error-free analysis of the evolving vehicle
software. In order to implement these principles, object-oriented programming (OOP)
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in Python [St18] is employed. One of the core concepts of OOP is the definition of
classes, which serve as blueprints for instances. The classes designed for the OCM
describe methods for the evaluation and visualisation of measurements. Measure-
ment-specific data are transferred to an instance as attributes, which may be single or
multi-measurement data. The following pseudo-code outlines the structure and the
functionalities of an example analysis class utilised in this paper. [St18]

Pseudo-Code: Analysis Class for Automated Evaluation and Visualisation of Electric Drive Characteristics
Input: Measurements in diverse formats from a multitude of development environments
Return: Measurement-specific instance with the class functions as implemented methods

1: Class Analysis:

2: Function Initialise Instance():

3: Assign measurement(s) to instance

4: Function Read Time Series():

5: Process diverse data formats

6: Save defined signals in a standardised data format

7 Function Evaluate Electric Drive Characteristics():

8: Calculate the number of starts of the internal combustion engine per trip

9: Calculate the minimum value of the state of charge of the traction battery per trip
10: Function Visualise Electric Drive Characteristics():

11: Plot the quantity of starts of the internal combustion engine as a histogram

12: Plot the minimum values of the state of charge of the traction battery as a histogram
13: Function Read Calibration():

14: Save calibration parameters of selected functions of the vehicle software

15:

When an OCT is conducted as a SiL simulation, an analysis instance is generated for
each individual measurement. The analysis class may be calculated in simulations or,
alternatively, posterior instances may be assigned to measurements. In addition to the
storage of time series data from the control device, signals and key figures (e.g., lines
8 and 9 of the analysis class) are calculated to analyse the system. Furthermore, cali-
bration parameters of selected functions are read and assigned to an instance. A single
result file is created, comprising measurement-specific instances. These instances
contain the time series data of the control devices, the calculated signals and key fig-
ures, the employed calibration data, and the methods utilised for the evaluation and
visualisation of the measurement data and calibration parameters. The file is stored in
Pickle format [Py24] for archiving.

In addition to its utility in SiL environments, OOP has the potential to enhance effi-
ciency and reduce error probability in a multitude of development environments. The
analysis class may be employed in a variety of additional development applications.
The processing of diverse data formats (see pseudo-code, line 5) and the capacity for
posterior assignment allows measurements to be generates from any environment as
instances. The evaluation of simulations, test benches and vehicle measurements re-
mains consistent. In the OCM framework, the above analysis class is also employed
to analyse measurements documented within a big data infrastructure [1S23]. Along-
side testing, the signals and key figures of OCTs can be used to determine target
functions and facilitate automated calibration (see [Ma22]). Figure 1 provides an over-
view of the various development applications of the analysis class in the PDP.
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Figure 1: Overview of various development applications and environments of the
analysis class in the PDP

Following the successful execution of an OCT, the only prerequisites for analysis are
the Pickle file and a Python installation. All components for visualisation in interac-
tive dashboards and the calculation of key figures are contained in the result file. This
enables efficient and error-free analysis of the software under development.

3 Visualisation and Key Figures for Data-Driven Decision Making

Analysing large amounts of complex and fast-moving data, such the output from an
OCT during vehicle software development, is a challenge. Visual preparation is a key
to manageability and the integration of dashboards enables interaction with the data.
This supports the search for errors and their causes while allowing for data-based soft-
ware adjustments and calibration. [De24]

Using a set of analysis class methods, it is feasible to create a dashboard that is cus-
tomised to a specific function by integrating the user predefined components, such as
the histograms described in pseudo-code lines 11 and 12. A summarised interactive
visual representation of data enables efficient comprehension of system behaviour and
eases the investigation of anomalies [De24]. Figure 2 schematically illustrates the
structure of a dashboard designed for off-car robustness testing of the control system
that is switching between electric and hybrid drive. The dashboards are built using the
Python library Dash [P124a]. The data is based on 100 individual trips with a total
distance of 2,000 kilometres, which represents the intended real-world operation of
the system under development.

The dashboard shows a list of measurements performed with information on each in-
dividual trip. The table list of measurements offers the possibility of filtering, for
example, by the dynamics of a trip in the form of the relative positive acceleration
index (RPA, [Tul5]). Furthermore, the dashboard updates the displayed graphs and
calculations according to the filtered trip selection. In addition to histograms and key
figures, the diagrams also display the associated calibration maps and corresponding
operating points.

Time series data can be analysed by employing a predefined method of the instance
using the Python library ASAMMDF [Hr23]. Measurements can be exported as MDF
files [AS24] and analysed with common tools. The export can be initiated from the
dashboard via a download button or through command line. Alternatively, interactive
time series plots for selected signals can be generated. Using the Python library Plotly
[P124b], the analysis class can deliver plots as an HTML file [Wo024].
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Figure 2: Schematic dashboard for analysing the control system for the change from
electric to hybrid drive

The previously mentioned open-source Python libraries along with the Pickle module
provide a platform for the analysis of a multitude of simulations and test bench meas-
urements. Upon generation of new software or datasets, an analysis of the implemen-
ted modifications can be conducted based on the intended real-world operation within
a few hours. To illustrate the power of the aforementioned method and tools, the re-
sults of an example variation of calibration data is presented in the following section.

Demonstrating Method and Tools: Results of an Example Off-Car-Test

The calibration of the control system in charge of changing drive states from electric
to hybrid has a significant impact on the subjective perception of vehicle behaviour in
performance hybrids. The degree of freedom of operation permitted by the drive train
allows for a multitude of variants to be implemented. The calibration determines the
utilisation of electrical energy stored in the traction battery and the extent of the
change of states. The following section presents a comparison of two example cali-
bration datasets and examines the resulting system behaviour as in-service operation.
The example describes the results of an OCT for the charge-sustaining operation
[UNR154] of a performance hybrid vehicle. The modified calibration map is shown
in terms of the requested power as function of the vehicle speed and the state of charge
of the traction battery.
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Both variants concentrate on binary operation, divided into two speed ranges. In order
to prevent the internal combustion engine from operating at an inefficient partial load,
the low speed range is usually run in an all-electric mode. At higher speeds, a hybrid
operation is employed to facilitate recovery of electrical energy through load point
shifting. Moreover, the avoidance of partial load operation is extended by boundary
conditions, namely performance potential and comfort. The differentiation between
the variants is based on the targeted separation speed for the binary mode ranges.
Calibration dataset A is designed with performance in mind, with the objective of
maintaining sufficient electric energy for accelerations in the traction battery. This is
achieved by starting the internal combustion engine at speeds of 30 kilometres per
hour. Calibration dataset B is designed to provide a more comfortable system behav-
iour with less frequent changes of states than dataset A. This requires a system to
reduce the number of internal combustion engine start and stop events in urban areas.
The targeted engine start-up speed is therefore defined as 50 kilometres per hour.

In order to quantify the comfort of the system, the number of starts of the internal
combustion engine is analysed. The key figure for the performance potential is de-
scribed by the 10th percentile (xo.1) of the lowest occurring state of charge of the
traction battery per trip, thereby representing the minimum electrical energy that can
be made available in 90 percent of cases. To calculate these values, OCTs of each
variant are simulated in SiL environments. Based on the method discussed above and
the tools for automated evaluation and aggregation of data, a pickle file is available
after a few hours of simulation time.

Once the pickle file and a Python installation have been prepared, the results can be
analysed. Figure 3 illustrates components of the analysis class used for the creation of
dashboards. The left-hand side of the plot displays the comfort quantification, repre-
sented in a histogram showing the specific number of start-ups of the internal
combustion engine per trip. The histogram on the right-hand side of the plot represents
the lowest charge states of the traction battery per trip, which quantifies the perfor-
mance potential. The state of charge is normalised to an example charge-sustaining
set point for the purpose of comparing variants in this paper. The class centres for
categorising the number of starts are arranged in an arithmetic sequence with a differ-
ence of two, ranging from zero to 20 starts. The relative state of charge exhibits a class
step size of 0.1 within an interval of minus one to zero.

Comparing calibration dataset A to B, there is a shift towards fewer starts per trip and
an increase in trips where the internal combustion engine is not started at all. The
proportion of time spent in all-electric driving mode is 2.25 times higher with calibra-
tion dataset B compared to dataset A (see the left plot, bin zero). Overall, the number
of starts reduces by 22 percent. An increase in the proportion of electric driving results
in a greater demand for electric energy from the traction battery, which has two con-
sequences in real-world operations. Firstly, the 10th percentile drops to -0.68 with
calibration dataset B compared to the calibration dataset A value of -0.55 for the min-
imum relative state of charge. Secondly, in dataset B, the value of -0.55 corresponds
to the 20th percentile (xo.2). Therefore, with dataset B, the number of trips with the
same minimum available electric energy is 10 percent lower than with dataset A.
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Figure 3: Quantification of the characteristics of the dataset variants in real-world op-
eration — comfort (left) and performance potential (right)

This initial assessment serves to comprehend the potential advantages and disad-
vantages of the proposed modifications at a glance. A plan of action for subsequent
steps can be devised based on the quantified characteristics. In this example, calibra-
tion dataset B results in a reduction in performance potential in comparison with
dataset A. However, it also demonstrates the potential to reduce the quantity of change
of states. To investigate a potential trade-off between comfort and performance, it is
recommended to employ the interactive dashboards for a more comprehensive analy-
sis. Based on the insights gained, modifications can be made to the calibration data as
appropriate.

The off-car testing equivalent to in-service operations enables the quantification of
potential advantages and disadvantages of modifications prior to costly road tests. The
aggregation of time series data, key figures, and evaluation methods, along with the
aggregation of multiple instances within a Pickle file, facilitates an efficient analysis
of data produced. The insights thus obtained can then be employed to inform decision-
making processes. In the event that a tested variant fails to meet the required specifi-
cations, the calibration data can be adjusted in subsequent iterations without the need
for road tests. Following a successful off-car demonstration, the calibration data can
be deployed and further refined on development vehicles.

4 Conclusion

The method and tools presented in this paper facilitate the efficient analysis and data-
driven decision-making of new software versions and calibration datasets. In order to
ensure an automated and consistent evaluation, an object-oriented approach is utilised.
An analysis class has been designed to provide blueprints for the evaluation and vis-
ualisation of measurements taken in a variety of development environments.
Following the successful completion of an off-car test, the specific instances of indi-
vidual trips, along with time series data, key figures, calibration parameters, and pre-
defined methods are aggregated in a result file. The data is then analysed using inter-
active dashboards.

In order to utilise the exploratory nature of road testing at an early stage of the product
development process, an off-car imitation of road testing is employed as part of the
OCM. The relocation of test drives to simulations and test benches allows a multitude
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of measurements to be conducted in an efficient manner. However, the fast moving
and rapid accumulation of data presents a challenge when off-car testing is conducted
on a regular basis. To address this issue, the method and the aforementioned tools
presented in this work are integrated into the OCM. Consequently, a few hours after
a modification is made, key figures for the system behaviour in an in-service-equiva-
lent operation can be provided and the system can be analysed. An example variant
comparison demonstrates the power of the employed tools for efficiently analysing
system behaviour. To quantify performance potential and comfort, key figures are
calculated based on the state of charge of the traction battery and the frequency of
internal combustion engine starts.

Further development of the OCM will entail extending the application of the analysis
class to automated calibration. Additionally, key figures of off-car testing will be em-
ployed in the determination of target functions.

The presented work on automated data evaluation and aggregation plays a pivotal role
in the success of automated, data-driven development of automotive software.
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