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Introduction

Sustainable automation solutions in smart factories, which
must become more agile, intelligent, and autonomous, require
the use of sensor and control systems with artificial
intelligence (AI) that enable "close to the action" machine
learning and process control under real-time conditions. The
microelectronic and information technology integration of
Al-methods into sensor systems, as a complement to
mechatronic automation systems, holds enormous potential
for value creation. Through the availability of higher-quality
information ("smart data") provided by distributed intelligent
embedded sensor systems, control processes can be made
more efficient, flexible, and autonomous at higher system
levels.

Figure 1: KI-MUSIK4.0 System Platform.

The research project “Microelectronics-based universal
sensor interface with Artificial Intelligence for Industry 4.0”

(“Mikroelektronik-basierte universelle Sensor-
Schnittstelle mit Kiinstlicher Intelligenz fiir Industrie 4.0”-
KI-MUSIK4.0) [1] explores reference architectures for
integrated sensor systems with real-time capable data and
information processing based on Al and machine learning
(ML) methods. Accordingly, research focuses on the
investigation and development of efficient intelligent sensor
systems for industrial production applications and distributed
modular machine learning systems as well as the close
coordination of hardware and software components
(hardware/software co-design). A foundation is provided by
research into Al methods that ensure efficient implementation
of distributed intelligence, also in the context of autonomous
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systems. The intended modularity enables a high flexibility of
the developed and adapted ML methods and makes a
significant contribution to their transparency and traceability.
Aspects of reliability and robustness as well as real-time
capability are also taken into account.

The microelectronic components address novel energy-
efficient sensor concepts optimized for ML, as well as
hardware systems on the field and control level for the
performance- and efficiency-optimized implementation of Al
methods. These systems form the basis for increasing the
efficiency, flexibility, and autonomy of production plants,
end-to-end digitization, and predictive maintenance. This will
contribute to the use of project results in industrial production
by small and medium-sized enterprises, for example in the
fields of intelligent automation, robotics, and sensor
technology.

In this publication, we propose a system platform that
represents a combination of high-performance analog sensor
interfaces, extended signal processing capabilities and the
ability to infer ML models as shown in figure 1. Details on the
underlying modular embedded system architecture equipped
with sensor interfaces and multivendor hardware Al-
acceleration for data processing are presented. The
transferability of the solution approach to industrial
application scenarios is ensured by a system architecture that
defines a scalable interaction of decentralized edge devices
and centralized cloud computing platform services. The
solution integrates different workflows for data processing
and KPIs for developers, engineers and system operators.

Al Method Application in Industrial
Environment

Artificial Intelligence (Al) is rapidly transforming various
industries, including the automotive and industrial sector. Al-
methods are being deployed in the industrial environment to
improve operational efficiency, reduce costs, and enhance
safety. Corresponding techniques include machine learning,
natural language processing, robotics, and more. Industrial Al
has revolutionized the way industries operate by allowing
businesses to optimize their operations and make data-driven
decisions. Industrial use cases include predictive
maintenance, anomaly detection, quality control and more.

The unique characteristic of the KI-MUSIK4.0 system
platform, is the combination of high-performance IEPE
analog sensor interfaces, extended signal processing
capabilities and the ability to infer ML models on a platform.
It offers a comparatively high performance combined with
compact design. Individual modules can be flexibly combined



for the implementation of the respective use cases for acoustic
signal processing. The integration of hardware-based Al-
accelerators is possible on a M.2 form factor basis. The broad
support of industrial communication protocols like CAN /
UART / RS485 / Digital IQ's / SP1/ I2C / Ethernet enables the
integration in industrial application scenarios.

ASIC and FPGA technology allow parallel processing, which
is particularly beneficial for applications that require high-
speed evaluation of larger data volumes. FPGA-based
hardware acceleration is a powerful tool for improving the
performance of the signal acquisition system. Designing an
optimized system architecture and programming the FPGA
with a hardware optimized software design, can achieve high
speed, efficient processing of large volumes of acoustic and
other data.

Data and Signal Processing Methodology

Increasing amount of data is being generated by measurement
systems. This data is often in a raw or unprocessed form and
requires some level of treatment before it can be used for
analytics or decision-making. Traditionally, this has been
done in the cloud or on on-premises servers, but with the
development progress of embedded devices, it is becoming
possible to perform advanced application techniques at the
edge (figure 2). Our Al enabled methodology can be broken
down into several steps:

1.) Data Acquisition: Data is acquired from sensors or
other sources and sent to the embedded edge device
for processing. This data can be in a variety of
formats, such as environmental sensors, vibration,
acceleration, audio, or other. The quality and
quantity of the acquired data play a crucial role in the
accuracy of analyses.

2.) Feature Extraction (FE): This preprocessing step can
include tasks such as noise reduction, feature
extraction, and normalization. Feature extraction
involves identifying and extracting relevant features
from the raw data. Usually relevant features are
signal variance, slope, peak position, maximum,
minimum, kurtosis, skewness, crest factor, peak to
average. The features extracted must be informative
and relevant to the task [2].

3.) Feature Ranking and Selection: Feature ranking
involves choosing the most relevant features from
the extracted features. The goal of feature selection
is to reduce the dimensionality of the data and
improve the accuracy and efficiency of the analyses.
The feature selection can involve using statistical
techniques to determine which features are most

relevant to the research question.

Model Inference: This step in the analytics
methodology is model inference. Model inference
involves using statistical models or machine learning
algorithms to analyze the selected features and make
predictions or draw conclusions. Model inference in
the context of acoustic signal processing can involve

4.
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usage regression models, classification models, or
clustering algorithms.

The results of the inference are postprocessed to generate
insights or actions. This step can include tasks such as
visualization, decision-making and quality control.
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Figure 2: Data Processing in the context of the
KI-MUSIK4.0 System Platform.

Data Acquisition and Sensor Interface

Data Acquisition (DAQ) systems are fundamental tools in
scientific research and engineering. They are used to measure
and measure data from various physical quantities. The
collected data is then processed and analyzed to provide
insight into the system under investigation. DAQ systems are
employed in various applications, including control systems,
process monitoring and quality testing.

It is a critical step in the processing pipeline as the quality of
the data collected directly affects the accuracy and validity of
the analyses and therefor the result. In general, a DAQ system
must be able to sample data in real-time, store it efficiently
and provide accurate algorithms for processing. Field devices
face several challenges when it comes to data acquisition.
They have limited computational resources and storage
capacity, which makes it challenging to perform data
acquisition use cases considering production quality testing
actions. In addition, field devices are often required to reserve
computational resources for common operating system
activities and real-time capable communication. Due to this
design constraints, dedicated data processing units provide
mitigation for processor load. Significant impact can be
induced due to harsh environment conditions, therefore, it is
essential to tailor a DAQ system that is optimized to fulfill all
requirements.

A typical DAQ system [3] consist of four main components:
Sensors, analog filtering and signal conditioning circuitry,
analog-to-digital converter (ADC) and digital controller. The
sensor is used to measure physical quantities under
investigation and converting it into an electrical signal.
Components of a measurement system vary depending on the
application requirements, it may be a thermocouple,
proximity switch, strain gauge, triaxial accelerometer,
pressure transducer or of another type. The analog filtering
may be a variable low-pass, high-pass or band-pass filter, that
can be customized to the specific use case and frequency
response required. Signal conditioning circuitry includes
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amplifiers, signal converters and isolation circuits, based on
the signal level and noise sources. The analog-to-digital
converter can be of successive approximation, delta-sigma or
flash converter type. Performance metrics of DAQ systems
are examined, including accuracy, precision, resolution,
converter linearity and signal-to-noise ratio (SNR). Based on
our requirements we decided to implement a flexible solution
with a carrier board and custom designed Integrated
Electronics Piezo-Electric (IEPE) [4] ADC board, which
implements four dedicated synchronous measurement
channels (figure 3).
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Figure 3: Architecture of the KI-MUSIK4.0 System Platform

With the following features: Individually activated AC/DC
coupling, customizable high pass / low pass filter, high
electrical bandwidth with SNR of 100 dBV and THD+N
<<0.001% at 1 kHz and sampling rates up to 1 MHz.
Additionally, the platform can be equipped with different
Commercial Off-the-Shelf (COTS) ADC boards using carrier
board interfaces. The standard setup is equipped with the
MAXIM MAXREFDESS [5] mid-range Analog Front End
(AFE) board and the Analog Devices CNOZ0535 ARDZ
high-range AFE [6]. Usage of COTS ADC boards offer
several advantages, including ease of integration and shorter
development time. COTS boards are available on the market,
reducing costs compared to custom-designed ADC boards.
However, there are limitations associated with the flexibility
and customization options offered.

Processing System

The main processing unit is based on the Xilinx Zync-7000-
SoC [7]. It combines a dual core ARM Cortex A9 processor
with a FPGA. This dual core design allows efficient
multitasking and faster processing times. The KI-MUSIK4.0
System Platform constellation is running a Linux operation
system. We rely on a PetaLinux [8] operating system with
PYNQ [9], a Python programming interface for accessing
programmable logic in Xilinx FPGAs. PYNQ simplifies the
process of designing and implementing custom hardware
accelerators, while enabling rapid prototyping and evaluation
of applications. PYNQ also provides a Python-based Jupyter
Notebook environment for interacting with the FPGA,
enabling users to access programmable logic using familiar
Python syntax. The framework includes a set of pre-built
overlay designs, which are pre-configured and can be
customized by modifying their Python interface according to
figure 4.
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A key enabler for scientific data processing is the availability
of software frameworks. The platform includes a set of
Python libraries and provides intuitive integration of
additional C/C++ based libraries. Frameworks for numeric
processing, ML and visualization including NumPy, Librosa,
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Figure 4: Software stack for application development

SciPy, XGBoost, TensorFlow and Pandas. PYNQ natively
supports high-speed data transfer between the ARM processor
and FPGA using Direct Memory Access (DMA) engines,
minimizing transfer bottlenecks.

The FPGA is programmed for communication with the
measurement interfaces and supports activities in the
processing stream, implementing several interface blocks:
Communication handler, filter blocks, FFT and DMA. The
FPGA fabric consists of programmable logic cells, memory
blocks and DSP slices. FPGAs can perform multiple tasks
simultaneously due to the specific implementation in
hardware circuitry logic, this is particularly useful for
processing tasks that require high throughput and low latency
which results in significant performance gains. The strategy
here is to use hardware accelerators alongside the embedded
CPU to deliver execution efficiency for data intensive peaks,
offloaded to the accelerators, while executing the rest of the
workloads on the embedded CPU as shown exemplary in
figure 5.
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Figure 5: Performance benchmark of different processing
technologies

FPGAs can be reprogrammed during runtime to perform
different tasks, making them versatile and adaptable to
changing workloads [10]. The KI-MUSIK4.0 Evaluation
Board implements sockets for ASIC, Tensor Processing Unit
(TPU) capable of simultaneously inferring models in the
information processing pipeline or additional controller as an
alternative to the System-on-Chip (SoC). For ML tasks the
TPU is designed to accelerate inference execution and
training of neural networks. TPUs can deliver significant
speedups over traditional CPUs for ML tasks, main advantage
is the ability to perform matrix operations efficiently.

Conclusion

In this paper, we described a novel ML-enabled hardware
platform. The validation was performed in the industrial



quality testing context. Innovative combination of high-
performance sensor interface, integrated industrial
communications, cloud networking, extended signal
processing capabilities and the ability to infer ML models on
a single platform. Further NVH domain methods, algorithms
and IT cloud computing aspects are described in a distinct
paper of the present proceedings [11].

To evaluate the performance of general-purpose and
embedded processors, we conducted experiments using
metrics such as data throughput and latency. Our results show
that embedded processors combined with FPGAs can provide
an optimized implementation of fundamental operations, fast
local memory buffering, floating point optimizations and
superior performance for acoustic signal processing and ML-
specific tasks. The platform can be considered as an enabler
of ML-enhanced acoustic signal processing methods in
industrial development and production.

Embedded processors, ASICs and FPGAs consume less
power than general-purpose processors, making them ideal
for use in applications with limited power budgets [12]. The
requirements need to be carefully evaluated considering the
application and choose the appropriate architecture to achieve
best performance, sustainability and efficiency.

The KI-MUSIK4.0 project is funded by the German Federal
Ministry of Education and Research (Bundesministerium fiir
Bildung und Forschung-BMBF, funding code: 16ME0066K).
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