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Introduction

This document represents the final report of the PlasticObs_plus project, which was funded by the
Federal Ministry for the Environment, Nature Conservation, Nuclear Safety and Consumer Protection
(BMUV) (grant reference 67KI21014B).

The work presented encompasses all work performed by Optimare Systems GmbH in the
PlasticObs_plus project. This final report follows the specifications of the NKBF 2017. Chapter 1 provides
a brief overview of the project according to Point |. Chapter 2 presents the substantive developments in
a detailed presentation according to Point Il. Point Il (success control report) is fulfilled by a separate

document.
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1.Short Description

1.1 Previous Work und Resulting Tasks

At the start of the project (2022), knowledge about the distribution of plastic debris in waters was
predominantly based on point measurements with limited spatial and temporal coverage. Studies
demonstrated the use of hyperspectral remote sensing for the detection of macroplastics, but systematic
monitoring of larger areas was lacking (Garaba et al., 2018). While satellite data enable large-scale
analyses, they suffer from low resolution (>10 m/pixel) and atmospheric disturbances (e.g., cloud
cover), which complicates the detection of small plastic objects (<1 m) (Topouzelis et al., 2020). Drone-
based approaches achieved detailed detection of plastic litter with high spatial resolutions (down to
0.05 m/pixel), but were only suitable for small-scale investigations due to their limited flight range and
flight time (Fallati et al., 2019). Aircraft-based systems for oil detection were established but not
optimized for plastic debris.

The aim was therefore to develop a two-stage Al-based sensor system and infegrate it into an airborne
remote sensing platform for the detection and analysis of plastic waste in maritime environments. These
surveys were to be conducted as part of routine flight surveys, such as oil pollution surveillance flights,
in order to close the gap between satellite- and drone-based monitoring approaches. The resulting
integrated measurement system was to enable standardized, large-scale, high-resolution, and regular
monitoring of plastic pollution, thus further closing the knowledge gaps regarding the sources,
distribution routes, and accumulation areas of plastic waste. The automatic evaluation of the remote
sensing data will be carried out using machine learning and deep learning methods. The resulting
models will be transferred to a publicly accessible Al library, while the inference of selected models can
be triggered via a geoportal, and their results can be directly interpreted.

1.2 Prerequisites, planning and process of the project under which the project was carried

out

The project utilized a flexibly equipped research aircraft (HK36 TTC-ECO) from Jade University, as well
as existing sensor platforms and the expertise of the participating partners. The core scientific and
technical elements were defined through stakeholder surveys at the beginning of the project. Among
other things, the focus was on as many application areas as possible, interactive maps, and the long-
term goal of prevention, based on the project results. Regular, scheduled project meetings (virtual and
physical) ensured coordination, alignment, and risk monitoring within the consortium. WP8, specifically
dedicated to this project, established public relations and knowledge transfer as an integral component.
Thus, the results, progress, and planned campaigns were documented and made available during the
funding period. The three milestones (1. Definition of requirements, 2. System validation, 3. Final
demonstration) structured the project progress and highlighted the most critical advances to be
achieved.
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1.3 Results and cooperation with other entities

The PlasticObs_plus system implemented a two-stage Al architecture for plastic detection: In the first
stage, the VIS Al analyzes the data from the VIS line scanner in real time, while in the second stage,
the EOIR Al segments and classifies the high-resolution multispectral data. The VIS Al successfully
identified anomalies in Brazil and generalized across different environments, which was validated by
manual ground-truthing campaigns.

The Candidate Selection System (CSS) prioritizes potential plastic hotspots, allowing the EOQ/IR (electro-
optical/infrared) sensors to be efficiently targeted. These results enable precise detection and validation
of plastic waste, even in complex environments such as festival sites, salt marshes, lakes, and beaches.

The GeoNode platform integrated Al models via the FastWP! interface, enabled batch processing, and
provided georeferenced results for subsequent visualization and export. The open-source Al library
created as part of the project includes pre-trained models and supports global adaptation to regional
waste types. Published datasets include annotation files and are based on both spatially and spectrally
diverse image data.

To strengthen the project’s broad impact, PlasticObs_plus involves not only the core team from research
and industry, but also national and international stakeholders. The Federal Environment Agency (UBA)
contributed its expertise from the Kl-Lab, and the Wittbiilten National Park House on Spiekeroog serves
as a central contact point for the UNESCO World Heritage Wadden Sea. An exchange with the German
Society for International Cooperation (GIZ) and the planned collaboration with MI4People promote
technology transfer and enable the development of policy measures. These collaborations also
underscore the flagship character of PlasticObs_plus as a holistic approach to Kl-supported
environmental protection.
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2. Detailed Description

2.1 Introduction

Airborne monitoring for the detection of plastic waste represents a modern, universal observation
method for addressing the urgent and rapidly increasing problem of plastic waste pollution on a global
scale with ecological, social, and economic implications. Remote sensing data from spectral and
imaging sensors have the potential to significantly advance the detection of plastic waste in aquatic
environments, close existing knowledge gaps regarding sources, distribution routes, and accumulation
areas, and enable regular and standardized monitoring. PlasticObs_plus aims to develop an integrated
measurement system for the routine, quasi-synoptic detection and visualization of the distribution of
plastic waste on the water surface and along shores and coastal strips in a situational overview using
innovative Al technologies and modern remote sensing.

Figure 1: Conceptual representation of the PlasticObs_plus system

The core element of this measurement system is the use of existing sensor technology from pollution
control aircraft. A major challenge is reconciling the area coverage required for locating plastic waste
with the detailed resolution required for the use of modern Al methods. Within the framework of
PlasticObs_plus, a dual sensor solution has proven successful in this regard. In this solution, shown in
Figure 2, an overview image is first captured using a line-scan camera in the visual range (shown in
yellow). Based on this data, an artificial intelligence system detects a pre-selected set of potential plastic
findings as anomalies. For precise quantitative and qualitative determination of the finds, a high-
resolution zoom-camera (shown in gray) then takes detailed images of the anomalies, which are
analyzed using another Al system. This approach allows for the cost-effective use of existing sensors
and can be integrated info existing mission structures in maritime environmental monitoring.
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2.2 Work Package Overview

The following sections describe in detail the work and investigations conducted in the PlasticObs_plus
project (funding code 67KI21014B) and their results based on the work packages. The following table
lists the individual work packages. This report presents the work packages led by Optimare Systems
GmbH.

WP Short Title Package Lead Optimare participated
WP1 Concept and coordination phase DFKI Yes
WP1.1 Stakeholder interviews & specification Optimare Yes
definition
WP1.3 Creation of system design documents Optimare Yes
WP2 Digital twin of the plastic detection system | Optimare Yes
WP2.1 Implementation of data structure Optimare Yes
WP2.2 | Development of an image line generator | Jade University Yes
WP2.3 | Simulation and test EO/IR Optimare Yes
WP3 Sensors and actuation Optimare Yes
WP3.1 Development Sensors Jade University Yes
WP3.2 Image Correction Optimare Yes
WP3.3 | Control/Test EO/IR Optimare Yes
WP4 Al-based PlasticObs_plus system DFKI No
WP5 Data management Optimare Yes
WP5.1 Application system architecture Optimare Yes
WP5.2 | Integration data sources & database Optimare Yes
management
WP5.3 | Data handling + Georeference + data Optimare Yes
fusion
WP6 Experiments and validation Jade University Yes
WP6.1 Field experiments drones DFKI Yes
WP6.2 | Field experiments research aircraft Jade Hochschule Ja
WP6.3 | Field experiments pollution control aircraft | Optimare Ja
WP7 Platform for results DFKI Ja
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WP7.1 Development, operation and further DFKI Ja
development of the geodata portal

WP8 Publication & Public Outreach everwave Ja

WP8.1 Public relations everwave Ja

WP9 Project management DFKI Ja

WP9.1 | Administration and project coordination DFKI Ja

WP9.2 | Reporting DFKI Ja

Table 1: Work package overview

2.3 WP1: Concept and coordination phase

The specification document, drafted and finalized based on discussions with project partners and
stakeholders, was continuously incorporated into the development of the system design documentation
in WP 1.3 to ensure consistent coverage of requirements and stakeholder requirements. Based on the
specification documents, a design document was created according to the processes at Optimare. This
document defines and describes in detail the individual components of the PlasticObs_plus system. In
addition to the basic technical components and their interactions, this includes the structure of the data
structures, a description of the software components, the necessary adaptations to the Optimare mission
system, and a modular description of the system implementation for use in the research aircraft of Jade
University and in the oil monitoring aircraft of the subcontractor Fototerra.

The document is structured to enable comprehensive system implementation and, in the event of
potential use in other aircraft not used in the project, to serve as the basis for necessary system
adaptations. In addition to the basic design document, necessary supporting documents such as the
List of Equipment and the Installation Manual were created. For use in the aircraft, the test documents
Software Acceptance Test to ensure the functionality of the software components, Factory Acceptance
Test to guarantee the conformity of the VIS Line Scanner prior to installation in the aircraft, as well as
the Ground Test Document and Flight Test Document, each of which demonstrates the functionality of
the entire system after installation on the ground and in the air, were also created.

A schematic representation of the overall system designed for installation on the Poseidon#1 oil
monitoring aircraft at the subcontractor Fototerra in Brazil is shown in Figure 1. An instance of the
Optimare mission system MEDUSA is installed on the Removable Operator Flight Laptop (ROFL). This
system controls the sensors relevant to the overall system, the High-Resolution VIS Line Scanner (HRVIS
LS) and the Electro-Optical (EO/IR) sensor on the oil monitoring aircraft. EdgeAl (or VIS Al) is integrated
into the mission system and uses the data from the HRVIS LS to preselect plastics for detection. MEDUSA
receives the navigation and sensor metadata from the aircraft and uses this data and the VIS Al to
geolocate anomalies, align the EO/IR sensor to the desired position, and generate video recordings.
The videos and anomaly data obtained in this way are stored in a database for further use.
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Figure 2: Schematic representation of PlasticObs_plus sensor system

2.4 WP2: Digital twin of the plastic detection system

The data structure of the overall system, and thus of the digital twin, was continuously adapted in detail
over the course of the project to address the specific requirements of the developed VIS Al and EOIR
Al and to ensure efficient data storage, which would not lead to overloading of the computing capacity
in equivalent real-world system operation. To increase the flexibility of testing and fine-tuning the VIS Al
for anomaly detection, it was implemented as a Docker container in the digital twin. This allowed newly
trained Al versions to be implemented and tested directly without significant time expenditure. Based
on the image line generator, a digital mission environment of the Optimare mission system MEDUSA
was set up, simulating the functionality of the overall system in simulated aircraft movement.
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Figure 3: Navigation simulation and plastic detection in the digital twin

For this purpose, in addition to the replay functionality of existing missions, a navigation simulator was
created for test and demonstration purposes. This dynamically calculates any flight path and simulates
the sensor imagery using public satellite imagery. Any variant of the VIS Al can be integrated into this
navigation simulator to obtain direct feedback on the training and behavior of the anomaly detection
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system. An example of such a simulation is shown in Figure 3. The anomalies detected in this scenario
are marked with warning triangles and are displayed both in the HRVIS LS waterfall diagram and on
the moving map.
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Figure 4: Measured Rotation Rate EQ/IR Sensor

A technical challenge is the control of the EOQ/IR sensor and the limited time associated with aircraft
movement until an anomaly can disappear from the camera’s field of view. Since the EO/IR sensor
must physically align with the targeted anomaly, the dynamic motion behavior of the EO/IR camera
must also be considered in the simulation. Since the actual physical angular velocity of the EOQ/IR sensor
used in the oil monitoring aircraft in Brazil is approximately 40°/s (see Figure 4), but detected anomalies
are sometimes up to 90° apart, the movement of the aircraft must be extrapolated several seconds into
the future when simulating the control of the EO/IR.

Whenever an anomaly occurs and is to be tracked, the EO/IR must physically align itself. However,
since the aircraft does not necessarily move in a straight line, determining its aftitude in three-
dimensional space is geometrically challenging. Motion extrapolation was implemented using Savitzky-
Golay filters and tested using real navigation data. The simulation of the EO/IR orientation was
implemented using a series of rotation matrices and coordinate transformations such that the EO/IR
was aligned to the expected anomaly position within the extrapolation period. This method can reliably
ensure that the EO/IR reacts to detected anomalies in a timely manner. A simplified representation of
this dynamic is given in Figure 4. Only anomalies (red dots) that lie within the maximum field of view of
the EO/IR camera can be detected. Due to aircraft movement, not all anomalies can be detected; it
became necessary to design a weighting system that preselects the most promising anomalies within
narrow bands.
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Figure 5: Schematic representation of the dynamic requirements of the sysfem

2.5 WP3: Sensors and actuation

The resolution of the standard Optimare VIS Line Scanner is 178px at an acquisition frequency of 20
Hz. During the project’s measurement campaigns, it became apparent that this resolution is insufficient
to detect plastic with satisfactory accuracy in typical mission scenarios. For this purpose, the VIS LS was
further developed into the High-Resolution VIS LS, achieving a resolution of 4096px and a dynamic
frame rate of up to 500 Hz. A direct comparison of the image quality of the standard VIS LS and the
PlasticObs_plus prototype is shown in Figure 6

Figure &: Regular VIS LS (leff). PlasticObs_plus profotype (right)

The significantly increased data rates resulting from this upgrade necessitated a change in the
underlying database structures. However, dynamic control of the recording frequency not only ensured
uninterrupted data storage but also ensured that the projection of the pixels on the ground remained
continuously square. The automatically selected recording frequency of the PlasticObs_plus prototype
is

g 2
— -

where
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_tana-h
xf = R
Here, fi, is the recording frequency in Hz, v, is the ground speed of the aircraft, x; is the footprint in
m, « is half the camera’s aperture angle, h is the flight altitude in m, and R is half the camera’s
resolution. The factors 20 limit the local rate of change of the recording frequency.

During the measurement campaigns conducted during the project, it became clear that for the VIS Al
to efficiently determine anomalies, image corrections are necessary to compensate for the physical
limitations of the measurement method. Due to the design of the line-scan camera, in which the
individual color channels are physically separated on the chip, a color offset in the image occurs when
an oblique image is taken or when the aircraft is moving significantly relative to the ground due to the
different optical path lengths of the individual color channels. The effect is shown in Figure 7.

Figure 7: Example for the color shift

Physically, this image error can be circumvented by implementing a prism camera that enforces
identical optical paths for all channels. Since this solution would have required a complete redesign of
the HRVIS LS, the image error was compensated for with a software solution. By delaying the acquisition
of the individual color channels depending on the flight parameters, it is possible to map the individual
channels back to one another.

A major challenge during the project’'s measurement campaigns, when using the system in the cargo
pod of Jade One at Jade University, was the constant movement and vibration of the aircraft in three-
dimensional space. As the aircraft rolls at high frequencies, the individually recorded image lines of
the HRVIS line scanner are shifted against each other, leading to distortions in the overall image. This
effect is illustrated in Figure 8 and is particularly evident in the curved road shape. To correct these
image errors, an Nginuity Inertial Measurement Unit (IMU) was installed for the measurement
campaigns with Jade University’s aircraft for the festival flights. This made it possible to measure and
continuously compensate for this rolling movement.
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Figure 8: Example of image distortion caused by aircraft movements

Through a series of iterative test flights over the Jadebusen, the correct compensation was determined
to obtain an undistorted image. This required adapting the underlying data structures to include the

edges of the image caused by the shift (see Figure 9).

Figure 9: Corrected image

During the final demonstration of the system at the subcontractor Fototerra, the aircraft’s navigation

data was able to be used to perform a roll angle correction.

As described in Chapter 2.4, it was also necessary to determine the physical properties of the EO/IR

sensor in order to develop a trade-off system for anomaly detection.
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2.6 WP5: Data management

Based on the design documents, the system was implemented on the Removable Operator Flight Laptop
and the digital twin. The software passed all necessary tests and was successfully deployed in field
experiments during the summer of 2024 during the festival flights and flights over the Jadebusen. The
necessary adaptations for use in the oil monitoring aircraft were completed and tested in advance of
the measurement campaign in Brazil in December 2024.

The database structures specified in the design were implemented and their functionality was tested
during test flights. The problems described in Chapter 2.5 were identified and corrected by adjusting
the data flows. To integrate the system into the oil monitoring aircraft in Brazil, changes to the data
flows also had to be developed. While deployed on Jade One, the system operates in a digital
environment of the mission system that does not involve any interaction with the aircraft itself, when
deployed in Brazil, the PlasticObs_plus system must be linked to the oil monitoring aircraft’s existing
mission system to access navigation data, HRVIS LS, and EO/IR camera. Furthermore, it must be
ensured that the oil monitoring aircraft's regular operations are maintained at all times. For this
purpose, it was necessary to provide a compatible, low-resolution data stream from the high-resolution
data recorded for PlasticObs_plus. This was prepared and successfully deployed as part of the final
demonstration of the overall system..

The data acquired by the HRVIS line scanner were recorded together with the navigation data from the
IMU, and georeferencing routines were implemented. All image and navigation data, including
timestamps, are stored together in a database, allowing easy access to all mission results. The
anomalies detected by the VIS Al are also stored in a database with reference to the corresponding
lines and times so that they can be analyzed and validated together with the resulting EO/IR images.
When designing the data processing system, special attention was paid to easy reusability, allowing
the desired data to be extracted from the individual missions using rudimentary database queries. For
this purpose, simple example scripts were created in Python, allowing direct access to the data.

2.7 WP6: Experiments und validation

The opportunity to conduct a large measurement campaign for waste detection above the camping
area following a major festival in the summer of 2024 enabled large parts of the PlasticObs_plus project
to be tested in real-world applications. Apart from the use of the EO/IR camera available in Brazil,
which cannot be installed in the Jade One due to weight and size restrictions, all software and hardware
components of PlasticObs_plus were successfully deployed in the summer of 2024. An example excerpt
from the acquired dataset, including hotspot detection, is shown in Figure 10. Due to the iterative nature
of the flights, problems with data storage and image corrections on the HRVIS line scanner could be
tested and resolved in short processes. The installation of the HRVIS line scanner in the Jade One's
cargo pod together with the Nginuity IMU was successfully completed. During the measurement
campaign, HRVIS line scanner data in the order of 100 GB was collected, which could be used directly
for training the VIS Al.
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Figure 10: Example from the festival flight dataset

The data and sensor system developed during the system design has proven to be robust. Tests
conducted over the Jadebusen following the festival campaign made it possible to perform final
optimizations before the measurement campaign in Brazil in December 2024.

In December 2024, two Optimare employees and two scientists from Jade University of Applied Sciences
were on-site at Fototerra in Braganga Paulista, Brazil, to test the PlasticObs_plus system, including the
EO/IR sensor. Prior to this measurement campaign, Optimare made all necessary modifications to the
measurement system to ensure compatibility with the oil monitoring aircraft’s mission system. During
this measurement campaign, high-resolution HRVIS line scanner data were collected continuously for a
total of approximately 40 flight hours, and parallel and geolocated EO/IR images were successfully
captured in the second part of the measurement campaign.

Figure T1: Example of the use of the PlasticObs_plus system

After integrating and conducting the necessary tests of the PlasticObs_plus HRVIS line scanner, brought
from Germany, into the oil monitoring aircraft of the subcontractor Fototerra, a two-day mission series
consisting of three flights, each lasting two hours and one flight lasting four hours, was initially

conducted. The focus of this first mission set was on the successful deployment and testing of the HRVIS
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LS in the environment of the oil monitoring aircraft. In a second mission set of three flights, the EO/IR
sensor was integrated into the PlasticObs_plus system, successfully conducting parallel HRVIS line
scanner acquisitions, anomaly detection by the VIS Al, and corresponding automated detailed imaging
with the EO/IR sensor. With the completion of the measurement campaign, the PlasticObs_plus system
as a whole could be deployed in a real environment.

An example of the results of the interaction between both optical sensors and the VIS Al is shown in
Figure 11. As described above, no large accumulations of plastic were found in the ocean off the
Brazilian coast due to the limited timeframe of the missions. However, metallic objects such as ships
could be easily detected and analyzed. This finding indicates the potential for the PlasticObs_plus
system to be used in other contexts, such as the search for shipwrecked people or containers.

2.8 WPS8: Public Outreach

At the "SPIE-Defense + Commercial Sensing” trade fair on June 6, 2024, Optimare presented a
presentation paper titled "Automatic litter detection using Al in environmental surveillance aircraft.” The
accompanying paper was published in the conference proceedings.

As part of the BMUV's "Al Conference: Using Artificial Intelligence to Increase Sustainability?”,
Optimare, together with its project partners, was able to present the PlasticObs_plus project to a broader
public in November 2024.

Following the project, Optimare Systems GmbH presented the results to a broad audience from the
aerospace industry at the Paris Air Show on June 19, 2025, at the joint Optimare and Aerodata AG
booth with a presentation on the topic of "PlasticObs+: Towards Al-Powered Plastic Waste Detection in
Airborne Maritime Surveillance.”

3.1 Most important items of numerical evidence

Optimare Systems GmbH has achieved the objectives set out in the project plan within the time and
budget schedule. Details can be found in the numerical expenditure report.

3.2 Necessity and appropriateness of the work performed

The work carried out within the framework of PlasticObs_plus proved to be necessary and appropriate.
The development of an Al-based sensor system with realtime capability enables the airborne detection
of plastic waste in marine ecosystems while maintaining scalability. The appropriateness of the
methodology is underscored by the successful generalization and transferability of the models and other
technical results, as well as the validation using ground truthing in complex environments. The project-
accompanying integration of environmental stakeholders and the open-source approach (publications,
datasets, GitHub, and GeoNode) further demonstrate the operational relevance and global adaptability
of the solutions.

3.3 Usability

Optimare Systems GmbH aims to commercially exploit the results from PlasticObs_plus. Firstly, the
insights gained from the use of the high-resolution VIS line scanner will be incorporated into the further
development of the product portfolio. Discussions with existing and potential customers have revealed
a specific need for the modernized sensor. Secondly, in the coming months and years, Optimare
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Systems GmbH will further develop the PlasticObs_plus system from prototype to a concrete product.
Optimare sees great potential here to meet a previously unmet market need.

3.4 Progress in the field

During the grant period, Optimare Systems GmbH was not aware of any products from an economic
perspective that had comparable capabilities to the PlasticObs_plus system.

During the grant period, significant scientific advances were made in remote sensing technology for
detecting plastic debris in marine ecosystems. Scientific breakthroughs include improved detection
accuracies, machine learning, and hyperspectral sensors, while startups (e.g., scidrones.com) are
developing integrated solutions for monitoring and remediation. Research from the University of
Minnesota demonstrated for the first time that spectral reflectance properties in the visible and infrared
spectrum can distinguish plastic from natural materials such as algae or driftwood in rivers (Olyaei et
al., 2024). In parallel, experiments in the Deltares test basin showed that microwave sensors (X- and
Ku-band) reliably identify plastic at concentrations of at least 1 unit/m?2, even under wave conditions (De
Fockert et al., 2024). Italian researchers combined hyperspectral remote sensing with real4ime machine
learning algorithms to detect plastic in diverse environments (Balsi et al., 2025). These systems analyze
spectral "fingerprints” of polymers that remain unique even when covered by biofilm. However, projects
like this, which show that polymers such as PET and PE have unique optical signatures that are
potentially detectable in satellite data, remain highly dependent on the concentration of plastic particles
and sensor resolution (De Fockert et al., 2024).
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3.5 Publications

e Binkele, T., Hengstermann, T., Schmid, T., Wellhausen, |., Leluschko, C., Tholen, C., 2024.
Automatic litter detection using Al in environmental surveillance aircraft, in: Hou, W., Mullen,
L.J. (Eds.), Ocean Sensing and Monitoring XVI. Presented at the Ocean Sensing and Monitoring
XV, SPIE, National Harbor, United States, p. 11. https://doi.org/l O. 11 17/12.3013922

e Rettig, R., Becker, F., Berghoff, A., Binkele, T., Butter, M.w., Floehr, T., Kumm, M., Leluschko,
C., Littau, F., Reinders, E., Rodenbéck, E., Schmid, T., Schriinder, S., Schweigert, S., Sinhuber,
M., Tholen, C., Wellhausen, |., Stahl, F., 2025. Multiscale_Waste PlasticObs plus.
https://d0i.org/10.5281/ZENODO.14844219Multiscale Waste PlasticObs plus
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