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Meteorites offer valuable insights into the composition of asteroids and geological processes contribut-
ing to planet formation inside the solar system. Their rapid retrieval after fireball sightings allows
this science potential to be used. Finding new meteorites is notoriously difficult due to various com-
plicating factors. A promising search strategy can involve the aerial vantage point of drones (aka:
UAV, RPAS). However, drone regulations by the European Union Aviation Safety Agency (EASA)
and complex zonation of airspace will impact flight operations, which makes drone-assisted searching
in Europe more complex than in e.g. desert environments. Here we present the results of an interdis-
ciplinary desk study, which aimed at proposing a conceptual framework for drone-assisted meteorite
searching. We propose the development of an open-source detection and coordination tool to improve
aerial assistance by drones during field searches. The design provides drone enthusiasts (referred to
as ‘community drones’) and researchers with a platform to coordinate joint drone-based search oper-
ations. Image processing is envisioned to take place via a convolutional neural network pipeline, after
which high-likelihood locations are identified and manually verified to recover a potential meteorite.
This approach will require the development of multiple models to account for variations in soils and
vegetation. The tool supports multi-drone coordination, providing path planning functionality and
support for a broad range of (commercially) available drone models (e.g. DJI) and sensor types (e.g.
RGB, thermal). Considering EASA drone regulations, the use of the DJI Mini 3 Pro is favoured as an
accessible community drone. Follow-up research, implementing the proposed conceptual approach,
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should validate the design presented here and highlight practical areas of improvement.

1 Introduction

Impressive fireballs can herald the impact of a new me-
teorite. The rapid retrieval of meteorites after fireball
observations helps limit terrestrial contamination and
degradation of meteorites and allows their full science
potential to be used. To alert us to potential new
falls, fireball camera networks such as FRIPON (Co-
las et al., 2020) and many others continuously moni-
tor the skies for meteorite-dropping fireballs. In the
Netherlands, six meteorites have been found to date,
which include the Uden (LL7), Utrecht (L6), Diepen-
veen (CM2-an; Langbroek et al., 2019), Ellemeet (dio-
genite; de Vet, 2015), Glanerbrug (L-LL5) and Broek
in Waterland (L6). However, observations during the
past decade suggest that for the Netherlands meteorite-
dropping fireballs occur more frequently, at a rate of
every two years on average. Conventional field searches
with teams operating on foot have experienced that
finding new meteorites is difficult due to various com-
plicating factors, such as the large extent of search ar-
cas, limited access to agricultural fields, and obscur-
ing effects of vegetation. Stakeholders are now looking

into other methods to support and augment their search
campaigns.

A promising search strategy can involve the aerial van-
tage point of drones, as various studies have shown
before (Zender et al., 2018; Citron et al., 2017, 2019,
2021; Anderson et al., 2020; 2022). However, drone
regulations set by the European Union Aviation Safety
Agency (EASA) and the complex zonation of airspace
(Figure 1) will impact flight operations, which makes
drone-assisted searching in Europe more complex than
in e.g. uninhabited desert environments. Previous work
(Anderson et al., 2022; Citron et al., 2021) has primar-
ily focused on locating meteorites in arid environments
(e.g. Western Australia and Nevada). The vegetation
cover in the Netherlands can pose challenges for the
convolutional neural networks (CNNs) involved in the
vision-based detection of meteorites. As research by
(Hill et al., 2023) in a Canadian snow-covered strewn
field demonstrates, different sensors and CNN models
might be needed for different soil and vegetation types.

We recognize the potential of community involvement
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in drone-assisted meteorite searches. Amateur drone
pilots in the Netherlands provide a pool of people who
could assist during field search operations with on-site
drones. Simultaneously connecting scientific research
with contributions by local communities creates an out-
reach potential. Through an interdisciplinary desk study
during the 2023 LDE NL Space Campus Summer School,
this paper analyses the possibilities for community in-
volvement and aims to propose a conceptual framework
for drone-assisted meteorite searching in the Nether-
lands.

2 Methods

The research methods that have been employed dur-
ing this research consisted of an interdisciplinary desk
study of relevant drone regulations and peer-reviewed
research articles from the last 10 years. After remov-
ing duplicates and extraneous articles from the litera-
ture review, we identified five key articles. These in-
clude cases from Western Australia covering the devel-
opment of a machine learning system that we used as
our baseline (Anderson et al., 2020), (Anderson et al.,
2022), Canada (Hill et al., 2023), Nevada, USA (Citron
et al., 2021), and from the United Arab Emirates, UAE
(AlOwais et al., 2019). All articles describe the neu-
ral networks responsible for image identification as well
as the physical construction of their drones. Differences
in vision-based detection pipelines, drone hardware and
field deployment were analyzed. Based on the findings
of the literature review, this paper proposes a practical
approach to community-involved drone-assisted mete-
orite searching, facilitated by group discussions and ex-
pert interviews during the 2023 LDE NL Space Campus
Summer School.

3 Literature Review Findings

Vision-based meteorite detection

The utility of convolutional neural networks (CNNs) in
the detection of fusion-crusted meteorites on RGB im-
age data has been effectively shown in (AlOwais et al.,
2019) (Citron et al., 2021) and (Anderson et al., 2022).
Anderson et al. demonstrated the viability of drone-
assisted meteorite searches with an average area survey
speed of 1.3 km?/day. Previous work by (Hill et al.,
2023) has also noted the potential of combining ther-
mal with visible imagery for meteorite detection (e.g.
on snow-covered fields in Alberta). For proper imaging,
Anderson et al. used a ground sampling distance of 1.8
mm /pixel, making the meteorites appear at an appar-
ent size between 15 and 65 pixels. Hill et al. concluded
that a ground sampling distance below 26 mm/pixel was
sufficient for the efficient identification of meteorites on
thermal images. With drone altitudes heavily affecting
image resolution, both authors stress the importance of
managing the drone’s flight altitude above ground level
(AGL). However, current CNN drone detection models
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Figure 1 — Map showing airspace zonation and no-drone
zones in the Netherlands. Red: airports and no-zones; or-
ange: limited access; green: Natura 2000 (effectively no-
drone zones, or exempted under permits). Data: Air Traffic
Control the Netherlands (LVNL) retrieved via PDOK.

are not perfect. In (Anderson et al., 2022), it was noted
that their image processing pipeline effectively created
an anomaly detector, instead of the desired meteorite-
specific detector. They encountered many false pos-
itives, like tin cans, bottles, snakes, kangaroos, piles
of bones, and research equipment. More training data,
and especially data including more background varieties
are necessary to improve the model’s performance.

The above-mentioned studies were primarily conducted
in clear soil and regulatory plane environments. Drone-
assisted meteorite searching in the Netherlands poses
additional challenges because of the high soil and veg-
etation diversity in addition to the presence of Dutch
and European drone regulations. Successful operations
in the Netherlands require more complex CNN mod-
els, trained on a high quantity of (meteorite) images,
present in a variety of soils and vegetation types. On
top of that, drone types, flight height and no-fly zones
should be actively considered in operations.

European and Dutch UAV regulations

There are many rules and regulations which must be ad-
hered to in order to operate a drone in the Netherlands.
Drone flight operations are dependent on the drone’s
operational risk category, as specified by the drone reg-
ulations of the European Union Aviation Safety Agency
(EASA). There are three main categories: open, specific
and certified. Since this paper focuses on community-
involved drone operations, all drones discussed in this
paper are consumer-drones and their operations and CE
certification will fall in the open category. This category
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is divided into 3 sub-classes (Al, A2 and A3) depend-
ing on the risk level of their operations, which places
drones in these classes depending on factors such as the
weight (MTOW, maximum take-off weight), it sets a
maximum flight altitude and imposes a safety distance
between the drone and buildings and people that the op-
erator should adhere to. As of 2024 EASA regulations
require all drones operated in the European Union to
be marked with a Class identification label (CE label),
with some legacy drones without CE label to be reclas-
sified to a higher risk catagory (A3). (COMMISSION,
2019; Netherlands Enterprise Agency, 2023). Locally in
the Netherlands, all drone operators of drones that con-
tain an onboard camera need to be registered with the
Netherlands Vehicle Authority (RDW) and the drone
registration number should be displayed and visible on
their drones. Futhermore, the Netherlands has several
restricted areas and no-fly zones where additional rules
can apply compared to other EU countries (Figure 1).
The operational areas for meteorite searching will thus
depend on the drone’s category (OPEN A1/A2/A3) and
optional granted zonation exceptions (e.g. for research
purposes).

4 Community-involved drone-assisted
meteorite searching tool

Fast recovery of freshly fallen meteorites is paramount
for accessing their scientific potential as this prevents
terrestrial contamination or loss due to environmental
exposure (De Vet, 2015). Here we propose and out-
line a community-involved search strategy that enables
fast drone-assisted meteorite searches by leveraging the
on-site use of drones from drone enthusiasts residing in
areas near strewn fields. To make this search strategy
possible, a structured drone-imaging approach is nec-
essary. We propose that a key step needed to improve
drone-assisted meteorite searching is the development of
a software tool, designed to coordinate the flight paths
(search areas) of multiple drones, capture and analyse
aerial images and communicate these with drone oper-
ators and researchers. This tool has the potential to
automate most of the crucial steps of drone searching,
making search operations more agile and increasing the
meteorite recovery rate. Figure 2 displays the layered
software stack architecture of the tool. The layered ar-
chitecture enables developers to create interfaces which
can be used by different implementations of the tool.
For instance, this architecture makes seamless support
of different drone models and camera sensors (RGB, in-
frared) possible.

Based on the considerations above, the following crite-
ria were considered in the search strategy design: (i.)
Community Involvement; (ii.) Search Efficiency; (iii.)
Research Group Compatibility; and (iv.) Minimization
of Physical Labour. Based on these optimization crite-
ria, we constructed a conceptual framework for drone-
assisted meteorite searching. The following subsections
will focus on key parts of the tool’s architecture.

.............................................

PC application - Drone Meteorite Search Tool
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Figure 2 — Recommended Software Architecture for the
drone base station. The Drone Meteorite Searching tool
encapsulates layers 1, 2 and 3, layer O is the physical radio
receiver which communicates with the drone. Layer 1 incor-
porates the API (e.g. DJI API) which is required for the
communication to that receiver

Open source framework

To get the conceptual framework for drone-assisted me-
teorite searching off the ground, the drone-searching
tool should be developed as an open-source project.
While starting locally, this can eventually provide the
project with volunteers from all over the world, con-
necting different research groups, developers and drone
enthusiasts around rapidly recovering meteorites with
drones. This appraoch also has the potential to create
and strengthen relations between research groups, allow
(drone) enthusiasts to contribute and put drone-assisted
meteorite searching on the map. This will increase com-
munity involvement in the project (criterion i.) and im-
prove research group compatibility (criterion iii.). An
additional advantage is that this approach satisfies the
need for big datasets in machine learning operations.
When research groups and volunteers can contribute to
the platform, data availability will be increased, lead-
ing to improved meteorite recognition models (criterion
iii.).

Considerations for a CNN pipeline

RGB images (extendible to e.g., multispectral, hyper-
spectral or thermal image data) are processed via a
Convolutional Neural Network pipeline. The pipeline
outputs high-likelihood locations which can be manu-
ally verified to recover a potential meteorite. This ap-
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proach requires the development of multiple ML models
to account for variations in soil and vegetation (possibil-
ity of transfer learning). Two approaches are possible:
Eusing (i.) one vegetation-independent model or (ii.)
multiple models for different types of vegetation. Which
approach yields the best results is a topic of future re-
search. Currently, exploratory field studies are being
performed at TU Delft’s Faculty of Aerospace Engineer-
ing (supported by a Paneth Meteorite Trust Award) to
study the use of ML models for detecting meteorites in
Dutch field settings.

Multi-drone coordination

An important aspect of the framework is that it suppo-
rts multiple (commercially) available drone types. The
program will require drone registration so that the dro-
ne’s legal classification can be verified. Once verified,
geofencing based on Dutch and European drone regu-
lations can be activated within the platform, automati-
cally avoiding no-fly zones and taking into account any
difference in regulations based on drone type and its
corresponding CE label. The ground sampling distance
(which depends on camera resolution and flight height)
is determined based on the parameters input into the
framework, and can be derived from dark flight pre-
dictions of fragment sizes in a given area. If multiple
drones are available in one search region, the platform
coordinates flight planning and facilitates the transfer
of collected image data to a central dataset. Based on
our desk study, the DJI Mini 3 PRO is proposed here
as a community drone (i.e., a drone model accessible
for a boarder public). The model is affordable; it can
be operated in the Al category with less restrictions
compared to A2 and A3; it is equipped with a gimbal-
stabilised 4K camera and GPS system and has a average
flight time to 30 minutes per battery. As such, the DJI
Mini 3 PRO is a favourable option that can be initially
used during the development of the project. Figure 3
illustrates the proposed community drone. In the end,
the open-source nature of the project makes it possible
for the community to use and support any drone model
(even self-made drones).

Graphical interface - false positive sorting

The envisaged graphical interface is designed to effi-
ciently identify false positives from the classified im-
ages and is inspired by (Anderson et al., 2020; Ander-
son et al., 2022). A 3x3 grid is shown to the user, who
can identify tiles of interest (a tile that might contain
a meteorite) by pressing the corresponding keys (1-9)
before progressing to the next set of images. The se-
lected tiles will be moved to the next pool, while the
others are moved to the False pool. The second pool
allows the user to pan and zoom into the image. After
another round of selection, the GPS coordinates of the
remaining interesting images will be used to create a
survey flight path to each location of interest. At the

Figure 3 — Proposed hardware configuration for a commu-
nity drone: the DJI Mini 3 Pro, with DJI RC RM330 Smart
Controller. The controller shows a recent meteorite embed-
ded in the soil of a grassy field, yet still visible from above
(fragment of the Saint-Pierre-le-Viger). Image sources: DJI,
FRIPON/Vigie-Ciel).

location, the drone will go lower and take more images
closer to the ground. Once the drone is returned, the
collected images will be inspected and the remaining
interesting candidates will then be inspected in person.
It was determined by (Anderson et al. 2020; 2022) that
this process takes about 20 hours of work from one per-
son assuming 150,000 detections per meteorite search
area. This time could be reduced by having more peo-
ple working at the same time, as well as limiting work
sessions to 20 minutes at a time to reduce decrements
in vigilance. Additionally, (Anderson et al. 2020; 2022)
included a set of test sets, of which 0, 1, or 2 would
appear in each 3x3 grid. If the user did not correctly
identify the members of the test set two times in a row,
the program would force the user to take a break. In
addition to this, all images should be reviewed by at
least two people.

To summarize, the automated false positive sorting pro-
cess consists of four phases, listed here and shown in
Figure 4.

1. Primary sorting - based on initial images, with
a test set to ensure the user identifies meteorites
correctly.

2. Secondary sorting - zooming in on the images to
identify promising candidates.

3. Tertiary sorting - identifying promising candidates
in the field via GPS and requesting enthusiasts to
take close-up pictures at the coordinates to go into
a final sorting stage.

4. In-person inspection - the last stage requires peo-

ple to go in person to inspect the final candidates.

This process of false positive sorting yields itself to
gamification, encouraging enthusiasts to come back to
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Figure 4 — Proposed false positive classification process.

the platforms and continue sorting the images, with
trackers on the user’s performance.

5 Conclusions

Meteorite recovery activities benefit from using various
methodologies that can help cover the large spatial ex-
tent of strewn fields in a short amount of time. The
use of drones is a promising addition to existing search
strategies. Based on an interdisciplinary desk study
that considered existing drone-based solutions from lit-
erature and EASA drone regulations within in the Net-
herlands we advocate the development of an open-so-
urce, machine-learning-based detection and multi-drone
coordination tool. This tool can potentially offer an ef-
fective approach for community-involved, drone-assisted
meteorite searching. Integrating these aspects enables
the creation of a community that can engage in search
activities to rapidly recovery meteorites. Simultane-
ously, this approach also stimulates the collaboration
and synergies within the community, while encouraging
new individuals, such as drone pilots, to join. The next
steps to realising this approach includes demonstrating
the strengths and user cases of a multi-drone coordina-
tion tool. Although we focused in our study initially on
applications in the Netherlands, the conceptual frame-
work and community-focused approach presented here
will be of broader interest for stakeholders across Eu-
rope.
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