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Brief Presenter Biography: Ban-Sok Shin received his The current mission plans with geophysical exploration
Doctoral degree in electrical engineering/informatioohte  focus on static seismic sensor (arrays) that would be ctestti
nology (with distinction) from the University of Bremen, in the area they can explore. This abstract shortly summa-
Bremen, Germany, in 2020. From 2013 until 2019 he was aizes the proposal of German Aerospace Center, Ludwig-
Doctoral candidate with the Department of CommunicationgMaximilians University Munich and Technical University
Engineering, University of Bremen, where he worked onMunich to go beyond these restrictions and develop concepts
distributed nonlinear estimation schemes. Since 2019 he i®r mobile seismic arrays that work in an autonomous way
a postdoctoral researcher in the Swarm Exploration Groupising robot technology.
at the Institute of Communications and Navigation of the  The focus of the proposed project is on aspects of ex-
German Aerospace Center, where he is currently working operimental design and optimization of the seismic sensing
seismic subsurface exploration using a multi-agent nétwor topology as well as on automated data processing and anal-
His research interests include seismic imaging, disteithut ysis, rather than robotic aspects. The scientific challenge
inference/estimation, machine learning, and their apibh ~  include theunderstanding of wavefield effectof icy rocks
to sensor and multi-agent networks. Dr. Shin received thand caves in a strongly scattering environment, the prawisi
OHB Award for the best Doctoral thesis in the faculty of of optimal source-receiver configurationsto detect them,
Electrical Engineering of the University of Bremen in 2021. as well as arintegrated data-processing work flowfrom

. . . observation to subsurface image includingdantification
Introduction: Ground motion observations on planetary of yncertainties. The outcome will be detailed technical

objects (planetary seismology) are a prerequisite for a degpecifications that can support the hard/soft implemesntati
tailed understanding of their interior structure and etioll 5 the entire system in future missions.

On all Apollo missions from 1969 to 1972 seismometerswere |, the following we will outline two main aspects of the

installed on the moon and led to important discoveries ofyroposed project in more details. First, it is investigasio
Moon’s deep earthquakes, its internal structure, as welsas rejated to planetary seismology as one of the planetary ex-
near surface material properties. Several attempts ta builpioration tools: second, it is the realisation of this toal o

on these early missions and deploy seismic sensors on othg{,iti-robot svstem. which allows to introduce adaptivitd
planets failed until in November 2018 the INSIGHT mission 3 seismic se%sing.' piivitya

landed successfully on Mars deploying a single site setup
with a 3-component broadband and a 3-component short- Planetary seismology:Seismology is one of the most
period sensor that both operate ever since. Despite the ramportant tools for near surface imaging not only on our
atively moderate seismic activity a number of revolutignar planet Earth but also on extraterrestrial bodies like th@Mo
new discoveries could be made [1], [2, and special issues]. and Mars. During the Apollo lunar missions five seismome-
In the past few years the dramatic progress of comiers were deployed on the near side of the Moon between
mercially operated spacecraft (e.g. SpaceX), the succed969 and 1972 [6], [7], four of them operating continuously
with reusable rocket engines, as well as the internationalintil 1977. Despite the sparsity of this lunar seismic nekyo
competition (USA, Europe, India, China) to explore spacejmportant conclusions on the internal structure and seismi
has led to a substantial acceleration of activities in thege  sources could be drawn [8]: deep moonquakes [9], [10], the
and preparation of ambitious future space mission. It &yik periodicity of seismic activity due to tides [11], [12], [L&s
that following unmanned exploratory missions to Moon andwell as extremely strong scattering and low attenuatiom nea
Mars manned outposts will follow. Half a century after the the surface for wavefields generated by impacts [9]. However
Apollo missions, several lunar missions are plannediriolyd precise data analysis was hampered by a lack of sensitivity
the Commercial Lunar Payload Services (CLPS), the Lu-of the deployed seismometers as well as by unstable time
nar Geophysical Network (LGN), and the Artemis Program.synchronization of recording systems [13].
Spacecraft technology is evolving such that in the nearéutu From the late 1970s it took more than 40 years until
payload restrictions are likely to further decrease. Tpare  another milestone in planetary seismology was reached: In
for future manned and unmanned observatories, potentidlovember 2018 the NASAs InSight (Interior exploration
sites will be explored with geophysical means. This mayusing Seismic Investigations, Geodesy, and Heat Transport
involve gravity, electro-magnetic, and seismic obseorsdi mission deployed a set of geophysical instruments on the
Active seismic experiments are ideal to image the neasurface of Mars. The InSight scientific payload includes
surface structure of planetary objects. The imaging of thehe Seismic Experiment for Interior Structure (SEIS; [14],
near surface structure - in particular on the moon - hasgtron[1]) that records seismic activity on Mars. This single-
practical implications. First, the race is on to detect ice-point setup has allowed a large range of interesting seismic
bearing rocks near the surface from which water could bebservations from the thermal effects on the lander, local
extracted and used as a resource for manned missions [3p regional marsquakes, dust storms, as well as wavefields
[4]. Second, due to the substantial bombardment of the lunagenerated actively by the (eventually failed) attemptsusip
surface with meteorites due to the lack of an atmospherdghe heat probe into the Mars surface [15], [1], [2], [14].
observatories or habitats may have to be build undergrdtind. The processing of the InSight data enabled the location of
has been proposed that cavities from ancient lava flows exisharsquakes, and the determination of some internal bound-
below the lunar surface that could be used as natural cavitiearies from travel-time inversion, as well as receiver fiorct
in which to place infrastructure [5]. analysis [16]. The InSight observations have also higléigh



the strong impact of rotational motions (e.g., induced bydeveloped.

atmospheric effects or lander vibrations (Philippe Logm®n In summary, this leads to the followingeismological
personal communication) motivating the future inclusidn o research questions with specific applications to lunansais
rotational motion sensing in mission concepts, as envisageogy:

in the EU-funded PIONEERS project [17]. « What is the most efficient way to model near-surface wave

The ongoing race to explore the moon as a first humaropagation through strongly scattering media (regdtith)
outpost on the way to Mars leads to a number of preparas What are characteristic observables of ice-bearing rocks,
tory measures that are planned using unmanned missionsavities, and other relevant objects in strongly scatterin
These include identification of appropriate landing sithe, media (regolith)?
search for water (ice) in the near-surface rockmass, and the What are optimal observables, experimental and inversion
identification of possible subsurface cavities that magvall strategies to image subsurface structures under such-condi
lowering manned observatories and protecting them fromions?
impacts. To achieve these goals imaging methods need to keWhat criteria can be defined that can steer an autonomous
devised that lead to experimental setups that are readizabl mobile seismic array towards exploring relevant struct@re
the next decades. From a physical point of view, gravitation . _— . .
electromagnetic, and seismic wavefields provide obseegabl _ Multi-Agent Seismic Exploration: Ever since the suc-
that may allow constraining the desired types of structuraf€Ssful landing of the Sojourner rover on Mars in 1997
heterogeneities. It is expected that ground-penetrasidgir ;)(I)gg[{icé)rel?rﬁg;gisha\ll-leosvee?/grInc()j;lsl)eergigglterr];(i)srs?cﬁge;at:yheai(s
and active seismic imaging have similar resolution power of"9" : d
the near-surface. In O%r groposal we focus on sﬂagmic InSight [14], [1], ROSETTA [31] or the Mars2020 Perse-
wavefield imaging, further exploring recent progress in in-vérance have included instruments that acquire seismic or
cluding wavefield gradient observations that improve the€l€ctro-magnetic data either passively or actively (ergugd
resolution of near-receiver subsurface structure [18]}.[1 penetrating radar, active seismics). For further playetas-

It is well-known that seismic wavefields on the Moon Sions such as ExoMars or Dragonfly seismic data instruments
have a very different character compared to Earth: due to thBuild an essential part of the platforms. . .
lack of any water molecules in the rock mass, the intrinsic e aforementioned missions employ a single robotic
attenuation of the seismic wavefield is dramatically reduce Platform. However, for future planetary missions we erusisi
[20], [21], [22]. On the other hand, due to the bombard-the use of multiple robotic Qlatforms that are specifically
ment with interplanetary objects and the lack of atmospherd€Signed to image a planet's subsurface in a cooperative
and weathering phenomena, the top part of the lunar crugnd autonomous manner. Such a multi-agent concept for
is highly shattered (regolith) and characterized by exérem S€ISMIC exploration has been e.g. proposed by the Planetary
scattering. This poses a tremendous challenge for seismecience Institute (PSI), USA, that will act as a scientific
imaging problems, that we aim to explore in this project. OnPartner in this proposal. The proposed Autonomous Roving
the other hand, the strong scattering offers the oppogtunitEXploration System (ARES) consists of multiple small rever
to make use of coda interferometric methods, that allowfhat are able to autonomously conduct a seismic survey with
the estimation of impulse functions between station pdirs 0@ active source on the Moon (or other object) to image the
seismic networks [23], [24], [25] that can be used to imagenea_r—surface structure [32]. The concept foresees one larg
subsurface structure. Applications on lunar seismogramgtationary lander that acts as a seismic source and multiple
have been reported by [26], [27]. We further aim at breakingoMall mobile rovers equipped with geophones. Independent
new ground with exploring the potential of direct gradient©f PS!, the authors from DLR have proposed a similar concept
observations (strain, rotations) in this interferomeigsed Put With a higher degree of autonomy [33], [34], [35]. Our
imaging workflow with the specific application to lunar seis- COncept envisions a fully distributed multi-agent network
mic experiments. where one mobile rover is equipped with a seismic source

Data science technologies (in particular supervised deegh@t can be relocated. Hence, there is no central station
learning approaches) are entering the field of seismic gaver N€cessary such that a higher flexibility in the seismic surve
problems in particular with the opportunity to dramatigall €an be achieved. Furthermore, thanks to the network aspect
reduce the computational requirements and speed up tH¥ this conceptwe are able to design movement strategies tha
time-to-image at the expense of a previously well-trainedP0Sition the rovers at optimal sampling positions to captur
neural network. This tool set will be explored in the projectCertain features in the subsurface. This will allow to the
when optimizing imaging [28] and experimental design [29]IMPlement adaptive sensing strategies. To realize such a
procedures towards a potential implementation in an auSyStém it is required to i) formulate the requirements and
tonomous, mobile robotic array setting. It is clear thatrealu  d€Sign communication, timing and localization components
active seismic experiments will have to minimize data sizef0r multi-agent networks, and i) provide a suitable nuroaki
and computational requirements with compressive sensingi€thod to enable an autonomous subsurface imaging over a
concepts [30]. etwork of drones. _ _

To test these concepts, high-end wave simulation tech. _Distributed multi-agent exploration plays a central role i
nologies are required. To this end, parallel solvers that arthe proposed system. Such exploration relies on cooperativ
implemented on a local cluster (including GPU technology)collection and processing of data within a network known
as well as SuperMUC-NG, the supercomputer at the Leibni£S “in-nétwork processing” [36]. A distributed estimatisn
Rechenzentrum Munich) will be used. Random seismicdone such that each agent makes “local” computations and
wavefield calculations in 3D are computationally expensive Shares intermediate results with its neighboring agente T
have only recently been possible, and they themselvesiconskeY. to these computations is a decomposition of a network-
tute an active research field. However, it is straight foovar 9/0bal cost function into “local” sub-objectives. Suchalg
to initialize lunar models with random heterogeneities offithms can be dichotomized intmnsensus-based algorithms
appropriate statistical properties [22] and access toetarg [37], [38] anddiffusion-based algorithm89], [34]. Within
scale supercomputers enables the calculation of synthetllﬁcem years distributed inference techniques slowly doun
wavefields in realistic frequency ranges. The problem ofNeir way into subsurface imaging, e.g. for seismic sensor

imaging in such scattering media is substantially less welltWorks. The main goal of such an approach is to achieve
an image of the subsurface at each sensor without a central

2



entity that collects all seismic data from the network but i deas_for_expl oring | unar_caves.

based on sensor-to-sensor data exchange. A few works dealt Accessed: 2022-05-01.

with the problem of distributed subsurface imaging in theig; G | atham et al. The apollo passive seismic experiment.
past. For instance, in [40] a decentralized form of the full Science165(3890):241—250, 1969

waveform inversion is presented. However, for certain tgpda ) o )

steps a central node is still required which does not enable/] G. V. Latham et al. Seismic data from man-made
a fully distributed implementation. Authors in [41], [42] impacts on the moon. Science 170(3958):620-626,
propose distributed approaches for travel time tomography ~ 1970.

and ambient noise tomography in seismic networks usin } R. F. Garcia et al. Lunar seismology: An update

randomized gossip and consensus-based techniques. In [34] = on interior structure modelsSpace Science Reviews
the authors from DLR propose a distributed implementa- 215(8), 2019.

tion of the full waveform inversion using above mentioned - .

diffusion-based techniques. Reconstructed images at ea¢dl \r{ﬁelr\ll?k%watjlr?su%tln?zliry ?(E)L?r”noall%rf]a(rs es(()eéshr;gi:cael)(%%n_

sensor are close or same as traditionally achieved images oo ; X )

using a central node. Yet all mentioned approaches have not ~ Search: Solid Earth87(S01):A117-A123, 1982.

been investigated within the scope of a mobile multi-agen{10] Y. Nakamura. Farside deep moonquakes and deep

system and scattering subsurface media. interior of the moonJournal of Geophysical Research:
Within the project in the context of general inverse PDE Planets 110(E1), 2005.

problems present in seismic inversion methods, a special fc[ll] D. R. Lammlein et al. Lunar seismicity, structure, and

cus will be placed on Bayesian learning techniques. Bagesia’ ; ; ; e
methods have been used for these purposes in the past [43}, tectomcs.Rewevys of Geophyslc3§2(1_)._1 21,1974
2] D. R. Lammlein. Lunar seismicity and tecton-

[44]. In [44], a distributed exploration of a gas field is [ L ! |
addressed by using a factor graph representation for the ics. Physics of the Earth and Planetary Interiors
reconstruction. However, these approaches do not cover the = 14(3):224-273,1977.

case of inverse problems for seismic exploration. The advar[13] Y. Nakamura. Timing problem with the Lunar Module
tage of using a Bayesian, probabilistic framework consibts impact data as recorded by the LSPE and corrected near-
obtaining uncertainty measures of the reconstructed paysi surface structure at the Apollo 17 landing sif@urnal

parameters. Such measures can then be exploited to design a  of Geophysical Research E: Planefsl6(12):E12005,
movement strategy that identifies optimal sampling pasitio 2011.

of the agents for an improved parameter estimation. Fo[ i . S I .
instance, based on inferred model parameters intellight p (141 P- Lognonné et al. Seis: Insight's seismic experiment
planning schemes can be designed [45], [46]. The methods for internal structure of marsSpace Science Reviews
rely on optimal experiment design techniques to identifysa 215(1), 2019.

pling locations that reduce parameter uncertainty. Closel[15] S. Cottaar and P. Koelemeijer. The interior of mars
related information-driven approaches [47] use infororati revealed Science373(6553):388-389, 2021.

theoretic metrics to guide agents to more informative IOJ%G] B. Knapmeyer-Endrun et al. Thickness and structure
cations. We note that such techniques have not yet be of the martian crust from insight seismic dacience
investigated in the context of seismic imaging to improve 373(6553):438-443, 2021

estimation of subsurface parameters. ' ' '

Based on the above described state-of-the-art for multifl7] F. Bernauer et al. Exploring planets and asteroids with

agent exploration the following research questions anetide
fied:

« What is an efficient method to adapt a seismic imaging18] D. Sollberger et al.
method suitable for scattering media to distributed data pr

cessing for a multi-agent network?

« What is the optimal movement strategy in conjunction with
the imaging method that positions the agents at samplin

points such that relevant subsurface features are resdlved
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