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ABSTRACT

The exploration of small celestial bodies has been a very active field ever since the dawn of space exploration.
However, traditional approaches based on monolithic landers allow only the area in the immediate vicinity to
the landing spot to be examined. Using mobile systems like rovers allow for better coverage, but at considerable
cost and complexity. In this work, we propose an approach based on swarms of small nonmaneuverable agents,
equipped with a sensor package, that are launched from a base station and made to land across the entire
surface of the asteroid or comet. The methodology is based on multilateration using small range-finding radio
frequency sensors aboard the agents; this enables position determination relative to the base station. Through
dynamics simulation, we show that this approach is feasible even in highly irregular gravity fields where
closed-form solutions for orbital mechanics are not available, such as the case of comet 67P/Churyumov—
Gerasimenko. We show a sensitivity analysis of the absolute position error of the agents which originated
from range-measurement error. The surface coverage is evaluated against the numerosity of the swarm. Finally,
we show that allowing for a subset of agents to follow a long-period orbit around the object enables better

localization of the landed agents, thus increasing the overall performance.

1. Introduction

Exploring the surface of Small Celestial Bodies (SCB), such as as-
teroids and comets, has recently become the subject of widespread
attention, following a series of very successful missions from the ma-
jor space agencies [1,2]. However, even since the Galileo mission,
launched in 1989, which visited the asteroids Ida and Gaspra, and the
even earlier Pioneer 10 mission with its incidental Flyby of two small
asteroids (the latter is 307 Nike, while the former remains unknown),
it became apparent that SCBs promised to be a potential target for
exploration. It is agreed that understanding the physical and dynamical
characteristics, distribution, development, and evolution of tiny bodies
is essential to understanding how planets were formed [3-5]. It is
also crucial to determine whether and how these objects may have
contributed to the emergence of life on Earth [6].

The ICE mission, launched in 1978 to comet 21P/Giacobini-Zinner
and - most notably — 1P/Halley, marked the start of early small-
body exploration. It is the NEAR Shoemaker mission (launch 1996)
the turning point, where exploration became truly in-situ. For the first
time, an orbiter and lander were deployed on a small body, the minor
planet 433 Eros. In 1999 NASA’s Stardust mission was launched; in
2004, it captured a small quantity of cometary particles from the tail
of 81P/Wild, which, in 2006, were delivered to Earth via capsule.
In 2003 JAXA’s Hayabusa mission [6] was the first instance where
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a probe was able to land, grab a sample of soil, and fly back to
Earth — the first arguably proper sample-return mission. Several other
missions followed and presented a wide range of mission architectures,
scope, and capabilities. For example, the Deep Impact mission launched
by NASA to comet 9P/Tempel, was equipped with an impactor that
was sent to the surface with a velocity of 10.2kms~!. The Rosetta
mission was sent to comet Churyumov-Gerasimenko in 2004 by ESA,
and was equipped with the Philae lander. This was supposed to land
and anchor to the surface, objectives which it only partially fulfilled.
The DAWN probe [7], launched in 2007, was the first to orbit two
extraterrestrial bodies: Vesta and Ceres; it provided insight into two
of the largest asteroid belt objects. In 2014, JAXA sent the Hayabusa 2
mission [8] to near-Earth asteroid 162173 Ryugu, the spacecraft hosted
four small rovers: HIBOU, OWL, MASCOT and MINERVA-II-2. Only the
first three were fully successful, the fourth having failed its deploy-
ment. Similarly to the Hayabusa mission, in 2016 NASA launched the
OSIRIS-REx mission [9] to near-Earth asteroid 101955 Bennu, which
successfully collected a sample from the superficial soil of the object
and returned it to Earth. DART, launched in 2021 and operated by
NASA, was the first mission to investigate orbit modification via kinetic
impactor [10], which it successfully did in 2022 on the binary asteroid
65803 Didymos. The year 2021 brought us the launch of NASA’s Lucy
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Fig. 1. Conceptual view of the system. (a) Impression of the full system in context. (b) Impression of the system without the cover, showing the arrangement of the sensors. (c)
Section of the lander, showing the main components related to this work. (d) External view of a single agent. (e) Internal view of an agent, highlighting the main components.

mission [11], expected to visit no less than seven different asteroids in
twelve years; two targets belong to the main belt and six are Jupiter
Trojans. In 2023, the Psyche orbiter [12] will be sent to 16 Psyche,
while in 2024 the Hera spacecraft [13] will start its travel towards
65803, to further propel the investigation that was started with DART.
The China National Space Administration (CNSA) is developing the
Tianwen-2 sample-return mission [14] for near-Earth asteroid 469219
Kamo’oalewa and comet 311P/PANSTARRS. Following in the footsteps
of the DART mission, the CNSA is working on an unnamed asteroid
deflection test to be launched in 2026 and to target asteroid 2020 PN1.
ESA and JAXA are currently working on the “Comet interceptor” [15],
which is scheduled for 2029.

While our primary focus is on proposing a methodology for the
exploration of a SCB based on a swarm of small satellites, in this
paper we provide a brief overview of past missions to celestial bodies,
in chronological order, in Table 1, to provide readers with a contex-
tual understanding of the historical progression of SCB exploration.
Moreover, by highlighting the absence of similar work in the existing
literature, this table highlights the contribution of our work in filling
this gap.

As introduced above, our work is focused on proposing a methodol-
ogy for the exploration of an SCB based on a swarm of small agents that
is launched by a lander (Fig. 1). The lander, depicted in Fig. 1c, works
both as a computational base station and as a launch station for the
satellites, relying either on an airbag-like or a cannon-like launching
system. The swarm agents (Fig. 1d,e) are made to collide with the
surface and acquire data, thus offering a good coverage of the object. A
possible arrangement of sensors is shown in Fig. le, among which we
find a magnetometer, an inertial measurement unit (IMU), and three
cameras. A major part of our work is to provide a methodology to
enable the swarm to be aware of their relative position; from the point
of view of the swarm, this capability is called proprioception. As a case
study, we consider exploring the comet 67P/Churyumov-Gerasimenko,
which falls within the applicability limits of our approach. 67P is
characterized by a large lobe (4.1 x 3.3 x 1.8 km) and a smaller one
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(2.6 x 2.3 x 1.8 km), connected by a “neck region”. It has a mass of
9.982 x 10'> kg and a mean density of 0.533 gcm™3.

The main contributions, with respect to the state-of-the-art, are as
follows:

Description and accuracy characterization of an algorithm for
position determination of a swarm of agents in 3D knowing only
the inter-agent distance, which can be subject to error;
Demonstration of a lander-based launch of the swarm and SCB
surface coverage;

Application of the mascons approach to model the gravity field
of comet 67P and characterization;

Optimization-based approach for surface targeting in highly irreg-
ular gravity fields;

Optimization-based approach for the discovery of long-duration
orbits in highly irregular gravity fields;

In particular, the position determination algorithm is novel, and it
stems as an extension of the known algorithm developed by Moore et al.
in 2004 [16].

The paper is structured as follows: in Section 2 we explore in
detail the literature relevant to our research. In Section 3, we describe
the methodology, including the modelization of the gravity field, the
dynamics, and the collision detection and localization algorithms; in
Section 4 we present the results of a set of simulated scenarios, with
emphasis on the quantification of the effectiveness of the methodology;
finally, in Section 5 we give a conclusion to our work, highlighting the
achievements and outlining future steps in this research.

2. Related works and mission overview

Historically, the first approach towards asteroids and comets was
that of ground-based exploration through the use of telescopes [4]. As
shown in Table 1, missions to SCB can be classified into five types:
flyby, orbiter, impactor, lander, and sample return [6]. Additional
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Table 1
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Missions to small celestial bodies throughout the years 1978-present, with the addition of planned missions. The table shows only past missions which reached at least one objective.

* Scheduled or planned missions. {Failed objectives.

Mission Operator Launch-arrival Small celestial body targets Flyby Orbiter Impactor ~ Lander Sample return
ICE NASA/ESA 1978-85 21P/Giacobini-Zinner v
1P/Halley
Vega 1&2 AH CCCP 1984-86 1P/Halley v
Sakigake ISAS 1985 1P/Halley v
Giotto ESA 1985-1986 1P/Halley v
26P/Grigg-Skjellerup (1992)
Suisei ISAS 1985-1986 1P/Halley v
Galileo NASA 1989-1993 951 Gaspra (1991) v
243 Ida (1993)
NEAR NASA 1996-2000 433 Eros v v v
Shoemaker 253 Mathilde
Deep Space 1 NASA 1998-2001 4015 Wilson-Harrington v v v
9969 Braille (1999)
19P/Borrelly (2001)
Stardust NASA 1999-2004 81P/Wild v v v v
5535 Annefrank (2002)
Hayabusa JAXA 2003-2005 25143 Itokawa v 4 v
Rosetta ESA 2004-2014 67P/ v 4 v
Churyumov-Gerasimenko
2867 Steins (2008)
21 Lutetia (2010)
Deep Impact NASA 2005-2005 9P/Tempel v v
(163249) 2002 GT ¥
New Horizons NASA 2006-2015 134340 Pluto v
486958 Arrokoth (2019)
Dawn NASA 2007-2015 4 Vesta 4
1 Ceres
Chang’e-2 CNSA 2012 4179 Toutatis v
Hayabusa2 JAXA 2014-2031* 162173 Ryugu v 4 v v v
1998 KY,4 (2031%)
OSIRIS-REx NASA 2016-2018 101955 Bennu v v v v
Lucy NASA 2021-2033* 152830 Dinkinesh (2023) v
52246 Donaldjohanson (2025)
3548 Eurybates (2027)
15094 Polymele (2027)
11351 Leucus (2028)
21900 Orus (2028)
617 Patroclus-Menoetius (2033)
DART NASA 2021-2022 65803 Didymos v v
(65803) Didymos I
Psyche NASA 2023*-2030* 16 Psyche v
Hera ESA 2024*-2026* 65803 Didymos 4 v
DESTINY+ JAXA 2024* 3200 Phaethon v
Tianwen-2 CNSA 2025* 469219 Kamo’oalewa v v v v

311P/PANSTARRS

classes would be human exploration and possibly settlement, but no
instances of these exist to date. We can split them into two main
categories: remote (flyby, orbiters) and in-situ sensing (lander, sample
return), where impactors are left out, being a passive tool that does not
provide data directly. Remote sensing has been used to glean informa-
tion on the magnetic (e.g. Rosetta [1]), electric (e.g. Rosetta [17]) and
gravitational field (e.g. Hayabusa 2 [2]) of SCBs. Furthermore, it was
used to map their geometry, topography, and structure (e.g. Rosetta [5],
Dawn [7]), as well as the type of regolith found on their surface
(e.g. Hayabusa 2 [18]) and its chemical and mineralogical composition
(e.g. NEAR Shoemaker [19], OSIRIS-REx [20], Dawn [7]). Regarding
sample return, Zhang et al. in 2022 review the main methodologies in
use and that are being studied [3].

2.1. Gravity field models

When dealing with SCB, one of the most immediate challenges is
the geometry of the gravity field; since most of these objects have
irregular shape, the resulting field influences the orbits, which tend to
become chaotic [21]. In 2013, Melman et al. proposed a methodology
to account for the state propagation of orbits in highly irregular gravity
fields, and to evaluate the influence of limited knowledge of its charac-
teristics [22]. In 2023, Li et al. show that the field can be mapped using
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the measure of the inter-satellite range between a main spacecraft and
a small number of other deputies [23]. Park et al. show a method to
compute the internal density of SCB using the navigation data from a
spacecraft [24].

The most common approaches for representing the gravity field
of an irregularly shaped body are briefly presented here. The most
classical approach uses spherical harmonics to model the gravitational
potential. This method usually lacks accuracy near the surface and
might suffer convergence problems. Mascons models are a relatively
simple approach, where a set of point masses (mass concentrations —
mascons) are adopted to reproduce the body mass distribution [25].
The polyhedrons approach, firstly introduced by Werner et al. [26],
approximates the body shape with an arbitrary polyhedron whose exact
gravity field can be computed analytically. This is the most accurate
method among the three, although it is more computationally expen-
sive. In 2010, Zhang et al. showed the application of the polyhedron
model for 433 Eros [27], whereas Wang et al. used the same method
to analyze equilibrium points within the gravity fields of various small
bodies [21]. In 2023, Wen et al. adopted a finite element method (FEM)
to model the gravitational field of asteroid Arrokoth and compute
its equilibrium points under three different heterogeneous internal
structures hypothesis [28].
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2.2. Monolithic versus swarm-based exploration

Contrary to the traditional approach to exploration, where a single
monolithic probe is sent out to carry out operations on the surface or
around it, another way has been proposed in the past and continues
to be at the boundary of current missions: multi-agent systems [29],
or swarms [30]. The case for these is that, in the case of space
exploration, it may be beneficial to have redundant, distributed, and
low-cost systems that are, however, less capable individually than a
single, more complex, machine.

Surface robot swarms (termed nanorovers) have been proposed
for the exploration of Mars [31], the Moon [32], and their settle-
ment [33]. Carpentiero et al. proposed cooperating rovers forming a
swarm built around autonomous guidance and vision-based navigation,
to be used for planetary exploration [34]. Innovative architectures
propose hopping robots [35,36], which have shown value in recent
missions, e.g. DLR and CNES’s MASCOT [37], and which promise good
implementations of the swarm paradigm, i.e. lightweight, simple, small
agents.

A somewhat simpler approach than that of nanorovers involves the
use of nano-landers or small “impactors”, i.e. agents designed to survive
high-velocity landings from orbit, without propulsion. In 2017, Kalita
et al. proposed a methodology to design such swarms using machine
learning [38]. Ehrlich et al. discuss the DUSTEE project, which aims
to use small trackers from a CubeSat deployer in orbit to explore wide
lunar regions [39].

A good corpus of literature exists on using swarms to carry out the
exploration of SCBs, an example of which is the work of Li et al. [23].
Ledbetter et al. proposed using a proper swarm of satellites to recover
the density of the target SCB via measurements of its gravity field [40].
A key challenge in exploring SCBs is that of flying safely within a highly
irregular gravity field, for which it may be beneficial to actively control
the attitude of swarms [41-43]. Formation flying and reconfiguration
have also been proposed for orbital construction [43].

Swarm flyby is an approach suitable when orbital insertion is not
possible. Nallapu et al. present a framework to design spacecrafts and
the related swarms and trajectories to enable flybys of planetary moons
of designated areas [44,45]; the point is made that this might also be
considered as a precursor for larger missions [42].

Finally, the concept of ChipSats emerges: gram-scale spacecrafts
that can be deployed in large numbers to provide distributed sens-
ing and communications on celestial targets [46]; these can be con-
trolled via statistical approaches, as shown by Manchester and Peck
in 2011 [47]. Their dynamics have been shown around irregular ob-
jects [48], but their case has been made for the exploration of the Moon
as well [49]. Swarm control methodologies have been proposed, such
as using magnetorquers [50].

Possible sensing aboard swarm satellites can be for the detection of
micro-meteoroids, radiation, dust, and gas, as well as seismology [49].
Swarms have been proposed for mining [33] and for in-situ resources
utilization (ISRU) [30].

2.3. Localization

The determination of the swarm agents’ positions after their de-
ployment, referred to as localization, is a major aspect of this work.
Due to the lack of satellites for global positioning and to the impos-
sibility of allocating beacon nodes in predetermined spots, the most
suitable localization approach for SCB exploration relies on proximity-
based methods. Neighborhood relationships, determined through range
measurements, are used to estimate the nodes’ reciprocal positions. This
can be achieved for example through optical or radio inter-agent range
measurements [51].

The localization problem is well known in the domain of wire-
less sensor networks (WSN) and, as such, many algorithms can be
found in the literature. Savarese et al. [52] proposed the Assumption
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Fig. 2. Trajectory of a launched agent around a small celestial body.

Based Coordinates (ABC) algorithm, which relies on coordinates as-
sumption and error compensation through redundant calculations and
iterative refinements. The Anchor-Free Localization (AFL), proposed by
Priyantha et al. in [53], uses a mass—spring optimization technique
to correct localization errors starting from a “fold-free” nodes graph.
Moore et al. [16] introduced the concept of robust quadrilaterals to
avoid localization ambiguities in the presence of noise measurements.

2.4. Mission overview

In this section, we present the general outline of a possible mission
to an SCB that implements and showcases the presented methodology.

The initial phase commences with the launch of the spacecraft
and the attainment of the requisite interplanetary orbit towards the
targeted SBC. Upon achieving the interplanetary orbit (i) the deep-
space coasting phase begins, characterized by possible gravitational
assists and maneuvers to refine the approach trajectory towards the
target; (ii) orbit injection at the SBC. At this point, the proximal phase
begins, consisting of (iii) the surface survey and gravimetric analysis
of the SBC: potential landing sites compatible with agents launch are
determined and the object’s gravitational field is fine-tuned with local
data. Next, the descent and landing phase follows, with the lander at the
selected site on the celestial body. Immediately following this phase,
the methodology proposed in this paper is framed.

Following landing, the launch phase begins: (1) the position of the
base station is accurately determined; (2) the base station prepares for
the launch of the agents; (3) the agents are launched. At this point,
the dissemination phase sees all agents moving on suborbital trajectories
while in constant communication with neighboring agents. This allows
science data to be transferred to the base station for relay back to Earth,
but, most importantly, the agents are localized using the approach
described in this paper.

When agents start to collide with the surface of the SCB, the end-
of-mission phase commences; (a) agents that are on the ground analyze
the local features and relay data to other not-yet-landed agents that are
passing overhead; (b) agents passing overhead relay data to the base
station via other agents or directly, and provide the framework to fine-
tune the localization of the agents on the ground; when most agents
have collided with the surface, the possibility of assembling a network
becomes limited, thus the mission ends.

3. Methodology
Referring to Fig. 2, we envision a launch platform located in P; on

the surface of the comet 67P/Churyumov-Gerasimenko, which we have
elected as our case study. The center of mass G of the comet coincides
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Fig. 3. Gravity field in terms of acceleration magnitude.

with its frame of reference (xg,yg.25). The platform, depicted in
Fig. la—c launches agents along a trajectory s(z), such that for each
ith agent, an associated trajectory s;(r) can be determined. Ultimately,
the trajectories terminate by colliding with the surface in point p,,
where the agents are assumed to stop for the remaining time, i.e. no
bouncing effects are considered in this work. Each agent is an active
object with Radio Frequency (RF) connectivity and limited sensing
capabilities. Most importantly, agents are capable of measuring their
mutual distance via RF range-finding. In Fig. 1d, e we show a possible
arrangement of sensors, among which we find a magnetometer, an
inertial measurement unit (IMU), and three cameras. In this case study,
each agent is 50 mm in diameter, while the entire lander has a footprint
of approximately 1 x 1 m.

3.1. Gravitational field and voxelization

The comet’s gravitational field has been modeled with a mascons
approach, which uses a finite number of point masses (named mass
concentrations or mascons) to reproduce the body’s mass distribution.
This choice has been made due to its lower computational cost with
respect to the polyhedral method [28], even at cost of accuracy, while
considering the already high cost of the localization algorithm.

The mascons topology has been determined by discretization of a
volume containing the body in a set of m volumes. A cubic mesh was
used, with the geometric center of each voxel placed on an ordered grid,
while their centroids, not yet determined, will represent the mascons.
These voxels are identified by their index j =1, ..., m.

Each voxel was then divided into cubic sub-voxels in order to
determine its mass and the position of its centroid. First, an occupancy
ratio was assigned to each voxel and defined as follows,

_ "su,int
o, =>2" |

Rsu,tot

@

where ny,,, represents the total number of its sub-voxels; while ng, ;,
the number of those contained in the comet volume. It follows that its
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mass can be represented as
(2)

where p is the density of the voxel, assumed to be constant all over
the comet and equal to 0.533gcm™3, and V is its volume. The voxels
that are fully outside of the comet will have a null occupancy ratio and
mass, so they will not contribute to the body’s gravitational field. The
centroid of each voxel was then defined as the centroid of its sub-voxels
inside the comet, or as its geometric center if it is completely outside
the body. Fig. 3 shows the field topology adopted in the following
simulations and obtained using mascons defined by voxels of dimension
1000 x 1000 x 1000 m?, each divided into 125 sub-voxels of dimension
200 x 200 x 200 m3; which results in 56 internal mascons.

The gravitational force exerted by the jth mascon on the ith orbiting
agent can be expressed as follows,

my,; =0.pV,

Gm,;m, ;
F 2L PN

e Lij» 3
lIr; i

where G is the gravitational constant, m,; and m, ; represent the ith
agent and jth voxel masses respectively, r; ; is the distance between the
two objects and #; ; is its direction, defined as pointing to the agent. It
follows that the total gravitational force exerted on the ith agent can
be expressed as,

m
F,=YF,;.
j=1

F,=-

4

3.2. Dynamics model

Due to the irregular gravitational field of the comet, closed-form
solutions for orbital mechanics are not available. The trajectory s;(r)
traveled by the ith agent has been determined by using a first-order
Euler integration scheme.

At each time-step, being F; ; the gravitational force exerted by each
jth mascon on the ith agent, we can introduce the dynamics of the
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Section line

Pierced polygon

Fig. 4. Collision detection. In the figure, a section of the object surface mesh is shown.
The section is solely for clarity. The trajectory is decomposed in successive positions
p;; the pierced polygon is indicated in red. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.)

object in the following form,

m% = 3 F,; )
by introducing the differential kinematics relation u = x, it is possible

to reduce (5) into state-space form, with structure as follows,

Au=B (6)

This results in a first-order ODE which can be time-integrated.
Within this study, we have elected to use Explicit Euler as the inte-
gration scheme:

Tk
u@) = Y, AW B+ u(ty).

1=t

)

The initial conditions for this integration are the launch parameters
of the agent, given by the launch point P;, corresponding to the
starting position, and its launch direction and velocity, corresponding
respectively to the direction and magnitude of the initial velocity vector
Vi.

The trajectory s,(¢) is then determined as the sequence of the posi-
tions traveled by the agent i between time ¢, and ¢,.

3.3. Collision detection

To the extent of locating the landing point of an agent at the end
of its trajectory s;(t) it is necessary to determine when and where it
collides with the surface of the object. In this work, this is described by
a surface mesh constituted of many triangular faces.

Beyond the collision between agents and surfaces, the possibility ex-
ists of collisions between individual agents. However, this paper oper-
ates under the assumption that these collisions are extremely unlikely.
This assumption is supported by the observation that the likelihood
of collision between agents is minimal from immediately after launch,
considering the nature of the problem, i.e. that the agents are shot in
opposite directions, their size is very small (= 5cm), and their orbits are
many orders of magnitude larger (several km).

In order to keep the computational load under control, we only
compute collision detection when an agent is close to the surface.
If any mesh points within a threshold distance (assumed as twice
the maximum length of the largest polygon of the surface mesh) are
detected then the agent is considered to be close to the surface.

When this occurs, the trajectory s,;(r) segment between its current
kth and previous positions (segment p, — p,_; in Fig. 4) is checked for

164

Acta Astronautica 223 (2024) 159-174

intersections with the surface mesh. A collision occurs if p, and p,_;
are on opposite sides of the surface. Otherwise, if the segment does not
intersect the mesh (case of positions p,_; —p,_, in the same Figure), or if
there are no mesh points within the threshold distance from the current
position, then the agent has not collided yet. This process is repeated
until the termination of the simulation or the detection of a collision.
Once a collision occurs, the collision point p,; is determined as the
intersection of the surface mesh with the previous-current positions
segment, and the agent is assumed to be fixed in that point for the
remaining simulation.

3.4. Localization

Perhaps the most important goal of this study is to determine the
positions of the agents during flight. We assume that the agents are
equipped with sensors able to measure their mutual distances without
any directional information — this is called inter-satellite link rang-
ing [23]. If we consider two generic agents 1 and 2, then the distance
between them can be indicated as /| ,. In more general terms, being
A =11, n] it follows,

®

By knowing the distances between agents in a group we can infer
the structure of the group itself, i.e. the relative position between
its members. We approached this problem using a three-dimensional
extension of Moore’s algorithm, which in fact shows that this is possible
in two-dimensional space [16].

Where Moore’s algorithm in the two-dimensional space considers
planar graphs with four points (hence the name, quadrilaterals), we
consider 3D objects with five points. A five-vertex graph is valid if it
satisfies the following two conditions:

L,=4q,—4q;.

I. Global rigidity all ten distances between its nodes are known;
II. Robustness all of its five sub-tetrahedrons are robust. A tetra-
hedron is defined robust if it satisfies the equation,

bsin?(0) > d 9

where b is the length of its shortest height, 6 is its smallest angle
opposite to a height (see 84, 8, 6 for the height of D in Fig. 5b)
and d,,;, is a threshold determined based on the measurement
noise.

min

min

Under these conditions, the nodes of such a graph can be localized
relative to each other. However, it must be pointed out that, similarly to
the two-dimensional case, the algorithm does not differentiate between
a graph and its reflection. By looking at Fig. 5c, one may notice that we
can define two possible reference frames (x,y,z) and (x’,)’, z’) which
describe a right- and a left-handed frame of reference respectively. It is
important to note that the “correct frame” cannot be determined at this
stage. Instead, our approach is that of considering both as candidates
until the very end, where the base station will be able to differentiate
the correct side.

Once two or more graphs (and their reflections) have been detected,
then a pentalateral can be “chained” to another as long as they have
four common nodes — these nodes define a common tetrahedron. If
this succeeds, then, the fifth vertex can be localized by quadrilateration
starting from its four known vertices. This process can be appreciated
qualitatively in Fig. 5d.

For clarity, a node neighbor is defined as a (different) node that has
bidirectional communications with it, i.e. it is in communication range
and their mutual distance can be measured (and will be considered
known). A cluster is defined as the subset composed of a central node
and its neighbors.

The process by which the points q; are localized can be divided into
a local and global phase. Each of these can then be divided further. A
summary of this structure is as follows:
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Fig. 5. Clustering and localization. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

A. Local clusters definition

i. Clustering; starting from each point q;, clusters are de-
termined by taking the neighbors within line-of-sight and
distance /; ; < R;,

Search for pentalaterals; points in each cluster are

searched for all pentalaterals, following the procedure

outlined in Fig. 5c,

Robustness screening; non-robust pentalaterals are dis-

carded,

. Local quadrilateration; points in each cluster are local-
ized in the cluster local frame of reference using multilat-
eration starting from each robust pentalateral; this creates
a local map of each cluster,

ii.

iii.

B. Global map assembly

i. Cluster stitching; starting from the base station — whose
location is known — each cluster is stitched to its neigh-
bors; this creates the global map of the point cloud.

ii. Mirror ambiguity resolution; by localizing three or
more agents from the base station the correct represen-
tation is selected.

The positions of the agents not localized after this process are finally
determined by quadrilateration starting from the positions of their
known neighbor nodes.

3.4.1. Local clusters definition

The general node q; becomes the origin O, of cluster C;. The
distances /; ; between node q; and node q;; € C; are transmitted to
the cluster origin node O;. Additionally, each node q; ; € C; broadcasts
all of its own connections (and distances).

Referring to Fig. 5c, we can see that each pentalateral is built
starting from O, and finding four points q;[; 4 € C;. These are
automatically part of the (possible) pentalateral because they are each
connected to each other in a chain (blue links), and are also part of the
cluster by definition (magenta links). At this point, the pentalateral is
fully formed if the remaining connections exist (green links).

Finally, all pentalaterals in the cluster C; are checked for robustness
based on Eq. (9).

This entire process is detailed formally in Algorithm 1.

3.4.2. Local quadrilateration
Once the clusters are determined and the robustness of pentalaterals
within them is established, we can determine the location of their
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nodes using multilateration. In fact, only the ten distances between
nodes are known at this point. We define the frame of reference of the
pentalateral as such:

— The origin of the reference frame is O; = q,,

- The x-axis is defined as the unit vector parallel to q; | — q;,
- The y-axis lies in the plane defined by q;, q;; and q; ,,

— The z-axis completes a right-hand-side frame.

In parallel, we define a left-hand-side frame (x',)’, z') where x = x/,
y= -y and z = z’. This accounts for the reflection ambiguity.
The first two points can be defined easily, as such,

q,0=0;=1{0, 0,0}, q;; ={l. 0, 0}.

The third point can be defined from the distances between these
three points;

qix = {‘1/0,2’ loa V1 - a2, 0}

2 2 _
10,1+lo,2 11,2

10

an

with « Zorlon
Note that in this case two points are actually defined, one in (x, y, z)
and the other in (x, ), z’) — its reflection.
The fourth point can be found using the same procedure used for
q;,; this generates yet another reflection ambiguity. Yet, only in this
case, if we call these points q,;; and q;;,, we can write,

_Jdisn ifllaig =izl =los
qi3 = . ’
Q3o ifllgio —qizpll =1o3

which allows us to solve this ambiguity.

The fifth point q;, can be found in the same way. In the end, we
are left with two symmetric representations of the pentalateral — one in
(x,y,z) and one in (x’, )/, z’) — which both satisfy the set of distances.

The cluster local coordinate system is determined starting from one
of the five-vertex robust graphs, chosen arbitrarily. Then, as many
nodes as possible are localized by “chaining” the other robust pentalat-
erals to it. This process is repeated starting from a number of different
graphs, thus creating several possible cluster map candidates; finally,
the candidate that localized the most nodes is kept as the cluster map.
This is shown in detail in Algorithm 2.

12)

3.4.3. Cluster stitching and mirror ambiguity resolution

The last phase aims to create the global map of the network starting
from the previously determined local maps. The coordinate system
(xp.yp,zp) of the launch station has been chosen as the global frame.
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Algorithm 1 The first node of each graph is the central one, identified by ¢;
(Fig. 5a). The other four nodes, g, ... ¢4, are selected between the neighbors of
their previous one . The robust graphs are saved in the matrix Q as quintuplets
of their nodes.
for all neighbors g;, of the central node ¢; do
for all neighbors ¢, of the node ¢;; do
for all neighbors g, ; of the node ¢;, do
if g;; is neighbor of ¢;, then
for all neighbors g, , of the node g;; do
if g, , is neighbor of the nodes ¢;, and ¢;, then
if the conditions in Eq. (9) are verified then
Add the graph to Q.

Algorithm 2 The nodes within each pentalateral in Q are located. Pentalat-
erals are chained together to form a map of the cluster. The coordinates of the
localized nodes are finally saved in the L, matrix.

for all graphs in Q do
Localize nodes in the considered pentalateral using multilateration
(see Section 3.4.2),
Add the localized nodes to L,

Qux=Q, > auxiliary matrix
while other nodes are added to L do
c=1 > counter

while c is less than the graphs in Q,,, do
if the c-th graph of Q,,, has 4 nodes in common with L, then
Localize the fifth node by quadrilateration from the other four,
Add the node to L,
Remove the graph from Q,,,,
else if the graph has 5 common nodes with L then
Remove the graph from Q

aux>

else
c=c+1,
if L has more nodes than L,,, then
L, =L,

if all the cluster nodes are in L,,,, then
terminate the function.

Similarly to the process by which clusters are assembled starting
from robust pentalaterals, the global map is built by finding common
nodes between available clusters. However, it is important to recall that
at this point each cluster still carries a mirror ambiguity. In principle,
there exist two approaches to this particular part of the problem:

i. Build two separate versions of the global map - one the mirror
image of the other — and solve the mirror ambiguity at the end,
thus discarding the incorrect global map version;

ii. Solve the ambiguity for at least one cluster, and then assemble
the rest of the clusters by solving the ambiguity for each of these.

In this instance, we have elected to follow the former. In fact, once
the twin global maps have been assembled from the clusters, the launch
station locates at least four points of the cloud in absolute terms. This
can be achieved using directional RF range-finding, RF triangulation, or
other similar techniques. The selected points should constitute a robust
tetrahedron, following Eq. (9) to avoid yet other ambiguities. At this
point, the correct global map is selected, based on the compatibility of
the real locations of these points and their relative positions within the
map.

The best rotation and translation are computed through a closed-
form solution to the least-squares problem for the common nodes [54].

Using unit quaternions, the rotation problem is reduced to an
eigenvalue-eigenvector problem. Let us call “old” the system already
added to the global map and “new” the new candidate, and let r,;, ; and
T D€ the vectors identifying the common nodes in the old and new
systems respectively, with i = 1... n, where n is the number of common
nodes. The centroids of the common nodes for the two systems can be
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defined as:
n n
o=t Yt =L 3
new n P new,i? old n & old,i*

Considering that r/, i = Tnew,i — Fog and thatr), @i = Yoldi — Fora» W
can write,

13

n , - Sxx Sxy sz
2 CpewiYorai = | Syx  Syy  Syz a4+
i=1 S S

zx zy

zZ
The unit quaternion — which can be represented in matricial form
as R - representing the best rotation is the eigenvector associated to

the most positive eigenvalue of the matrix N defined as follows,

Sex + 8y, +8, Sy, =Sy
N = Syz_Szy Sxx _Syy_Szz
Szx _sz Sxy+Syx
Sky = Syx Sox +Sxz as)
Szx - sz Sxy - Syx
Syy+Syx S+ S,
=Sy + S8y, —S;; Sy + 8,y
Sy, +8;y =S =Sy +5;
Finally, the best translation is then computed as follows,
ry = I_‘old - anew‘ (16)

3.5. Validation of the mascons model

In order for the mascons-based discretization approach to be consid-
ered realistic, it is important to validate it with regard to our specific
needs. To this extent, we performed a study on the discretization
convergence considering both the voxel and sub-voxel subdivisions
outlined in 3.1. Results are shown in Fig. 6.

4. Results and discussion

In this section we show the results of a set of scenarios. In particular,
we show two ways in which the trajectories of launched agents can be
shaped, in order to fulfill specific objectives. In the former, we show
the targeting of a landing point using optimization techniques; in the
latter, we show how a similar approach can be used to maximize flight
time. Next, we show a quantitative analysis of the surface coverage that
can be achieved using this swarm approach. Finally, we take advantage
of an integrated simulation to characterize the localization error of the
swarm agents during flight and at landing.

4.1. Targeting of a landing point

Objective of this section is to determine whether it is possible to
find the launch parameters such that an agent lands in a predetermined
desired point of the surface.

The launch parameters evaluated in this study are the following
three:

— Azimuth ¢ € [0, 27] rad. See Fig. 2;
— Elevation 9 € [0, z/2] rad;
- Velocity v, ; with [lv |l = vy ; € [0, 1] ms™!.

The results of a Design of Experiments (DOE) obtained by discretiz-
ing its launch parameters and illustrated in Fig. 7(a), show that the
obtained landing points are distributed over most of the surface. Hence
— at least from this launch position — we show that it is possible to target
a landing point in any location of the asteroid.

An optimization was then performed for each of sixty different tar-
get points chosen randomly. The optimized parameters were the launch
parameters 9;, ¢;, and v; ;, while the optimization objective was to
minimize the distance between the desired target point and the actual
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Fig. 6. Discretization convergence. The relation between the mean collision error and
the mascon size is shown here. Three different sub-voxelizations are shown.

landing point. The chosen optimization algorithm was a SIMPLEX with
500 iterations. The launch parameters domain was restricted for each
target point according to the values that, in the previous DOE, gave a
landing point in its proximity. This way, we prevented the SIMPLEX
algorithm from falling in some local minima of the objective function.

The error distribution between the obtained and the desired landing
point for all the sixty target points is reported in Fig. 7(c). This result
shows that for each of them, it has been possible to find some launch
parameters such that an agent can land on the target point with an
error less that 1 mm.

4.2. Flight time maximization

During the simulations it occurred that the majority of the agents
could not be localized in the final part of their trajectories due to the
gradual loss of connections in the network. This brought the need to
launch some agents with trajectories stable enough that, while orbiting,
they would increase the connectivity and help with these localizations.

To determine such trajectories, another launch parameters opti-
mization as been executed. The optimization objective was to maximize
the flight time of a trajectory, with the restriction that it must remain
in proximity of the asteroid in order to keep the connections with the
other agents.

Many launch parameters have been found such that the associated
trajectories orbit the body for hundreds of hours, enough to help with
the localization of the previously landed agents.

Fig. 7(b) shows the example of a 72 h long trajectory obtained with
this optimization approach.

4.3. Surface coverage analysis

This section evaluates the relation between the number of launched
agents and the amount of asteroid surface covered by them.

- Impact Points
A Launch Station

(@)
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A triangular uniform meshed sphere has been used to divide the
surface of the object into roughly equal area regions. This is achieved
by projecting the mesh onto the object. The sphere was bigger than the
asteroid and centered in its center of gravity so that the projections of
the mesh triangles have been used to divide the asteroid surface.

An agent is considered to cover all the surface of the region it lands
in, i.e. each agent will cover just one region, while a region can be
covered by one or more agents.

The agents launch parameters have been taken randomly, while
their number has been varied from 10 to 1000. Five simulations have
been conducted for each value of the agents number due to the ran-
domness of the launch parameters.

The coverage analysis results obtained for a sample simulation,
using 1000 agents in the case of 320 surface divisions, are shown in
Fig. 8. Specifically, in Fig. 8(a) the probability distribution is shown of
the launch direction; the covered surface is depicted in Fig. 8(b).

The plot in Fig. 9(b) shows how the percentage of covered surface
varies with the number of deployed agents. First, we can see that there
is a growing trend, as could be expected, meaning that a bigger number
of agents covers a bigger surface. We can also see that the coverage
difference between a higher and a lower agent number becomes more
marked when the number of surface divisions decreases (i.e. their
dimension increases). This can be explained by the fact that a smaller
region has a lesser impact on the overall covered surface so even a large
number of them could add just some percentage points to it. On the
other hand, even though there will probably be more agents covering
the same areas, a single bigger region will have a greater impact on the
overall coverage.

These results show the importance of balancing the number of
deployed agents with their distribution and coverage capacities. Well-
distributed agents with high coverage ranges could cover a major part
of the surface, even with a not-so-large number of them.

4.4. Localized agents percentage

This section aims to determine how the percentage of localized
agents depends on the number of agents in the swarm.

The agents have been deployed with random launch directions and
velocities, while their number has been varied from 10 to 70. Six
simulations have been run for each value of the agents number in
order to rely on more datasets due to the randomness of the launch
parameters.

The evolution of the localized agents percentage is represented in
Fig. 9(a).

The results show a growing trend of the localization percentage
with respect to the number of deployed agents, according to the higher
connectivity of the network. They also show that, regardless of the
number of agents, this percentage drops to zero quite quickly due to
the gradual loss of connections caused by the distancing of the agents
from each other and from the base station.

N. of landing points

0 2 4 6 8
Error [m]

©)

x10™*

Fig. 7. Simulation examples. (a) Landing points of approximately 8000 objects launched in the DOE. (b) Example of a long-duration orbit. (¢) Landing error distribution compared

to intended targets.
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Fig. 8. Launch of 1000 agents. (a) Launch direction distribution in terms of probability;
(b) Coverage of the surface.

4.5. Integrated simulation and error characterization

In order to bring together all aspects discussed in the previous
sections, a simulation was executed that integrates the dynamic and the
gravity field models, collision detection, and localization algorithms.
This allows us to evaluate the localization effectiveness and accuracy
in a realistic scenario.

Localized agents [%]

-
5000

20

Time [sec| n - N. of agents

(a)
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Within this simulation a number of 65 agents were launched. Specif-
ically, 41 of them, which we will refer to as “first group” of agents, were
intended to land in predetermined points, so their launch parameters
have been chosen from the optimization results in Section 4.1, while
the other 24, the “second group” of agents, have been chosen between
the long time trajectories resulting by Section 4.2 in order to increase
the connectivity of the network.

It is worth specifying that, while the agents of the second group
have been specifically selected to ensure an high connectivity of the
network all around the body, the first group agents landing points
were chosen randomly (as mentioned in Section 4.1), i.e. they are
representative of a generic “first group” of agents. No distribution
strategies have been adopted for them yet, even thought their study
would be a worthy subject for future researches. Various aspects can
be of interest, e.g. homogeneous surface coverage, optimized accuracy
distribution, time-effectiveness etc. Works like [55], where Wen et al.
studied the SCBs reachable domain when hopping from their surface,
could be helpful for such a study.

A uniform random error in the range ¢ = [—1, 1]Jm has been applied
to each distance measured between the nodes in order to simulate the
presence of measurement noise. The probability distribution f(e) thus
can be written as follows,

_ 1/2 for —1<e<1
f(e)—{ 0 fore <—lore>1

Fig. 10(a) shows the time evolution of the number of localized
agents. The blue line refers to all the 65 agents, while the red one only
considers the first group of them, which is the most interesting to be
localized.

Three main time ranges can be identified:

a7

0s to 0.4 x 10°s : all the launched agents are in flight. The blue curve
has a first rise due to the launch delay applied to some of
the second group agents. Both curves then decrease rapidly
according to the progressive landing of the first group of agents.

0.4x10°s t0 3.3x 10°s : the agents of the first group have already
collided with the surface. The localization percentage is still
high, especially for the red curve, meaning that the second group
of agents is able to localize the first landed group.

33%x10°sto 1 x 10°s : all the agents are landed except for four agents
of the second group that are still orbiting. There still are some
periodic localizations according to these four agents flying in the
vicinity of the base station.
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Fig. 9. Surface coverage and localization process characterization. (a) Localization as a function of n and time #; (b) Coverage of the surface as a function of the number n of

agents.
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Fig. 10. Complete simulation results: localization accuracy. (a) Localized agents as a function of time #; (b) Accuracy of localization at collision.

Regarding the precision of these localizations, we can distinguish
the two cases of identifying an agent when it is still flying and identi-
fying an agent after it has landed.

In the first case, each localization refers to a different point of
the trajectory. Knowing the expected trajectories, the error of each
estimated position can be calculated in reference to its expected coun-
terpart. Then the outliers can be found and eliminated for each agent
so that the remaining positions will give us our reconstruction of the
trajectories.

After eliminating the outliers, defined as the values that are more
than three scaled median absolute deviations (MAD) from the median,
the remaining mean error of all the 65 agents is 8.5m.

Fig. 10(b) shows the localization errors. We can see that there is
a good precision for the first group of agents, with a mean error of
6.5m. We can also identify some of the second group agents after they
collided, although with less precision.

Fig. 11(a) shows the estimated positions (yellow) along the trajecto-
ries for the first group of agents, and their real counterparts (black). We
can see that the curves are mostly overlapped; additionally, by looking
at Fig. 11(b) we can appreciate that the localization error is comparably
small for most of the trajectories. This means that we are able to
carefully identify the agents along their flight path and to accurately
assign accurate positions to readings performed by the sensors. The
agents of the second group are not represented for clarity, due to their
convoluted and long-period orbits.

In the case of identifying the collision point of an agent, instead, all
the localizations made after its landing refer to the same position. In
order to determine the collision point, we first calculated the centroid
of its estimated positions, and then, referring to their distances from
this centroid, the outliers have been eliminated. Finally, the landing
point has been determined as the centroid of the remaining positions.

Fig. 11(c) reports a graphic representation of the simulation. We
can see that the estimated and the real landing points are overlapped,
meaning that the obtained precision enables the correct localization of
the agents.

In order to better validate the localization accuracy and to charac-
terize its surface distribution, about 420 additional simulations have
been executed starting from the previous one. The first group agents’
launch parameters have been randomly perturbed up to 15% of their
values, allowing an overall spread distribution of impact points on the
surface.

169

Fig. 12a and b show the estimated collision points for the first
groups of agents of all the simulations (about 16600 agents), colored
according to their error. We can clearly see that there is a zone,
corresponding to the “neck region” of the comet, where the accuracy
is higher, with most localization errors lower than 1m. Outside this
area the error increases until outlier values in the order of hundreds of
meters. The reason for this distribution is the position of the launch sta-
tion. The neck region is relatively close and within line-of-sight and, as
such, it is easier for a second group of agents to create a chain of robust
pentalaterals connecting it to the base station. In contrast, the hidden
zones have fewer localizations available for estimating their collision
points. Fig. 12¢ and d divide the surface into 1280 regions, similarly to
Section 4.3, and color them according to the average localization error
among the agents landed in each one (note its logarithmic scale). The
gray zones have not been reached in these simulations.

The overall localization errors after a collision are represented in
Fig. 13 for the agents of the first groups (about 16600 agents) and the
collided ones of the second groups (about 4400 agents). The Y-axis
represents the fraction of agents with an error lower than the associated
X-value, e.g. 84 % of the first group agents (red curve) are localized with
an error less than 10 m.

5. Conclusion

In this work we have shown that a small celestial body can be
explored by taking advantage of a swarm of small low-cost agents
capable of performing inter-agent range measurements.

We have detailed a methodology to simulate the gravitational envi-
ronment and the orbital dynamics around an irregularly shaped object
like comet 67P/Churyumov-Gerasimenko. Special effort was devoted
to the development of a series of algorithms to perform the localization
of the swarm agents based on the distances between mutually in-
range agents. The outcoming methodology allows the swarm to gain
proprioception — the knowledge of the location of its parts — during
flight and at the moment of landing. This enables, in principle, the up-
close surveying of vast areas of the surface at a comparatively small
cost and complexity increase.

We reported an in-depth characterization of the localization method-
ology, which gives insight into the capability of the swarm to per-
ceive its geometry in space. Along with this, we presented a detailed
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Fig. 11. Complete simulation results: trajectories. (a) Comparison between real and estimated trajectories; (b) Localization estimation errors along the trajectories. Here, the radius
of the tube represents the localization error on a 1:1 scale. (c) Illustration of the complete (nominal) trajectories, showing nominal collision points compared to estimated collision
locations. The four second-group objects (magenta) are still in flight. (For interpretation of the references to color in this figure legend, the reader is referred to the web version

of this article.)

sensitivity analysis of localization deviations based on the range-finding
measurement error; furthermore, we showed how the number of agents
in the swarm impacts the surface coverage of the object. Finally, we
demonstrated how having a subset of the agents following longer-
period orbits positively impacts the localization of the grounded agents,
leading to better performance.

In the future, we plan to validate the methodology in an experi-
mental environment involving the launch of a small number of agents.
Furthermore, more effort should be put into the development of sci-
entific payloads targeted to this specific class of exploration scenario.
Finally, in the event of a real mission, given the large number of
agents that are to rest on the surface of small celestial bodies, more
studies have to be carried out regarding the influence of these delicate
extraterrestrial environments.
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