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      Introduction: To date, planetary science investiga-
tions have largely been conducted with point meas-
urements.  Notable exceptions include lunar laser rang-
ing to the Moon, for both studies of the lunar interior 
and testing theories of gravity, the rovers on Mars, 
which are able to collect measurements at a distributed 
set of locations, and GRAIL’s measurements of the 
lunar gravity field.  With the emergence of small plat-
forms (CubeSat and other form factors) enabled by 
advances in electronics and miniaturized instruments, 
distributed sets of sensors will enable the realization of 
novel science that requires distributed measurements 
and push the boundaries of exploration.   Ambitious 
concepts for “fleets” or “constellations” of spacecraft 
are beginning to be deployed, with additional concepts 
in development for terrestrial applications. Multi-
satellite missions have also been embraced in various 
solar and space physics applications. The science po-
tential offered by these architectures has not really 
permeated either Astrophysics or Planetary Science—
except for the special case of the GRAIL mission, but 
is poised to become a prime form of exploration over 
the next three decades. 

The recent NRC report “Achieving Science with 
CubeSats: Thinking Inside the Box” [1] has highlighted 
constellations as science enablers, which is the thrust 
explored by this abstract. Constellation architectures 
may also aid Human exploration for reconnaissance 
and then local telecommunication infrastructure.  An 
essential element of many of these concepts is that the 
“whole is greater than the sum of the parts”—the sci-
ence return is enhanced only if the measurements from 
the individual sensors can be combined, but intra-
constellation communication and coordination is often 
identified as a key challenge for these concepts and 
even more so for deep space missions that are fre-
quently resource-constrained. This abstract summariz-
es the state of thinking in constellation architectures as 
a means to address the 2050 Vision themes and pave 
the way for Human exploration of the Moon, Mars, 
and asteroids.   
 

Key Science Applications: The main application 
areas include: (a) Distributed measurements (homoge-
neous and heterogeneous) for increased spatial and 
temporal sampling, (b) multi-satellite architectures, (c) 
communication network for relay, (d) task distribution. 

 
 

Distributed Measurements would especially benefit 
science based on fields and particles, for example 
when tracking the response of a magnetic field induced 
in the salty oceans of the Galilean satellites as a func-
tion of latitude and true anomaly. As another example, 
knowledge of the interior structure of near-Earth aster-
oids addresses the Origins theme and Threats & Re-
sources theme by informing approaches for planetary 
defense and for in situ resource utilization as well as 
providing potential targets for human exploration. The-
se bodies are generally too small for casual gravity 
science via radio-tracking. A GRAIL-like observation 
strategy involving many sensors could be used to cap-
ture that information. Communication between assets 
is used to increase position knowledge accuracy. 

In the same vein, radio-occultations among multi-
ple spacecraft can address the Workings theme by 
monitoring atmospheric conditions (e.g., temperature, 
dust content).  This approach is analogous to radio 
occultation constellations using the Global Positioning 
System (GPS) signals on Earth, and could be used at 
any body with an atmosphere.  Targets that have been 
considered include Mars, Venus, and an ice giant (or 
giants).  Such investigations may also prove important 
in preparation for crewed exploration of Mars.   

 
Multi-Satellite Architecture for in-depth study of a 

planetary body may involve surface and above-surface 
assets as well as one or several orbiters. The relay net-
work established by the set of Mars orbiters is already 
critical to returning data from Martian landers and rov-
ers and provides first glimpse of what a future multi-
asset network at a planetary body might be.  Such net-
works could address the Workings theme, potentially 
the Origins theme, and, at Mars, potentially the Life 
theme.  The real-time sharing of information among 
assets would facilitate autonomous in situ decision-
making, enabling new science and more effective and 
productive operations.  This is particular critical for 
systems that operate in dynamic environments, where 
Earth-bound communication cannot meet the need 
response time.  Examples include the exploration of 
bodies such as Titan, Venus and Mars using above-
surface assets.  Rotorcrafts, balloons, or aerobots 
would critically benefit from weather information 
gathered by the accompanying orbiters and landers. 
The Titan and Saturn System Mission concept included 
a combination of Montgolfier, lander, and orbiter. In 
the same vein, fractionated payload, i.e., the distribu-
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tion of instrumentation among assets exploring differ-
ent regions of a given body, can increase science return 
by optimizing science capture in a short timeframe. 
Networking between assets may be used for autono-
mous positioning as well as for enabling synchronized 
science acquisition. An example of application is the 
data (particle density, vapor production, etc.) that can 
be obtained from multiple vantage points of dynamical 
processes to support the quest for habitable environ-
ments and biomolecules in the case of icy satellites 
(Life Theme) and more generally understand the phys-
ics of these processes and they information they bring 
on the interiors of comets and asteroids (Origins and 
Workings Themes).  

 
Communication Network for Relay is critical to the 

exploration of sites with limited or no line-of-sight to a 
mothership. Much like multi-satellite architectures, 
relay communications may be an essential aspect of 
future missions to address the Origins, Workings, and 
Life themes.  Relay communication is already routine-
ly used at Mars. The discovery of caves both on Mars 
and the Moon and suspected at Titan opens new direc-
tions in the search of habitats for human exploration 
and past or extant life forms. The reconnaissance of 
these areas should become of primary importance in 
the future and requires special strategies for explora-
tion in highly resource-constrained conditions and 
challenging communication configurations.  An asset 
wandering in a cave would have to rely on intermedi-
ate relay nodes to eventually channel the information 
back to Earth.  This network would also help in the 
localization of the exploring assets.  

 
Task Distribution between assets for increased sci-

ence return and decreased operational complexity. This 
includes scouting by small assets traveling with a larg-
er platform such as the Mars Science Laboratory. The 
Mars Helicopter currently under study is an example of 
asset that could provide a general overview of the envi-
ronment and science targets of a future rover to Mars 
to help pave the journey forward. A follow-on archi-
tecture could involve several small scouting rovers 
with minimum reconnaissance payload who explore in 
advance of the larger platform and may relay their in-
formation based on the autonomous, on-board prioriti-
zation of their findings.   

 
Technological Roadmap: A key game changer for 

deep space constellations is the introduction of ad-
vanced deep space CubeSats.  JPL introduced deep 
space CubeSat with the INSPIRE and Mars Cubesat 
One (MarCO) pathfinders; notably INSPIRE will 
demonstrate inter-CubeSat relay in deep space.  Low-

cost nano-satellite, even more so with the CubeSat 
form factor, have easier access to space and may re-
place decaying assets in constellations in order to ena-
ble long-lived missions.  On the other hand, limited 
communication capability in turn requires agile strate-
gies for increased science return. Autonomous opera-
tions that include self and situational awareness and 
onboard decision-making and control are key to max-
imizing operations in challenging and resource-
constrained environments. While autonomy for deep-
space missions can leverage in part the advances de-
veloped in the private sector, it also requires in-depth 
thinking to address challenges specific to planetary 
exploration, for example with regards to fault protec-
tion and resilience against the many unknowns that 
may occur throughout the lifetime of the mission. Au-
tomating relays by implementing networking function-
ality is another important technology for lowering op-
erational cost, improving data return, and enabling 
autonomous coordination among assets. 
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