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Ice worlds are at the forefront of astrobiological interest because of the evidence of subsurface oceans. Enceladus
in particular is unique among the icy moons because there are known vent systems that are likely connected to a
subsurface ocean, through which the ocean water is ejected to space. An existing study has shown that sending
small robots into the vents and directly sampling the ocean water is likely possible. To enable such a mission,
NASA's Jet Propulsion Laboratory is developing a snake-like robot called Exobiology Extant Life Surveyor (EELS)
that can navigate Enceladus’ extreme surface and descend an erupting vent to capture unaltered liquid samples
and potentially reach the ocean. However, navigating to and through Enceladus’ environment is challenging:
Because of the limitations of existing orbital reconnaissance, there is substantial uncertainty with respect to its
geometry and the physical properties of the surface/vents; communication is limited, which requires highly
autonomous robots to execute the mission with limited human supervision. Here, we provide an overview of the
EELS project and its development effort to create a risk-aware autonomous robot to navigate these extreme ice
terrains/environments. We describe the robot’s architecture and the technical challenges to navigate and sense
the icy environment safely and effectively. We focus on the challenges related to surface mobility, task and motion
planning under uncertainty, and risk quantification. We provide initial results on mobility and risk-aware task and

motion planning from field tests and simulated scenarios.

INTRODUCTION

Icy moons of gas giant planets, such as Europa, Titan, and Enceladus,
are at the forefront of astrobiological interest because of the evidence
of subsurface oceans. Saturn’s icy moon Enceladus in particular is a
compelling moon that is believed to have liquid water oceans beneath
its frozen surface (I-5). Enceladus is unique not only because of its
subsurface ocean but also because it has known geysers (1, 3), its
ocean is likely in direct contact with rocky core that supplies minerals
(6), and Cassini’s flythrough data indicated the potential existence of
hydrothermal vents (7). The detection of biosignatures might be pos-
sible from samples captured via plume flythrough or captured on the
surface while landing on it. Nevertheless, existing studies indicated
that some of the key astrobiological questions cannot be answered
without directly sampling the ocean water in the vent (8, 9). The
search for and characterization of these biosignatures, and conse-
quently life, on Enceladus would ideally require samples collected
from the vent, its surroundings, and the ocean.

Unfortunately, we only have very limited knowledge about the in-
ternal environment of the vents and the surface around them, most
of which comes from a single mission, Cassini. The best resolution of
the surface image is ~6 m per pixel for a very limited area. Most of the
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close-up images are monocular; hence, the surface topography at the
scale of our robots is largely unknown. Furthermore, there are multiple
conflicting hypotheses for the eruption mechanisms (10-13), which
cannot be resolved by the existing data from Cassini. As a result, the vent
geometry, depth to the liquid interface (if it exists), velocity of the flow,
and the physical property of the ice walls are largely unconstrained.

Exploring Enceladus’ uncertain ice environments without a pre-
cursor mission requires the development of resilient autonomous
robotic systems that can operate, navigate, and adapt under challenging
conditions. For example, a priori knowledge of the environment and
terrain properties/dynamic is severely limited, leading to high uncer-
tainty and risk during navigation and operation. Sampling from the
underground ocean itself requires both surface and subsurface naviga-
tion and exploration where environmental conditions and physical
properties of the ice/environment might change markedly over the
surface-subsurface trajectories (in the subsurface case, there are added
elements of limited visibility while navigating narrow passages and
potentially turbulent flows in the vents). Communication with Earth is
constrained because of long distances (the round-trip latency will be
130 to 155 min, whereas the downlink rate would be highly limited
compared with Mars missions) and/or no line of sight when the system
is in the subsurface environment. The systems lifetime might be limited
because of harsh environmental conditions due to radiation or tem-
perature extremes and limited resources, such as depletable batteries.
These challenges preclude us from manually commanding a robot
from the ground in such an environment, and, therefore, a robot
explorer needs to be highly autonomous, adaptive, and resilient to
execute the mission with limited to no human supervision.
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Here, we present an autonomous, adaptive, and resilient robotic
platform, the Exobiology Extant Life Surveyor (EELS) robot, developed
at NASAs Jet Propulsion Laboratory (JPL), that aims to address the
aforementioned challenges/needs. Figure 1 illustrates the EELS concept
for an Enceladus mission. We introduce its resilient software architecture
and focus on how we address the specific problem of safe surface navi-
gation, exploration, and sensing through onboard autonomous task and
motion planning under uncertainty. Our contributions refer specifi-
cally to the software architecture and the task and motion planning
system for highly uncertain environments. We also provide a summary
of the surface mobility and motion planning approach and experiments
introduced in (14) while elaborating on the autonomy requirements
that are needed to operate on Enceladus, the software architecture that
can fulfill those requirements, and the high-level task-and-motion
planning component of the software stack.

The EELS project

The EELS robot is a serpent-like mobile instrument platform conceived
to explore both surface and underground structures, assess habitability
of the environment, and ultimately search for evidence of life. It
is designed to be adaptable to traverse ocean world-inspired terrain,
fluidized media, enclosed labyrinthian environments, and liquids.
Enceladus is the main driver for the design of EELS hardware and
software architecture, as well as its mobility and autonomous capa-
bilities. We have been using glaciers as Earth analog ice environ-
ments to develop and test its architecture as a stepping stone toward
Enceladus.

Planetary subglacial access missions aimed at achieving similar
science goals to EELS have been proposed throughout the years.
Thermal ice drilling via melt probes is the primary approach to
overcoming planetary ice sheets (15-18). The commonality between
these mission concepts is that mobility occurs through bulk ice, posing
challenges because of the kilometer-scale cryogenic ice sheets of
Enceladus or Europa. Thermal drilling in cryogenic ice is inefficient

Fig. 1. Artist renditions of the EELS concept. (Top) The system moving with the
help of its active skin propulsion toward a vent after being deployed by a lander on
Enceladus. (Bottom) The EELS platform climbing down a vent, resisting the upward
fluid dynamic pressure by pushing out against the ice walls.
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because of the heat lost through the probe’s sidewalls and sediment
accumulation, which can decrease thermal conductivity. A future
challenge is presented by the potential presence of rocks or voids
within the ice sheet. Another approach is via mobility systems capable
of traversing the rough glacial terrain and climbing down the vent
system. Noteworthy is the Enceladus vent explorer concept (19) that
investigated the feasibility of using ice screws and articulating arms as
a descent technology. As in (19), EELS leverages the existence of an
open pathway to Enceladus’ subglacial ocean and sidesteps the
problems of thermal ice drilling in cryogenic ice using ice as terrain
over which to move rather than a medium through which to move.
Differently from (19), EELS is better suited for an Enceladus vent
mobility mission because it is capable of mobility in a wider spectrum
of terrains.

The development of EELS encompasses nine specific capabilities
essential for enabling an Enceladus vent exploration mission. These
include proprioceptive control for reliable interaction with the ice sur-
face and holding the robot in the high-speed jet; gait/motion control for
fully using the available degrees of freedom and traveling through
various types of environments; exteroceptive perception for acquiring
geometric and semantic information of the local environment; motion
planning for continuously finding a feasible robot path toward position
goals; global localization and mapping to provide situational awareness
in a global coordinate; global locomotion planning to cooptimize the
path and gait/motion pattern; scientific sensing and actuation for
observation, sampling, and sensor deployment; planning and robust
execution of high-level mobility, science, and engineering activities
and effective failure responses; and risk management to ensure that
the mission plan is executed within user-specified risk thresholds.
Given the high uncertainty aspect of the target environment, reasoning
under uncertainty across these capabilities plays a central role in the
EELS project and drives system-level autonomy requirements. In this
work, we focus exclusively on addressing uncertainty in the processes
of motion planning and task planning while managing risk of violating
safety constraints. In what follows, we elaborate on the requirements
for these particular three items.

A number of works have outlined future autonomy needs and
challenges for planetary exploration (20, 21). The common themes
that always emerge for operations in remote regions of the solar system
are the needs for system-level autonomy and decision-making under
uncertainty. High uncertainty, coupled with long communication
latency, low frequency of uplink-downlink cycles, and short mission
time, exclude the classical operator-/ground-in-the-loop planning
paradigm that has long been adopted by space missions. Successful
surface (and subsurface) operations on Enceladus will thus require a
system-level task and motion planner aware of the shifting environ-
mental uncertainty and risk as more of the environment is perceived
through active observations.

Another desirable characteristic of a system-level planner for an
extreme environment is a degree of awareness of the robot’s motion
planning problem. When moving in an uncertain environment, there
is an inherent trade-off among risk-taking, information gain, and use
of the mission’s finite resources. A system-level planning capability is
the ideal coordinator for this trade-off because it has the broadest
understanding of the systems state. Thus, the task planning capability
should be cognizant of the lower-level motion planning problem at a
high enough resolution to generate a sparse sequence of navigation
tasks that break down the scientific intent of reaching the vent into
waypoints for the path planning process.

20of 11

920z ‘Gz ARe|Nl uo (noyzbuens)) ABojouyde | pue 8duB 1S Jo A1sieaiun Buoy BuoH ay] e Hi0:eousios mmmy/sdiy woly papeojumoq



SCIENCE ROBOTICS | RESEARCH ARTICLE

An effective system-level planner should also be capable of infer-
ring the likely consequences of making a decision given a prior belief
and extracting an understanding of the risk that is associated with
each action. It should be capable of inferring the most likely conse-
quence as it navigates the environment and taking the appropriate
information-gaining action as needed when necessary. For Enceladus,
the necessity for risk awareness is visible, for example, in the surface
mobility phase. When moving in a glacial environment, there are haz-
ards of varying degrees of lethality ranging from minor inconveniences,
such as small dips, to mission-ending crevasses. A planner capable of
modulating its uncertainty tolerance on the basis of risk will produce
plans that can achieve a higher science return with a fixed cost and
without increasing the probability of catastrophic events. This planner
capability will allow the system to adapt its behaviors on the basis of
the risks that actions pose to the mission’s outcome, given the system’s
state and external environment conditions. This is similar to the
ground-in-the-loop, risk matrix-based operations paradigm that is
currently in use, but in the Enceladus case, that risk matrix would be
guiding the onboard decision-making process as illustrated in Fig. 2.
Note that, although in Fig. 2, we have focused on a mobility example,
the same concept of onboard risk assessment can be extended to a
broader action space to include actions such as communication,
scanning the environment, and more. Understanding the likely con-
sequences of an action, however, requires deep knowledge of the system’s
state. Among the system state information that is needed for accurate
consequence assessment, we include the probability of failure of the
robot’s functions. A simple example of why this is the case is a robot
that is deciding whether to enter a crevasse. The likelihood of having
operational low-light exteroception, for example, should certainly be
a central component of the robot’s decision-making process.

In addition to risk-aware deliberative planning, the system-level
planning process also requires optimization because of limited mission
onboard resources and time. Thus, it should be capable of finding op-
timized solutions to the relevant planning problem within these con-
straints. Moreover, the system requires the capability of rapidly reacting
to off-nominal events, as well as a robust mission executive capable of
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meshing reaction and deliberation (which is usually computationally
more expensive). Fulfilling these system-level planning and execution
capability needs is the goal of the EELS project.

RESULTS

System architecture overview

The EELS robot combines versatile hardware capabilities (Fig. 3) and
a software architecture that supports the proposed autonomous risk-
aware task and motion planning functions.

Hardware

The EELS platform is a large-scale snake robot with active skin pro-
pulsion as shown in Fig. 3. Snake robots have long been studied for
Earth-based applications for their high reconfigurability and capacity
to move through unconsolidated, complex terrains (22, 23). Previous
work has traditionally focused on shape-based locomotion enabled
by anisotropic skin friction, which limits the system’s size because of
shape actuators operating outside of a quasi-static regime when used
for propulsion. The EELS platform, on the other hand, proposes an
active skin propulsion. Only a handful of studies have looked into
active skin propulsion using screws and tracks, but it has been
demonstrated as an effective approach (24-27). Screw-based pro-
pulsion in particular allows the EELS platform to have a larger scale
than shape-based snake robots, which enables, for example, larger
science payload, more energy efficiency than shape-based locomotion,
pushing against the surface of a vent with larger diameter and navigating
over rough terrain, and potentially more efficient surface mobility and
climbing on ice than traditional active skin mechanisms.

The system is composed of 10 identical segments that give EELS
the self-repeating structure that is typical of snake robots. All segments
sum up to a length of ~4 m and a mass of ~100 kg. Each segment is
equipped with three actuators, two of which enable the robot to change
shape, whereas the third actuates the skin (screw). Each shape actuator
has a peak torque of 400 N-m. The large number of degrees of free-
dom allows for reconfigurability and a wide range of possible gaits.
Alongside adaptable mobility performance, the robot’s self-repeating

Likelihood

' D
I 2 3 4 5
Consequence

B Risk: Medium

Fig. 2. Onboard risk assessment. A movement action is evaluated under the lens of risk. A matrix can be used to compute risk by multiplying the severity of the conse-
quences of a failure times the likelihood of that failure. (A) High risk due to a high likelihood of falling into the crevasse, with potentially severe consequences for the

mission. (B) An action that leads to lower probability of falling and hence a lower risk.
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Fig. 3. EELS hardware. Core components of EELS robot, including perception head, shape actuators that connect each body segment, screws attached to each module,

and the tether for data and electrical power transfer.

structure allows for graceful degradation and redundancy. Active
skin propulsion is achieved through the use of counterrotating
screws attached to each module. This characteristic enables move-
ment while keeping the shape actuators in a quasi-static regime of
operations.

EELS draws electrical power and communicates via a tether that
is attached to the robots terminal segment. Long surface and
subsurface traversals will be enabled by high voltage, high com-
munication bandwidth, lightweight tethers, such as (28). Future
work will explore approaches for power management, communica-
tion, and tethering.

On the opposite end of the tail segment, there is a perception
head composed of an Ouster OSO light detection and ranging
(LiDAR), four stereo cameras, an inertial measurement unit (IMU),
and a barometer. To facilitate vision in enclosed environments such
as glacial moulins, the perception head is equipped with light-emitting
diode lights. The system is also equipped with proprioceptive sensors.
Each segment’s actuators have encoders that provide feedback about
the robot’s shape, whereas IMUs are located at the head and tail to
estimate the pose without relying on the perception head. Moreover,
current sensing allows characterization of robot-environment in-
teractions.

Software

Our software architecture takes inspiration from existing autonomy
frameworks [such as JPLs Mission Data System (29), CLARAty (30),
FRESCO (31), and ERGO (32)] by following a goal-oriented autonomy
paradigm and introducing both uncertainty reasoning and risk
awareness. At a high level, EELS’ software stack is divided into esti-
mator and controller modules as shown in Fig. 4. Estimators are
tasked with inferring information about the system under control and
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the environment’s state. In increasing levels of abstraction, there is a
proprioceptive estimation module that is used to obtain information
about the robot’s internal state. The main outputs of this module are
the shape and screw contact-state estimates that are consumed by
controllers. Proprioceptive estimates are crucial both to achieve re-
silience to exteroceptive failures by estimating the robot’s pose through
proprioceptive sensors only and to provide controllers with robot-
environment contact information, which is necessary to achieve
screw propulsion and vertical/horizontal ice mobility. The exteroceptive
estimation module concurrently infers the robot’s pose and builds a
map of the surrounding environment. It ingests raw information from
LiDAR, cameras, IMU, and barometer and transforms the input
into a map and a sequence of poses that are used by path planning and
task and motion planning modules. A fault/risk management module
is tasked with using state information and progress toward achieving
goals from each module to estimate the likelihood of functionality
failure and the uncertainty in that estimate. This module can be
seen as a system-level fault and risk monitor that reasons at a time
resolution and abstraction level sufficiently large to capture system-
level trends that are a necessary input for the mission plan-
ning module.

In EELS, controllers are hierarchically ordered in a way that facili-
tates problem formulation, software development, component testing,
and code maintainability. Each controller takes as input a goal from a
higher level controller and translates it into decomposed goals for a
lower-level controller. At the bottom of that hierarchy, we have low-
level hardware commands, whereas at the top, we have mission-level
goals expressed as operator intent. The actuator (joint-level) controller
translates desired screw velocities and bend and twist actuator posi-
tions into hardware-understandable commands. Shape and screw
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Fig. 4. High-level view of
EELS software architec-
ture. Modules are hierar-
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mators and controllers.
The level of abstraction
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prioceptive information.
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control includes a set of controllers that receive desired path, desired
controller, and deviation information and output desired joint angle
and screw velocity. Different gaits require different control schemes.
The path planning module consumes goals in the form of poses in the
environment and generates an appropriate path toward these goals.
The interested reader can find further details about the control and
path planning modules, referred to here as the surface locomotion
modules, in (14)—we summarize the main strategies used for loco-
motion in the next section. The task and motion planning module
(one of the main contributions of this work) receives a high-level goal
from operators in the form of constraints over the system’s state and
plans a sequence of tasks/behaviors (including motion tasks) that
satisfies these constraints. Behaviors are highly abstracted representa-
tions of the robots capabilities, such as “moving toward a waypoint,”
“scanning the environment,” and more. The behaviors produce goals
for various lower level controllers. In the examples above, the moving
behavior produces goals for the path planning module, whereas the
scanning behavior interacts directly with the shape controller.

Surface locomotion strategies

In this section we describe how the flexibility of EELS” hardware,
coupled with controller and estimators, was leveraged to achieve
surface mobility in extreme terrains. To demonstrate surface mobility
in such terrains, we deployed and tested two gaits alongside two
different state estimation schemes. The main locomotion strategy
is inspired by multiagent autonomy and decouples shape- and
screw-based locomotion. This gait is known as leader follower and

Vaquero et al., Sci. Robot. 9, eadh8332 (2024) 13 March 2024

consists of generating a path that is followed by the robot’s per-
ception head. Propulsive forces are achieved by turning the screw
actuators, and each hardware module is controlled in a way that
follows the path traced by the perception head. When using extero-
ceptive state estimation, an error term between the robot’s actual
and the desired position can be generated and used to control the
robot toward the planned path. By commanding a separate veloc-
ity to each screw, the robot can move holonomically toward a desired
position, using the screws to correct any drift. When exteroceptive
state estimation is unavailable, the robot can follow a path using
the same screw propulsion and shape adaptation method, but
errors and progress along the path will not be estimated. The
second gait that was tested was shape-based sidewinding. With
this locomotion strategy, the robot’s time-varying shape in com-
bination with the screw’s anisotropic friction properties is leveraged
to generate thrust. The capability of switching between screw-based
and shape-based gaits provides flexibility and adaptability to dif-
ferent environments.

Task and motion planning module

At the task and motion planning module, we have focused on fa-
cilitating surface mobility through the combination of task and mo-
tion planning under uncertainty. During operations, exteroceptive
state estimation can fail both because of hardware faults or funda-
mental unobservability present in the environment. Observability
issues are especially marked for snake robots because the percep-
tion head is very low to the environment, and the number of visible
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features is often limited. When exteroceptive state estimation is
operating nominally (see Fig. 5A), an almost optimal path can be
followed, with a small amount of uncertainty introduced by the
natural covariance growth typical simultaneous localization and
mapping (SLAM) systems in absence of loop closures. On the other
hand, when exteroception is not working (Fig. 5B), the motion and
path must be conservatively planned by projecting uncertainty
growth and ensuring that the likelihood of violating safety con-
straints is never exceeded. The key intuition that justifies a mixed
control-task action space is that raising the perception head to scan
the environment can improve the robot’s pose knowledge by ob-
serving more features and potentially directly observing the goal.
Being able to relocalize allows the module to plan a path with scan
activities that is less costly than the conservative path without scans
(Fig. 5C). Furthermore, this path will not have a greater risk associ-
ated with it because relocalizing allows the module to guarantee
that the safety constraints are not exceeded when moving closer to
the obstacles. Another advantage of this mixed approach is that
high cumulative fractional area (33) environments, where narrow
passages must be navigated to reach the goal, could be unsolvable
for a conservative path planner. Conversely, the task and motion
planner would be able to progress toward the goal under these
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\..r.....

\

V\D Start
A

Localization: Nominal
Plan: Move with Exteroception

[

\b Start

Localization: Failed
Plan: Move with Proprioception

environmental conditions until the observability issues are left be-
hind and the system can switch back to exteroceptive navigation.
We developed a computationally efficient risk-aware task and
motion planner capable of autonomously performing the trade-off
between information-gaining actions and trajectory selection
(handling the scenario in Fig. 5C). The challenges of combining
continuous motion with discrete task planning is a growing research
area (26, 34), where the key limiting factor is scalability because of
the problem’s intractable nature. Our task and motion planner differs
from previous work because it formulates the problem using mathe-
matical programming rather than a sequential combination of task
planning and motion planning and explicitly reasons over belief
space. We also differ from previously flown system-level autonomy
stacks, such as EO-1 with ASE (35) or perseverance’s mission planning
component (36), by explicitly reasoning about risk and uncertainty
and by combining task planning with motion reasoning. Previous
missions operated in environments where planning assumptions
could be grounded in vastly more environmental knowledge than
what is available for Enceladus. When presented with large environ-
mental uncertainty, the planning process needs to account for this
uncertainty, and tighter integration between tasks and motion planning
enables more robust solutions when compared with a classical
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Fig. 5. Integrated task and motion planning at the mission planning system. Three surface mobility scenarios are shown, each with same start and goal location and
a crevasse interposed between start and goal. State uncertainty is depicted through duplicating the mobility system and decreasing its opacity. (A) Nominal mobility with
nominal exteroception, where uncertainty growth is low and the trajectory passes close to the crevasse. (B) Mobility under exteroception failures relying solely on pro-
prioception. Under these conditions, uncertainty grows rapidly. (C) Mobility under exteroception failure with the task and motion planner enabled. Uncertainty grows
with the same rate as for (B), but relocalizing actions allow the robot to take a less conservative and safer trajectory.
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decoupled approach because that allows a trade-off between tra-
jectory safety and information-gaining action cost. We framed this
planning problem as a mixed integer linear programming (MILP)
and tested it on hardware in a laboratory environment on a plastic-
ice simulant as an analog to a hard ice surface.

Summary of surface locomotion performance

Surface mobility was assessed through a campaign of laboratory
and field tests in sand terrains at the JPLs Mars Yard and in ice
and snow terrains in Big Bear, California. The surface mobility
tests are described in detail in (14); here, we summarize the results.
Tests were performed on flat ground, on inclined slopes, and in the
presence of obstacles and holes. In addition, sand and snow were
tested under both consolidated and unconsolidated conditions as
shown in Fig. 6. The large variety of test terrain configurations
highlighted the robot’s adaptability enabled by a combination of
screw- and shape-based locomotion. The primary gaits that were
the focus of the test campaign were leader-follower and shape-
based gaits. Both exteroceptive and proprioceptive control were
demonstrated as effective locomotion methods. Screw-based
locomotion allowed closed-loop path tracking for the leader-
follower gait, and shape-based locomotion was shown to be a
useful strategy to get the robot unstuck from situations that
would have spelled the end of a traditional mobility system such
as a rover. In addition, shape-based locomotion was shown as an
effective way to navigate unconsolidated terrains, such as powder
snow or fine sand, when screw locomotion proved to be less reliable.

It is worth highlighting that exteroceptive localization and
mapping failed on multiple occasions in the field. These failures
stemmed from a mix of hardware faults and interactions between
exteroception algorithms with the environment. These failures em-
phasized the need for a proprioceptive control strategy and system-
level autonomy capable of switching between control schemas.
Exteroception failures were commonly caused by degeneracy in the
environment and can be overcome by moving proprioceptively until
more features become visible, allowing relocalization. In addition,
when exteroception fails because of a hardware fault, there is still value
in being able to continue with the mission, albeit with a more conser-
vative path relying on proprioception.

Summary of task and motion planning performance

In the task and motion planning system, we showed how reasoning
over uncertainty, risk, and explicitly planning information-gaining
actions allow operating in the presence of exteroceptive failures. In
Fig. 7, we can see a representation of a plan in belief space in a
2.5-dimensional simulation environment. The planner is tasked with
reaching a goal from a starting position and generates a sequence of
control inputs, mixed with scan actions, accounting for uncertainty
growth (represented in the figure as shaded circles). In the hardware
systers tests, we compared an open-loop behavior, where the robot
moves without exteroceptive feedback (no scan tasks are performed,
and SLAM is not running), against the proposed risk-aware planner
and observed that planning tasks jointly with the robots motion yields
considerably safer behavior while not engaging in excessively

EPSER L As SRS

Fig. 6. Field test overview for surface scenarios. Robot tests in different environments: (A) consolidated and unconsolidated snow in Big Bear, California; (B) ice in JPLs
Table Mountain facility; and (C) consolidated and unconsolidated sand at JPL's Mars Yard.
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Fig. 7. Risk-aware task and motion planner based on MILP formulation. Belief
space plan visualization. The agent is tasked with reaching a goal (green dot) from
a starting point (blue dot) and plans a path represented by the moving circles with
color gradient representing time. The diameter of each circle of the path repre-
sents predicted state uncertainty, and the points in space with black triangles are
where the agent scheduled an information-seeking activity.

conservative behavior. Figure 8 highlights the difference between
open-loop behavior and a risk-aware task and motion planner. We as-
sume that the robot’s exteroceptive localization is not functioning close
to ground and that an information-gaining action can be performed by
reconfiguring the sensors position. For the EELS robot, these
information-seeking behaviors consist of raising the robot’s head and
looking for features. We can see how the open-loop policy violates safe-
ty constraints, whereas the risk-aware policy reaches the goal by operat-
ing in open loop but gaining new information and replanning when
state uncertainty has grown too much. In these laboratory settings, the
task and motion planner was able to consistently find a plan within 10 s
of being invoked on a base station (Intel i7 NUC at 2.65 GHz,
32-gigabyte memory). This task and motion planning problem is a
subset of the full mission-planning problem that needs to be solved
to operate on Enceladus’ surface because the action space that we have
considered is limited to movement and information-gaining actions.
The full-mission planning problem will include tasks such as science
collection, communication, and other failure recovery behaviors.

DISCUSSION

This work has outlined the vision for the EELS project and the science
questions it is designed to answer. Alongside these, we have described
the system-level autonomy capabilities needed to enable an in situ,
subglacial access mission to Enceladus and developed a hardware and
software architecture intended to fulfill these requirements. The
system we developed was field-deployed in relevant environments,
where it showed the effectiveness and robustness of a combination of
leader-follower and shape-based gaits and the benefits of decoupling
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the proprioceptive and exteroceptive control layers in the presence of
exteroceptive failures. Furthermore, we have presented preliminary
results for the task and motion planning system that has been built to
aid the system in balancing information-gaining actions with trajec-
tory selection.

Limitations

Although the robot was capable of surface traversal over snow and ice,
the autonomy/control challenge of matching gait selection with terrain
conditions and executing a desired trajectory requires further work. In
addition, subsurface mobility and the transition between surface and
subsurface remain open research areas, and more work is needed to in-
tegrate surface and subsurface components into a single robotic system
capable of safely executing a full mission from lander to subglacial ocean.

Lessons learned from surface locomotion testing

A locomotion technology, such as EELS, tested in such a wide vari-
ety of terrains is bound to lead to valuable lessons learned about
low-level locomotion assumptions ranging from the way that con-
tact estimation should be performed to what makes for an effective
compliance strategy. Assumptions about the way different screw ge-
ometries interact with various terrains have also been challenged
and have led to insightful discoveries. Further details can be found
in (14). The focus of this work is the lessons relevant to the system-
level autonomy problem. Exteroception failures and the effect of
degraded SLAM performance over closed-loop path tracking capa-
bility have guided the task and motion planner problem formula-
tion. The possibility of getting stuck in unconsolidated material and
the possibility to recover from these mobility failure conditions by
changing locomotion strategy point to a need for a system-level co-
ordinator capable of deciding how to recover from mobility failures.
This has also been observed in previous robotic research and devel-
opment efforts for underground exploration, specifically in the De-
fense Advanced Research Projects Agency (DARPA) Subterranean
Challenge (37). A project-level lesson learned is that developing
high-level autonomy features for field robotics in close contact with
the lower-level problems leads to a greater understanding of the real
mission’s needs and thus positively affects capability development.
In addition, fast-paced research projects are often subject to varying
system and software requirements, and thus being intimately famil-
iar with the project’s evolving needs is another way to improve the
high-level autonomy relevance and improve the chances of deploy-
ing autonomy features sooner. This is an argument in favor of adopt-
ing a primarily inductive research process, where experience from
the field is used to narrow down the scope of the problems being
worked on and then generalized into architectures and frameworks.

Lessons learned from the task and motion planning testing

From a system-level autonomy algorithm design perspective, there
is an intrinsic trade-off between scalability, model accuracy, and
solution quality. The most accurate way of formulating sequential
decision-making processes under imperfect-state information is as a
partially observable Markov decision process (POMDP), which
suffers from severe scalability issues—especially in continuous action
or state spaces. POMDPs can be solved with approximate methods
that introduce solution suboptimality and lack of guarantees, which
are needed for highly complex, safety-critical flight missions. On the
other side of the trade, excessively simple planners can be useful un-
der certain conditions and are easy to study and verify, but, in most
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Fig. 8. Mission planning system performance.
Risk-aware task and motion planner, compared
against open-loop behavior. The figure shows mul-
tiple hardware runs laid over each other. The back-
ground has been removed, obstacles have been
substituted with red geometric shapes, start and
goal poses are marked with pins, and the robot’s
trajectories are represented as dashed lines. Tra-
jectories that led to a collision are marked in red,
whereas successful trajectories are in green.
(A) How open-loop behavior in the presence of
state uncertainty growth leads to several plan
execution failures. (B) How the MILP risk-aware
planner achieves its goal safely by scheduling
information-gaining actions along the path.

cases, they do not fulfill the autonomy capability that would enable
a subglacial access mission to be successfully undertaken. Moreover,
finding a balance among model accuracy, performance, and solver
guarantees is key in autonomous missions targeted for extreme, uncer-
tain terrains. The task and motion planner designed for surface
mobility under exteroception failures achieves that balance.

Although an EELS robot moves with a speed on the order of centi-
meters per second, fast reaction times in the control layer are required
during vertical mobility and during surface mobility because of
potential slips or other dynamic events. Strategic mission and path
planning can occur at a much lower rate without added risk to the
mission. The hierarchical organization of EELS’ software architecture
enabled reasoning and reactions at different timescales. This is a critical
design decision that makes tractable and solvable a problem that
would otherwise be too complex to formulate and solve. The control
layer was designed to iterate hundreds of times per second, whereas
the task and motion planner was invoked every 1 to 10 s. Another
aspect that is worth considering is reaction to capability failures.
These are system-level adaptations that are often time sensitive and
need to occur with a latency in the order of 1 s. This requires an
approach to high-level planning that meshes deliberation and reaction
to failures. A disadvantage of hierarchical architectures is that system
models at different levels might interact with each other unexpectedly
if not carefully designed. An example that appeared in the formulation
of the task and motion planning component is the treatment of non-
holonomic constraints. We chose to neglect these constraints in the
highest layers of reasoning but were justified in doing so only under
conditions where the high-level planner is reasoning over much larger
spatial scales than the range in which these constraints matter. For
example, if the nonholonomic constraints have influence over a scale
of meters, then the task and motion planner should reason over a
scale of hundreds of meters or kilometers.

MATERIALS AND METHODS

Surface locomotion strategies

Specific details on implementation, approaches, and algorithms
used in surface mobility can be found in (14). In this section, we
provide a summary of methods used to verify the locomotion sys-
tems’ performance. Field tests have proven to be the best way to
validate control assumption and assess the true performance
characteristics of the system. Although simulations are a critical
component of software integration testing and preliminary control
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development, only field tests can reveal unknown unknowns, vali-
date modeling assumptions, and help with requirement discovery.

In our tests, we used the following software components that make
up the ingredients for surface mobility: proprioceptive and exterocep-
tive estimators, path planner, shape and screw control, and joint-level
control. The robot was exposed to a wide variety of terrains through
three separate field locations and one laboratory setting. The field tests
were performed in JPLs Table Mountain facility in California, with
slopes up to 35° and a mixture of ice, consolidated snow, and micro-
terrain features. More snow tests were performed at Big Bear, California,
during a snowstorm that tested the robotic platform’s capacity to navi-
gate unconsolidated snow and operate under harsh environmental
conditions. Sand, both consolidated and unconsolidated, was tested at
JPLs Mars Yard, California. Field test results were qualitatively analyzed,
taking into account distance traveled and average movement speed as
a way to determine the robot’s capability to traverse a diverse set of
microterrain features. Further mobility tests were performed in a labo-
ratory environment on a planar surface made of synthetic ice sheets.
Start, goal, and obstacles were kept consistent throughout laboratory
tests. Path tracking error, distance traveled, average speed, and the
number of manual interventions were used as qualitative performance
metrics. A detailed description of mobility results and testing meth-
odology can be found in (14). Although Enceladus’ surface might be
much less cohesive than sand or snow (38), the field environments in
which we tested are a crucial step toward demonstrating mobility in
environments where prior knowledge is scarce, by demonstrating the
robustness on different terrains.

Task and motion planning module

In this work, we consider the following inputs for the task and motion
planning system: (i) operator-specified goals in the form of a set of
surface waypoints for the robot to visit in the given sequence; (ii) a
map of the environment and the uncertainty model that represents
how the uncertainty grows as we navigate the environment; and (iii) a
threshold on the probability of violating safety constraint (hitting a
obstacle). On the basis of this set of inputs and the action space available
(move and scan), our planning system will generate a plan of tasks
and execute that plan by dispatching tasks and monitoring progress.
There are many ways to formulate such a task and motion planning
problem. Commonly, this type of decision-under-uncertainty problem
is framed as a POMDP (39). Recent search algorithm advancements
in tree search (40) and reinforcement learning (41) have allowed for
solving very large problems. Because of the importance of solver
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guarantees, we chose to formulate this problem using an MILP ap-
proach. This mathematical programming paradigm, commonly used
in operations research (42), has been adapted for trajectory planning
under uncertainty (43, 44). Differently from other approaches, we
combined task and motion planning in a continuous domain while
accounting explicitly for risk and uncertainty and finding the optimal
balance between cost of moving (path length) and the cost of gathering
information (scanning the environment). In our MILP formulation,
we modeled constraints that represent action-dependent state and
uncertainty propagation, risk bounds on the probability of collision
with polygonal obstacles, start and end conditions, and a set of sup-
porting constraints that avoid solutions/plans that go over obstacle
corners. The resulting mathematical program was solved with the
Gurobi solver, chosen because of its efficient MILP-solving heuristics.
Solution times for problems with ~50 time steps and three obstacles
were on the order of 10 s of compute time on a gigahertz class, 12-core
central processing unit.

We tested the MILP planner in a 2.5-dimensional simulation envi-
ronment for quantitative insight, comparing it against a state-of-the-art
POMDP formulation solved through Monte Carlo tree search and a
two-stage approach that decouples task from motion planning (see
Fig. 7 for an example of a simulated scenario), and then deployed it on
hardware in a laboratory environment over an ice simulant material
(synthetic ice sheets). We ran multiple tests with consistent start and
goal positions and observed trajectories and success rates qualitatively,
i.e., whether the robot achieved the goal position. Three distinct maps
were tested in simulation, each with a different number of obstacles.
Start and goal poses were placed ~14 m from each other. The maps have,
respectively, a single rectangular obstacle, two obstacles arranged into
an L shape, and three rectangular obstacles arranged into an irregular
pattern forming narrow corridors.

The task and motion planner’s laboratory experiments were con-
ducted with constant start and goal positions. The goal was located ~1
body length in front of the head module’s starting position because of
laboratory space constraints. A single artificial obstacle was placed
between start and end goal, and the building’s walls and operations
station delimited the robot’s workspace, funneling the available paths.
See Fig. 8 for an overview of the laboratory environment.

The EELS project is poised to focus next on mission planning and
execution for vertical mobility. Further iterations of risk estimation and
failure detection, isolation, and recovery are also under development
and will be integrated with the mission planning layer. Further work
needs to be done to achieve multiple-time-scale, high-level planning
capable of meshing reactions to failures with deliberative task and
motion planning. Longer term goals include the unification of surface
with subsurface mobility into a single high-level task and motion
planning formulation and the demonstration of fully autonomous
operations in a realistic mock mission.
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Editor’'s summary

There is growing interest in the exploration of icy moons, such as Enceladus, which may have astrobiological
implications. However, obtaining samples is challenging because of the environmental extremities on the surface or
within ice vents. Vaquero et al. developed a snake-like robot named Exobiology Extant Life Surveyor (EELS) that was
capable of autonomously navigating on icy surfaces. EELS has a perception head that contains a series of sensors
and cameras to observe its environment, whereas the body has articulated segments for shape-changing and a screw-
like outer surface to enable motility. EELS shows potential for risk-aware autonomous exploration of complex icy
terrain. —Amos Matsiko
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