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[Abstract] This paper introduces the Lunar Precursor Robotic Program (LPRP), one of
several lunar exploration programs under the Exploration Systems Mission Directorate that
respond to Vision for Space Exploration. The overarching purpose of this program is to
gather the information required to support and enable future human lunar exploration
missions.
The program includes two projects currently underway:
the Lunar
Reconnaissance Orbiter (LRO) and the Lunar Crater Observation and Sensing Satellite
(LCROSS). An overview of these projects is presented including their value to the overall
human lunar exploration strategy. NASA’s Lunar Architecture Team has recently
completed a phase 1 report proposing an overall architecture for the lunar exploration
effort. The architecture and other mission requirements suggest that a robotic lunar lander
project targeted for a potential future human landing site may be the next step. This paper
will discuss this new mission and some of the driving factors behind it. The paper will
conclude with a discussion of potential future robotic lunar missions and the role of robotic
support for human exploration of the Moon and beyond.

T

I. Introduction

HIS paper introduces the Lunar Precursor Robotic Program (LPRP), a lunar exploration program directed by
NASA’s Exploration Systems Mission Directorate and managed by NASA Marshall Space Flight Center. The
program is responsive to NASA’s overall exploration strategy and the detailed recommendations created by
NASA’s Lunar Architecture Team.i The overarching purpose of LPRP is to gather the information required to
support and enable future human lunar exploration missions. To address this mission, the program is aimed at
achieving several key goals. Given that the Vision for Space Exploration ii has an objective of establishing
permanent human presence on the Moon, one of the challenges is to decide where to position a lunar outpost. This
program will acquire the required data sets, tools, and analysis for outpost site selection and certification. The data
will come from both new lunar mapping missions, both U.S. and International, as well as aggregation of the best
existing lunar data from previous missions and space-borne or Earth-based observations. Another major goal is to
provide risk reduction for human missions by providing mission opportunities for technology and engineering
demonstration. A goal in the Vision for Space Exploration is the identification of planetary resources and
development of the knowledge about how to use them, i.e., “learn to live off the land”, much as history’s explorers
have always done. As a first step, the LPRP will perform both lunar remote sensing and surface robotic exploration
to identify and characterize potential lunar resources, i.e., volatile gases sequestered at the lunar poles. Along with
these orbiting and surface missions there will undoubtedly be interest in purely scientific investigation of targets of
opportunity. Although science is not a driving factor for this program, the robotic missions will likely include
opportunities to perform the highest value lunar science. Two current NASA projects are part of this program, the
Lunar Reconnaissance Orbiter (LRO) and the Lunar Crater Observation and Sensing Satellite (LCROSS). This
paper will provide an overview of these projects as well as the possibility of a future of a robotic lunar lander and
challenges for further robotic exploration.
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II. Architecture for Lunar Exploration
The Lunar Precursor Robotic Program (LPRP) contributes directly to the realization of the Vision for Space
Exploration (VSE). This policy as well as NASA Strategic goals, needs and objectives drove the formation of a
Lunar Architecture Team (LAT) within NASA to develop a baseline architecture concept and a periodic review
process to keep the NASA definition of the lunar architecture up to date. The LAT is a successor to previous NASA
teamsiii that have laid the groundwork for the early human missions, including the new launch vehicles required.
The second author of this paper, Mr. Tony Lavoie, serves as the co-Lead for this team. The first author is a
participant and stakeholder of the LAT.
A key objective of the first phase of study by the LAT has been to provide analysis, definition and supporting
rationale for near term mission to lunar vicinity and the surface. A set of top-level “design reference missions
(DRMS)” and campaigns through 2025 provide an analytic basis for understanding how a surface outpost can be
achieved subject to various assumptions and constraints. With these results in hand, NASA is better prepared to
commit to formulation and execution of specific missions and individual projects.
The Lunar Precursor Robotic Program and the projects described in this paper respond directly to the output of
the Lunar Architecture Team. The LPRP architecture strategy is a series of missions that are inter-dependent,
building toward the goal of human lunar presence. It is important to note that the “overall lunar architecture” is not
“finished” – NASA’s exploration strategy needs an architecture that can be readily adapted to changing needs,
knowledge, and circumstances over the long term. Importantly, the LAT architecture also provides a framework and
an early opportunity for discussion and refinement of plans for lunar exploration in collaboration with the spacefaring nations and communities of interest.

III. LPRP Program Goals and Objectives
The overarching purpose of LPRP is to gather the information required to support and enable future human lunar
exploration missions. As a general guide for the types of missions that will be required, we can look to the very early
Apollo Program. Apollo had three (Ranger, Lunar Orbiter and Surveyor) robotic exploration programs with 21
precursor missions from 1961-68:
1.

Ranger hard landers took the first close-up photos of the lunar surface;

2.

Lunar Orbiters acquired medium and high resolution imagery (1-2 m resolution), required to support
selection of Apollo and Surveyor landing sites;

3.

Surveyor soft landers made surface environmental measurements including physical characteristics and
chemical composition analysis.

The Vision for Space Exploration has an objective of establishing permanent human presence on the Moon. One
of the challenges is to decide where to position a lunar outpost. The LPRP has the goal to acquire the required data
sets, tools, and analysis for outpost site selection. Another major goal is to provide risk reduction for human
missions by providing mission opportunities for technology and engineering demonstration. Thirdly, an aspect of the
overall exploration strategy is to identify planetary resources and learn how to use them, i.e., “to live off the land”.
Finally, although science is not a driving factor for this program, the robotic missions will create opportunities to
perform the highest value lunar science where there exist targets of opportunity in individual missions.iv
The key product of the early LPRP missions is information. The demand for reliable data and informed data
analysis is acute not only for site selection, but for engineering design of future human landers, planning human
surface operations, and ultimately outpost logistics. The Moon is our nearest neighbor, but the fact is that we know
much more about Mars than we do the Moon. We have more complete maps of Mars from the many Mars mapping
missions (such as the Mars Global Surveyor, which operated more than ten years in Mars orbit mapping the planet
in great detail).v
The challenge of selecting a site for emplacement of a future lunar outpost is daunting. There are many
competing constraints and considerations to balance. Some of the factors that influence selection of candidate sites
for a lunar outpost include:
•

Safety (for both humans, robots and other landed systems),

•

Cost-effectiveness, especially with respect to the ability to use solar power,

•

Presence, abundance, and logistical practicality of potentially useful resources in the regolith (hydrogen,
oxygen, nitrogen, metals like aluminum and titanium, etc),
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•

Flexibility, for example, with respect to communications, required Delta-V (transportation energy
required to reach the outpost from Earth), and incremental build-up logistics,

•

Excitement and challenges, such as unique features (e.g., environmental extremes) or other factors that
may contribute valuable knowledge to future Mars missions.

LPRP will acquire the mapping data, via remote sensing missions and landed missions, needed to support the
analyses needed for lunar outpost selection. A central goal of LPRP’s LRO project (described below) is devoted to
gathering the lunar data needed to establish the first complete high resolution map of the Moon as well as collect
other important data on the lunar environment.
Comprehensive lunar mapping and environmental characterization also contribute to LPRP’s goal of reducing
the risks for human missions (as well as on-going robotic missions). For accurate and yet cost-effective navigation,
lunar orbit insertion and precision landing, enhanced gravity models of the moon are required. For example, without
improved gravity models, multiple additional lunar orbits would be required for circularization (or achieving an
alternate target orbit). On the surface, design of safe, durable and optimized surface systems for a human outpost
require a much better knowledge of the lunar surface environment, including temporal thermal, radiation and solar
flux measurements. Additionally, LPRP will search for and characterize in-situ resources that will hopefully make
human space exploration affordable and sustainable.
LPRP will contribute to the acquisition of this data and analysis to provide information products to the end-users
in exploration programs such as Constellation. However, it is important to note that many nations have plans to
send robotic explorers to the moon and will collect potentially valuable data for human exploration. There is also a
(relatively modest) body of existing lunar data from the Apollo missions and others. LPRP intends to take a
leadership role in collaboration with potential international partners as well as with other government and nongovernment entities to provide integrated data analysis. We expect such collaboration to result in the definition of
standards not only for analysis of the data itself but standards for use of that data in engineering analysis as well.
LPRP will also reduce risk to crew and maximize crew efficiency by accomplishing tasks through precursor
robotic missions, and by providing assistance to human explorers on the moon. In addition to establishing a
reference lunar mapping capability, risk reduction will be achieved by LPRP by field testing new equipment,
technologies and approaches. For example, a notional lunar lander mission could help acquire very valuable test
data for use in the design of a future human lander (discussed below). Surface experiments and demonstrations by
LPRP may also help in maturation of dust mitigation technology. As well, since the robotic program is a precursor
to human lunar and Martian endeavors, and since both missions must seek a cost-effective balance between human
and robotic task execution, the LPRP program will examine the tradeoff between robotics and human activities to
prepare for human return. Finally, there is an enormous body of knowledge hard-won by NASA that may have
applicability to lunar exploration. LPRP will contribute by supporting demonstration and validation of heritage
systems for use on human missions.

IV. The First LPRP Launch
The first LPRP launch, currently scheduled for October of 2008, carries two co-manifested payloads with
corresponding missions. The primary payload is a Lunar Reconnaissance Orbiter (LRO), a remote sensing orbiter.vi
LRO objectives include high-resolution lunar mapping and topography, orbital radiation characterization, and
identification of potential volatiles on the lunar surface.

Figure 1. Lunar Reconnaissance Orbiter (LRO)

LRO carries instruments for high resolution and
multi-spectral imaging, topographic mapping,
neutron detection, and thermal mapping. LRO will
characterize the deep space lunar radiation
environment in order to assess the biological
impacts on people exploring the moon and to
develop mitigation strategies. An experimental
instrument for topographic mapping will acquire
data to help determine the geodetic grid for the
Moon in three dimensions with high spatial
resolution. High spatial accuracy will improve lunar
navigation capabilities which will facilitate safe
landing, enable effective robotic and crewed landing
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system designs (especially efficient fuel usage) and help enable surface navigation. LRO’s thermal mapping
capability of the lunar surface will support design of surface systems for exploration, and support resource location
in the Moon's polar regions. The assessment of lunar landforms by high-resolution imagery will support
identification of potential cold-traps and support registration of higher resolution images and data products. High
resolution imagery will also support mapping of meter-scale features at the surface of the Moon’s polar regions.
This mapping of significant landform features will support effective design of crewed landing systems and increase
the probability of safe landings by robotic and crewed systems. Along with LCROSS (described below), LRO will
assess the resources in the Moon's polar regions including characterization of permanently shadowed regions and
evaluation of any surface water ice deposits that can be seen by the instruments. If such deposits are found, they
would be key support for sustainable and affordable exploration. Note that a negative result does not indicate that
there is no water ice deposits, as there is too much uncertainty presently in the form, abundance, homogeneity, and
density of hydrogen at the poles. An assessment of lighting conditions at the poles and a survey of lunar mineralogy
complete the primary objectives for LRO. Over the course of this one-year mission, LRO will acquire and transmit
over 500 Gb of data per day to Earth, rapidly exceeding the volume of all current lunar data sets.
The secondary payload mission for the first LPRP launch is the Lunar CRater Observation and Sensing Satellite
(LCROSS), a kinetic impactor.
An objective of LCROSS is to detect the presence of, and investigate, various forms of water on the moon.
Determining the form of the water (solid, liquid, vapor, or dissociated H and O atoms and ions) is as important as
determining the presence of water. Through data
collected by previous missions and scientific analysis,
permanently shadowed regions at high polar latitudes on
the Moon are believed to have the highest probability for
the presence of water. There is an on-going scientific
debate about these probabilities and the putative
presence of frozen lunar water the Moon’s south pole.
The data from LCROSS will contribute to resolution of
this debate with high quality data and imagery acquired
by the spacecraft itself as well as complementary studies
by other space and ground observatories. While the data
from LCROSS cannot prove there isn’t water, the
detection of hydrogen of any type will be a discovery
with great import for future lunar exploration and
development.
An innovation of LCROSS is to use the spent Earth
Departure Upper Stage (EDUS) of the launch vehicle as
a kinetic impactor. The EDUS will impact a polar crater
to create an ejecta plume observable by the LCROSS
shepherding spacecraft and other assets. The LCROSS
shepherding spacecraft will make the final course
corrections to target the kinetic impactor to a
permanently shadowed region of a lunar pole. It will Figure 2. LCROSS “Shepherd” spacecraft observing
observe the impact and fly through the ejecta plume, terminal descent of EDUS prior to Lunar impact
collecting and transmitting data on the character of the
lunar regolith and the concentration of hydrogen and other volatiles. Although primary purpose of mission is to
investigate the possible presence of water, it is important to also investigate the composition of the regolith in the
ejecta cloud to gain an understanding of regolith located in a permanently shadowed region. No other mission has
investigated regolith (pseudo in-situ) at high latitude. In a dramatic finale resonant of the early Ranger program, the
LCROSS shepherding spacecraft will itself impact the moon in an area near the first impact. The flash from both
impacts may be visible to amateur astronomers on Earth.
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V. Next Step: A Robotic Lunar Lander (Notional)
A follow-on to LRO and LCROSS could be a robotic lander at a lunar Pole, targeted for a that would be a
potential candidate for the outpost. Ideally, it would be as close to a crater rim as feasible to facilitate study of the
extreme environment within the crater’s permanently shadowed regions.
Two scenarios are being studied for this notional mission:
1.

Land at an illuminated location and perform fixed
measurements over an extended period of time. Small
mobility elements may be accommodated.

2.

Land and deploy a rover to get a more complete dataset.

An objective of this would be to demonstrate landing system
technologies that are extensible to the human lunar exploration
program (specifically, the LSAM Descent Module to be developed by
the Constellation Program). A set of level 1 requirements have been Figure 3. Notional Robotic Lunar Lander
drafted by the LAT for this mission and is in the process of being
matured to support the formulation of this mission. Typical requirements will include regolith in-situ sampling,
lighting and thermal data characterization, dust investigation, radiation measurement, eclipse transient
characterization, science collaborations, and opportunity for guest payloads of opportunity. Among the required
capabilities for the human landings are precision navigation and hazard avoidance. In support of this need, NASA is
studying the robotic lander mission as a way to progressively demonstrate the ALHAT sensor compliment.

VI. Conclusion: Challenges and Planning for the Future
Exploring the Moon, developing and emplacing the infrastructure to support permanent human presence, and
learning the operational concepts needed to move outward into the solar system – these are awesome goals akin to
the building of a cathedral in historic times. Building a cathedral required the allocation of scarce resources as well
as the dedicated labor of hundreds of artisans and workers, and that of their descendents. Sometimes work would
stop on a cathedral and then start again years later. The great cathedrals were also marvelous engineering and
architectural achievements that required continual innovation while remaining true to a shared vision. The future of
human space exploration may be quite similar. While our goal of permanent habitation of the Moon will remain a
constant, the design of the outpost, exploration capabilities and much else will be subject to change. Change is
inevitable not only due to the exigencies of the moment but also because we will learn quite a bit as we pursue our
vision. Our lunar exploration architecture therefore must be robust to, and welcome change. A few concepts,
however, are likely to continue as part of the enduring framework. One of these emerging “keystones” concepts is
the need for robotic systems to scout and prepare the way, and then work alongside humans. The Lunar Architecture
Team and other studies have consistently emerged with this among their conclusions. Generally, we foresee the
need for robotic mobility systems (autonomous and semi-autonomous, with the attendant software challenges),vii
specialized robots to assist in delicate operations (e.g., tele-medicine) as well as robots to provide the brute force
capabilities unsuitable for human astronauts (e.g., landscaping, hauling, mining, and large-scale assembly). In this
paper, we have introduced the Lunar Precursor Robotic Program and our current flagship missions. These exciting
missions will gather the information about the Moon needed to put a firm foundation under the design of long-lived
human space systems for landing on, exploring, and living on the lunar surface. Although the robotic missions that
will follow are less well defined, we are certain of a rich field of challenging requirements.viii
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