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Summary

INTRODUCTION

On July 20, 1989, two decades after the first
Apollo landing on the Moon, President George
Bush proposed “a long-range, continuing com-
mitment” l that would take the United States
“back to the Moon...back to stay,”2 and then on to
Mars. The President elaborated further on his
vision in May 1990, when he stated, “I am pleased
to... announce anew Age of Exploration, with not
only a goal but also a timetable: I believe that
before Apollo celebrates the 50th anniversary of
its landing on the Moon [2019]—the American
flag should be planted on Mars.”3

In response to the President’s proposals, the
National Aeronautics and Space Administration
(NASA), the Department of Defense (DoD), and
the Department of Energy (DOE) have begun
work on the Space Exploration Initiative (SEI),4

an endeavor to plan and implement the human
exploration of the Moon and Mars. NASA is the
principal implementing agency. The National
Science Foundation will participate in a limited
way through a joint Antarctic Program, testing

5technologies and methods for Mars exploration.

Although the SEI is devoted principally to de-
veloping and analyzing the steps required for hu-

man exploration of the Moon and Mars, NASA’s
plans for SEI also include robotic science mis-
sions: first to gather scientific data6 prior to a
landing by humans, and later as adjuncts to hu-
man exploration on the surface.7 Data from the
first set of robotic spacecraft would further scien-
tific studies and assist planners to select the best
sites for landing and erecting base camps. The
appropriate mix of human and robotic explora-
tion is currently under study by NASA, and by
several internal and external advisory groups.8

As a result of their concern over the extent and
scope of science objectives that can be accom-
plished within potential NASA appropriations
over the next three decades, the Subcommittees
on Veterans Administration, Housing and Urban
Development, and Independent Agencies of the
House and Senate Appropriations Committees
asked OTA to examine ‘Whether an unmanned,
robotic mission or missions might not be a viable
option for us to consider” for scientific study of
the Moon and Mars, and in the utilization of
physical resources on the two celestial bodies.9

This report focuses primarily on the possible
roles of automation and robotics (A&R) technol-
ogies in the exploration and utilization of the
Moon and Mars. More generally, it examines is-
sues related to the decisions Congress faces in
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2 ● Exploring the Moon and Man

acting on administration funding requests for the
SEI. This report derives in part from a workshop
on the robotic exploration of the Moon and Mars
held at OTA on February 20,1991. The workshop
dealt with issues in robotic and human explora-
tion, the state of A&R research and development
(R&D), and the potential for international coop-
eration. In preparing the report, OTA gathered
information from numerous articles and reports.
It also conducted personal interviews with a wide
variety of individuals familiar with the assess-
ment’s issues.

WHAT IS ROBOTICS?

The term “robotics,” which generally com-
prises a significant proportion of automation
technologies as well, has within the space pro-
gram and elsewhere come to connote a wide vari-
ety of activities involving humans and machines
in partnership. In today’s parlance (box l-A) ro-
botics may be applied to machines entirely under
direct human control at short or long distance,
but with no automated capability; 2) or it may
refer to completely automated devices that carry
out preprogrammed tasks on command, but with
essentially no capacity to make decisions. Alter-
natively, 3) the term may apply to machines with a
relatively high decisionmaking capacity, capable
of operating for extended periods between com-
mands. Finally, 4) robots may continually interact
with humans, sometimes acting at a high or low
level of autonomy; the human maybe nearby or at
some distance, even very far away. It is in this last
context that future human/robot teams hold par-
ticular promise for space activities.

Most applications within NASA have involved
robotic devices in category 4, in which the device
has always had at least a low capacity for autono-
mous decisionmaking. Thus, what have previous-
ly been termed “unmanned missions” or “plane-
tary spacecraft” are now often called robotic
missions. The robotic devices on these missions
can be considered telerobots because they receive

Box l-A–Automation and Robotics for
Applications in Space

A central mission of automation and robotics
(A&R) technology is to provide a high level of
autonomy, or decisionmaking capability, to ro-
botic devices that will enable more effective
management of spacecraft, landers, rovers, and
other instruments of discovery. Human team
members can then guide at any level, and from
both small and large distances, because the ro-
bot members will have increased capacity for
making decisions, as well as increased mobility
and manipulative skill. More effective robotics
would leave humans free to reason and to con-
trol at the most effective level for discovery.

Such autonomous robots will largely replace
purely “automated” ones that carry out a speci-
fied set of preprogrammed functions. Robots
with a high degree of autonomy would be capa-
ble of responding to new situations with little or
no additional guidance from mission control.

From time to time these robots maybe tele-
operated – guided by a human on a continuing
basis — at low or high level, and from some
distance with possible time lag.

Thus, two of the most important areas of ro-
botics research are to provide humans with
greater capability by giving robots: 1) more au-
tonomy, and 2) greater mobility and capacity for
manipulation.

SOURCE: Robert Cannon, Stanford University and the
Office of Technology Assessment, 1991.

commands over telecommunication links. In ad-
dition, NASA has provided their planetary explo-
ration spacecraft a small but growing capacity for
autonomous action. For example, they are capa-
ble of going to a fail-safe mode by automatically
recognizing, for example, a loss of navigation lock
on guide stars and instituting procedures for re-
covering to a 3-axis inertially stabilized mode and
automatically pointing the communications an-
tenna toward Earth.l0

1OWM= of this capabili~,  in IWO the Jfqy//~ spacecraft, which is providing U.S. scientists with a detailed radar map of Venus,  was able
with the help of mission controllers to recover from a loss of navigation lock. It was the lack of just such an autonomous capability that doomed
the 1990 Soviet spacecraft while on its way to Phobos, one of the moons of Mars.
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Thus, future efforts in robotics are expected to
use advanced techniques, including artificial in-
telligence, ll to impart greater capability to hu-
mans by giving machines greater autonomy. Ro-
botics research will also involve imparting
mobility and a higher capacity for manipulation
to robotic devices. In this report, OTA generally
uses the term automation and robotics (A&R) to
indicate these two major thrusts.

THE HUMAN-ROBOTICS
PARTNERSHIP

Both humans and machines can contribute as
partners in a Mission from Planet Earth. This
partnership raises the following question: what is
the appropriate mix of humans and robotic ma-
chines on the surface of the Moon and Mars? The
answer to this question will shape the program
and necessary funding over decades.

Atone extreme, the United States could mount
Apollo-like expeditions to the Moon and Mars, in
which the United States would place maximum
emphasis on science and technology to support
humans in transit and on the surface, but put rel-
atively little emphasis on A&R. In the Apollo era,
because the available A&R technologies were
quite primitive, the United States sent men to the
Moon with very little robotic support. Most of the
control remained on Earth where thousands of
support personnel followed every detail of the
crew’s progress and controlled most of their
actions.

At the other extreme, the United States could
focus on the development of advanced A&R
technologies for exploration and indefinitely de-
fer sending humans to the Moon and Mars.

In the most effective exploration program,
people and machines would function as interac-
tive partners, with people on Earth or perhaps on
the surface of the Moon or Mars, as need and
funding allow. A&R experts believe that it will
soon be possible to develop machines, guided by

controllers on Earth where appropriate, but act-
ing autonomously most of the time, to carry out
many exploration duties. On the Moon, robots
controlled from Earth could be used to explore
for lunar resources, to conduct scientific observa-
tions, and to carry out a variety of simple con-
struction tasks. On Mars, robots could be
employed to survey the planet’s composition and
structure, monitor its weather, and return sam-
ples for analysis on Earth.

However, experts infield research methods be-
lieve that, even with advances in A&R, human ex-
plorers would be needed to carry out geological
field studies on the Moon or Mars, or search for
signs of indigenous life on Mars — tasks that re-
quire a broad experiential database and the abil-
ity to link disparate, unexpected observations in
the field. Nevertheless, robotic devices would be
needed to assist human explorers in a wide vari-
ety of tasks as they work on either planetary body.

In the past, A&R technologies have received
relatively little emphasis, in part because they
have lacked capability. In the future, giving A&R
technologies a more central role in exploration
activities could greatly enhance scientific under-
standing and contribute to increased human
productivity in other parts of the economy. Con-
gress can play an important part in assuring that
the partnership between humans and machines
evolves as productively as possible. It could, e.g.,
encourage NASA to:

● devote greater and more consistent effort to
A&R research and development; and

● include far more A&R technologies in fu-
ture projects involving space exploration
and humans in space than is the practice
today.

EXPLORATION TIMETABLE

Congress also faces a decision regarding the
timetable of a Mission from Planet Earth. Given
the existing Federal budget crisis and chronic
shortages of public capital, acceptance of the

llMachine  techniques that mimic human intelligence, e.g., perception, COgnitiOII,  and  reasoning.
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President% timetable (2019) for landing humans
on Mars might require a major emphasis on the
development of technologies to support human
crews and thus greatly constrain the options for
developing A&R technologies.

Some argue that the United States should dem-
onstrate its leadership in advanced technology to
the rest of the world by embarking on the human
exploration of Mars as soon as possible. How-
ever, it is far from clear what the United States
would gain from demonstrating leadership in hu-
man exploration. For the next decade or even two,
the United States has no effective competitors in
sending human missions to the Moon or Mars. If
the United States emphasized human explora-
tion and failed to fund the development of A&R
technologies directly related to the U.S. economy,
it might slip in economic competition with other
nations. A U.S.-led Mission from Planet Earth
could assist in boosting international leadership
in space activities, but only if it were part of a bal-
anced space program that rested on a solid foun-
dation of space science and technology develop-
ment.

In the near term, Congress could:

1.

2.

3.

4,

defer decisions on a Mission from Planet
Earth indefinitely and fired the scientific
exploration of the Moon and Mars within
the existing planetary exploration program;
or

agree in principle with the goals of a Mis-
sion from Planet Earth, but emphasize the
development and use of A&R technologies
to accomplish them; or

agree in principle with the long-term goals
of a Missionfiom Planet Earth, but wish to
focus on measured efforts to develop tech-
nologies supporting human exploration; or

accept the President’s timetable of people
reaching Mars by 2019.

Options 1 through 3 would tend to extend the
timetable for humans to reach Mars beyond 2019.

MANAGEMENT OF A MISSION
FROM PLANET EARTH

U.S. experience with large science and technol-
ogy projects having long-range goals suggest that
program planners need to maintain considerable
planning flexibility and a broad set of intermedi-
ate objectives within the general program plan.
Operational success in each successive phase
should be favored over forcing a fit to a detailed
long-term plan.

The scientific success of missions to the Moon
and Mars will depend directly on the quality of
the scientific advice NASA receives and the rela-
tive influence of engineers and designing robotic
missions to the Moon and Mars. If the Nation
wishes to maximize the quality of its scientific
returns, planetary scientists should have a major
role in the decision process about the exploration
program.

EXPLORING AND EXPLOITING
THE MOON

Despite U.S. and Soviet successes during the
1960s and early 1970s in studying the Moon, sci-
entists still have a relatively rudimentary under-
standing of its structure and evolution. A detailed
scientific study of the Moon would assist in un-
derstanding the geological and climatological his-
tory of the Earth. Most of this work could be car-
ried out robotically with a variety of instruments.

The United States may in time wish to establish
a permanent lunar base in order to study the
Moon more intensively and to exploit its unique
properties for scientific observations and experi-
ments. For example, the Moon would provide an
excellent site for astronomical observatories op-
erating at all wavelengths. However, the costs of
lunar observatories would have to be balanced
against the costs of placing observatories in com-
peting locations, e.g., geostationary orbit, or on
the Earth.

Exploitation of the Moon’s material resources
might eventually prove cost-effective, for exam-
ple, in constructing surface or orbital infrastruc-
ture, or in providing additional sources of energy.
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Robotic devices would provide human explorers
with support for field studies, emergencies, sur-
veys, and construction.

EXPLORING MARS

It is too early to plan a detailed, integrated pro-
gram of robotics and human exploration of Mars.
However, it is not too early to begin a series of
projects to continue the scientific investigation of
Mars, and to study human physiology in space in
order to reduce the uncertainties facing human
exploration of the planet.

Robotic exploratory missions will first be
needed to explore Mars, whether or not the
United States decides to land humans on Mars
by 2019. These missions could provide important
geological and atmospheric data about Mars,
help refine planning for human missions, and as-
sist in choosing potential landing sites.

If the United States ultimately decides that it is
important to send human crews to Mars, A&R
technologies could provide crucial assistance to
these crews while on the Martian surface. A&R
could provide support for field studies; assist-
ance in surveying prior to human exploration, es-
pecially over dangerous terrain; and emergency
support.

A trip to and from Mars would experience
much higher risk than a return to the Moon, but
would also provide greater challenge and adven-
ture. If the United States decides to send human
crews to Mars, it must accept the potential for
loss of life, either from human error or mechani-
cal failure.

A&R RESEARCH AND
DEVELOPMENT

Robotics exploration will be needed as a pre-
requisite to human exploration. The United
States has many promising A&R technologies,
but to date it has not spent sufficient time or
funds to incorporate them into devices for explor-
ing the Moon and Mars. Yet, aggressive pursuit of

robotic devices would assist exploration efforts
and make humans much more capable on the
Moon and Mars than they could otherwise be.
However, at present NASA lacks the A&R capa-
bility to carry out a vigorous exploration pro-
gram using advanced robotics. Since the devel-
opment of robotic technologies does not receive
high priority within NASA, there is little evi-
dence to suggest this will change.

A number of reports, including the recent re-
port of the Advisory Committee on the Future of
the U.S. Space Program, have urged increased at-
tention to, and funding for, developing the requi-
site U.S. technology base. Congress could assist
the development of A&R technologies by funding
a set of A&R projects that culminated in a variety
of scientific capabilities for missions to the Moon
and Mars.

The potential applications for A&R technolo-
gies extend far beyond the space program and in-
clude manufacturing and service industries, as
well as the defense community. Yet because the
A&R discipline derives from a widely splintered
set of subfields, only in weak contact with one
another, NASA has a relatively thin technology
base upon which to draw for its own needs. An in-
tegrated A&R program to serve government
needs and assist industry will require the collab-
orative efforts of the universities, government
laboratories, and industry.

COSTS

Sending humans back to the Moon and/or on
to Mars would be extremely expensive. According
to experts OTA consulted, because of the need to
support human life in extremely harsh environ-
ments, exploration by human crews could cost
more than ten times the costs of robotics explora-
tion (see ch. 7). Yet, because cost estimates de-
pend critically on the range of planned activities,
schedule, and new information developed in the
course of the program, it is too early to judge the
total costs of a Mission from Planet Earth. As
more information is gained from robotic mis-
sions e.g., Mars Observer, and from technology
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research and development, it will eventually be
possible to develop more credible cost estimates.

A comprehensive search for cost-reducing
methods and techniques and for alternative ap-
proaches will be of high priority. Congress
should ask NASA how it plans to control costs.
NASA’s plans should also include plans for con-
trolling operational costs. As experience with the
Space Shuttle has demonstrated, operational
costs for crew-carrying systems can constitute an
extremely high percentage of total system costs.

A return to the Moon and the exploration of
Mars would have a major impact on NASA’s year-
ly budget, and, in times of constrained budgets,
pursuit of these goals would almost certainly ad-
versely affect the funding of NASA’s other activi-
ties, e.g., space science, and the Mission to Planet
Earth (NASA’S program to address environmen-
tal and other Earth-bound problems). Hence, it
will be important for Congress and the adminis-
tration to test continually whether the President’s
aspirations for human activity in space can be ac-
commodated within NASA’s likely budget, and
adjust its projects accordingly.

INTERNATIONAL COOPERATION
AND  COMPETITION

Issues of international competition and coop-
eration will continue to play important roles in
the development of U.S. space policy. The United
States is part of a rapidly changing world in which
the political and military challenge from the So-
viet Union has substantially decreased but the
technological and marketing capabilities of Eu-
rope and Japan have markedly increased. How

the United States invests in its space program
could deeply affect other segments of the econo-
my. The experience gained in applying A&R tech-
nologies to tasks in space could assist their devel-
opment in other parts of U.S. industry and help
the United States to compete in this important
arena of the world economy. It is less clear how
investments to support human exploration of
space would benefit U.S. industry.

Politically and technologically, the United
States could gain from leading an international
cooperative program to advance in space explo-
ration. But for such a space program we will have
to learn how to pursue shared goals, which would
give the United States less latitude in setting the
program objectives. Cooperative activities with
other countries also could reduce U.S. costs and
increase the return on investment for explora-
tion by bringing foreign expertise and capital to
bear on the challenge. The Soviet Union has far
more experience with supporting humans in
space than any other country. More extensive co-
operation with the Soviet Union could markedly
reduce U.S. expenditures for life sciences re-
search, and lead to much better understanding of
the risks of extended spaceflight and how to re-
duce them.

Japan, Europe, and the Soviet Union have
made significant progress in applying A&R to
space activities. Cooperative scientific programs
that would incorporate robotic devices contrib-
uted by several countries might significantly ad-
vance U.S. experience in this important area. For
example, nations might cooperate in sending
small rovers to the Moon or to Mars to do recon-
naissance and simple chemical analysis, and to
return samples to Earth.


