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In the future, the heavy equipment and service
industries can be expected to rely on A&R tech-
nologies to carry out dangerous and/or highly
repetitive tasks where a high degree of autonomy
is required.8 For example, the mining industry
could make use of autonomous vehicles to haul
Earth for short distances in open-pit mines, or
teleoperated mobile devices to extract minerals in
deep shafts. Teleoperated robots are now used for
toxic waste cleanup.9

The Air Force, Navy, and Army are all investi-
gating the use of A&R technologies for a variety
of tasks in hazardous environments, and for re-
petitive tasks requiring skills in sorting, manipu-
lating, etc. The Defense Advanced Research Proj-
ects Agency (DARPA) is supporting basic A&R
research for a wide variety of defense applica-
tions.l0 A&R technologies can serve important
functions for support and for combat.

A recent report by the Air Force Studies Board
of the National Research Council examined A&R
systems for Air Force primary and support oper-
ations. It noted such applications as aircraft serv-
icing, refueling, and assembly; handling muni-
tions; aircraft systems diagnostics; and
inspection. It also noted the potential use of A&R
systems for a variety of space-related tasks, in-
cluding spacecraft repair and servicing, and re-
fueling.11 Figures 6-l and 6-2 list these technolo-

gies and estimate their state of readiness for
applications.

The applications of A&R to underwater tasks
have many similarities to space applications, es-
pecially in the areas of robotic manipulation.12 In

   of   University of  at Austin,  Communication, 
    and    Experiences With Remotely Controlled and Robotic Devices at 

Proceedings of the American Nuclear Society  Meeting on the  Materials Behavior and Plant  Technology, Washing-
ton, DC, November 1988.

  Robotics Institute, Carnegie Mellon University,  communication, 

‘Ibid.
    Advanced Research Projects Agency,  communication, 

 Research   Force  Board, Advanced Robotics for Air Force  (Washington,  National Academy
of Sciences, 1989).

   Graham     Jeffrey,  Force and Motion Mechanisms for Manipulator  Proceedings,

 Marine  Society, San Diego, CA, 1985, pp. 92-95; Graham S.  “Advanced Manipulator Concepts and Applica-
tions,” Proceeding,  Marine  Society, San Diego, CA, 1983, pp. 72-81.
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conjunction with Deep Ocean Engineering, the
National Aeronautics and Space Administration
(NASA) Ames Research Center is developing a
telepresent underwater system13 for use in Ant-
arctic research.14 Earlier use of a remotely oper-
ated, underwater vehicle to support research in
Lake Hoare, Antarctica was highly effective.15

Because of these crosscutting applications of
A&R technology for underwater, defense, and
industrial applications, it will be important to
foster supportive relationships in developing
technologies for the specific applications.

A&R applications for manufacturing, while
important commercially, now only provide a tiny,
constrained niche for the development of robotic
technologies. The fried-based manipulators gen-
erally used in manufacturing applications can be
used in only a narrow range of highly structured
tasks. A&R experts face several unsolved prob-
lems in extending this technology to unstructured
applications. For example, there is no general
method for controlling a robot’s motions when its
hand or tool encounters strong, unpredicted
forces or torques in the environment. Today, ro-
bot manipulators are still extremely limited when
compared to the human hand.

SPACE AUTOMATION AND
ROBOTICS TECHNOLOGIES

Robotics in space can assist in a variety of tasks
including: exchange of orbital replaceable units;
handling of scientific experiments and manufac-
turing processes; assistance in rendezvous and
docking; repair; supply and maintenance of plat-
forms; refueling; and assembly of structures. Un-

til recently, NASA’s Flight Telerobotic Servicer
(FTS) was being developed for servicing space
station Freedom. 16 The FTS program provides a
testbed for the development and testing of vari-
ous teleoperated technologies that would extend
human capabilities in space. The space shuttle
carries the Canadian Remote Manipulator Arm,
which astronauts use to perform such manipula-
tive tasks as retrieving and deploying satellites,
while they remain inside the shuttle.

The following list of technology elements per-
tains primarily to space A&R. Each of them have
been developed and tested at various levels of
readiness for spaceflight. Continued progress in
these areas is critical for the development of au-
tonomous spacecraft, planetary rovers, and ana-
lytical devices capable of supporting scientific
exploration of the Moon and Mars. The robotic
exploration of the Moon and Mars will require
improvements in technologies that extend per-
ception, cognition, and manipulation in an auton-
omous mode. Such improvements should materi-
ally chance the human-machine partnership for
exploration.

. Mobility — Laboratories in NASA and sev-
eral universities are pursuing both wheeled
and legged robotic locomotion. For exam-
ple, the Jet Propulsion Laboratory (JPL)
has constructed a six-wheeled roving vehicle
(“Robby”) capable of autonomously navi-
gating a path around obstacles from point A
on a rugged terrain to a predetermined

7point B.l Under contract to NASA, the
Robotics Institute of Carnegie Mellon Uni-
versity (CMU) has designed and built a six-
legged, 15-foot-high walking robot called

lsphilip  J. W1]OU, “Repo~:  A Wleprewnt Undenvater Remotely Operated Vehicle System,” report to the NASA Ames Research Center
(San Leandro, CA: Deep Ocean Engineering, Jan. 22, 1991).

14D.TC ~demen, cop Mcfiy, R.A. Wharton, and J.D. Rummel,  “’1’ksting a Mars Science Outpost in the Antarctic Dry ValleYs,’’Ad~ance~
in Space Research, 1991, in press.

l~e remotely operated vehicle allowed e%rimentem to conduct reconnaissance on the bottom of the lake and to plan their research, thus
freeing them to concentrate on the most important tasks in the limited amount of time they had underwater (about one-half hour per dive);
Steven W. Squyres, David W. Andersen, Susan S. Nedell,  and Robert A. Wharton, Jr., “Lake Hoare, Antarctica: Sedimentation Through a
Thick Perennial Ice Cover,” Sedimentology,  in press.

161n early 1991, the ~ was domgraded t. a technolow  demonstration project  within  the Office of Aeronautics, Exploration and lkch-
nology.  Its future is uncertain, but ITS will no longer support space station operations and maintenance.

17Jet  fiopulsion  ~boratory,  NA&f l%met~  Rover pro~am,  JPL 1990 Annual ‘Ikchnical  Repoti, Jan. 15, 1991.
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the Ambler. The Ambler combines percep-
tion, planning, and real-time motion con-
trol, and is capable of navigating boulder-
strewn terrain.18

Researchers at the Massachusetts Insti-
tute of Technology (MIT) have concentrated
on developing microrovers that employ six

legs to “crawl” across the landscape like
insects.19 They represent a radical depar-
ture from the larger rovers, both in their size
and their modes of navigation (see Technol-
ogy Issues, below).

Researchers have demonstrated all three
types of mobile robots in the laboratory and
under field conditions. However, they need
considerably more experimentation and
testing before mission designers can deter-
mine which avenue would be most fruitful
for planetary exploration. Other ap-
proaches to mobility on Mars have been
considered as well, including airplanes, bal-
Ioons,20 and small, suborbital rockets.

Mobility in space will be equally impor-
tant in many missions. Staging and execut-
ing a mission to Mars, for example, would
require assembling independently launched
subsystems on orbit. Researchers at Stan-
ford University have concentrated on exper-
imental development of new concepts for
freeflying robots in a weightless environ-
ment, having fully cooperating arms capa-
ble of deft manipulation, either gas-jet or
push-off body motion control, and the capa-
bility to respond to commands to “fetch,
carry and attach.”21

Manipulative dexterity and tactile sensors —
Robotic manipulation systems will eventu-
ally be capable of dextrous manipulation far
beyond human capability: very long arms
could have a pair of short arms at their ends,
which in turn may have still smaller arms,
agile wrists, and finally, hands with fingers.
Such a system is essential in space. Stanford
researchers have pioneered the experimen-
tal development of well-controlled, long, very
flexible arms that carry very quick mini-
manipulators at their end capable of per-

         Mitchell, Reid Simmons, and Red Whittaker, “Ambler: A l-egged 
Rover,” 1990 Annual Research Review, Robotics  Carnegie Mellon University, 1991, pp. 11-23.

  Freedman, “Invasion of the Insect Robots,”  March  pp. 
   and France  to  a balloon on Mars later this decade to provide mobility for a package of 
 Unman  Robert  Cannon, Jr.,  in     of a   Robot. ” In  

of the   Meeting, San Francisco, CA, December 1989.
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forming delicate force-controlled tasks with
high precision and agility.22 Robotics engi-
neers in several laboratories have built vari-
ous kinds of tactile sensors and manipula-
tors of three and four fingers. JPL and CMU
engineers have coupled them with auto-
mated vision systems capable of recogniz-
ing and selecting among pebbles in a heap.
They have also begun to develop specialized
automated tools for handling and examin-
ing geological specimens.23

Navigation and path planning — The devel-
opment of autonomous navigation and path
planning has proved much more difficult
than investigators had first expected two
decades ago. The decisions humans take for
granted when driving a vehicle along a high-
way or on a rough dirt road involve sophisti-
cated perceptive and cognitive processes
that take years to develop. Vehicles that
navigate autonomously must be able to rec-
ognize a path, guide the vehicle, avoid sta-
tionary and moving obstacles, maintain a
safe speed, and respond to emergencies.

In 1990, at JPL, the six-wheeled exper-
imental vehicle Robby has demonstrated,
using onboard power and machine vision
and computation,24 its capability to tra-
verse rugged natural terrain at very low
speeds. In 1991, Robby demonstrated semi-
autonomous speeds of 80 meters per hour.
Future development will focus on increasing
Robby’s speed to 2 to 3 kilometers per day.

Using a neural network controller, re-
searchers at the Robotics Institute at CMU
have achieved the ability to “teach” a ve-

hicle to drive autonomously along a high-
way, gravel, and dirt roads, and even paths

25at speeds of 20 to 40 miles per hour. Ve-
hicle speeds are currently limited by com-
puting speed and available computing algo-
rithms. Much faster speeds can be expected
in the future as computers increase in capa-
bility and researchers develop new methods
of navigating obstacles. Although auto-
mated vehicles, using artificial intelligence
methods for cognition, now provide some
capability for exploration, goal seeking, and
obstacle avoidance, they are still in the re-
search stage, and have relatively limited ca-
pabilities. In particular, they have difficulty
responding appropriately to situations un-
foreseen by their designers.

JPL has shown that it is now possible in
the laboratory to plan a path of activity by
decomposing it into its component tasks
and to predetermine the path of a robot arm
to avoid obstacles and reach a preassigned
goal or object.

Internal representation — When communi-
cations delays become longer than a few
minutes, mission controllers experience se-
vere limitations in their ability to control an
instrument on a distant body, particularly if
the instrument is roving the surface. Hence,
if the robot has the capability to form an
internal representation of its own location
and status, and of updating the representa-
tion with sensory inputs, it can operate on
its own for a significant portion of the time.
Additional commands can then be sent to
the robot several times a day, if necessary.
Such supervised autonomy may be the only

ZZE. Schmiti and R.H. Cannon, “Initial Experiments on the End-Point Control of a Flexible One Link Robot,” ZnzemationalJouma/  ofR*t-
ics Research, vol. 3, No. 3, Fall 1984; Wen-Wei  Chiang, Raymond Kraft,  and Robert H. Cannon, Jr., “Design and Experimental Demonstration
of Rapid, Precise End-Point Control of a Wrist Carned by a Very Flexible Manipulator,” The International Journal of Robotics Research, vol.
10, No. 1, February 1991, pp. 30-40.

ZJet ~opulsion ~boratoV, IWO &f@h@JpLAutomtion  and Robohcs,  January 1991; T Choi, H. Delingette,  M. De~uis,  Y. Hsin)  M.
Hebert, and K Ikeuchi,  “A Perception and Manipulation System for Collecting Rock Samples,” Pmc. of the NASA Symposium on Space Opera-
tions, Applications, and Research, Albuquerque, NM, June 1990.

zQErann Gat, Marc G. S1ack,  David  R Miller, and R. James Firby, “Path Planning and Execution Monitoring for a planetary Rover,” J+oceed-
ings of the IEEE Robotics and Automation Conference, Cincinnati, OH, May 1990, pp. 20-25.

~Dean A. pomerleau,  “Efficient ~aining of Artificial Neural  Networks for Autonomous Navigation,” Neural Computation, VO1. 3, No.  1)
‘Rxrence Sejnowski  (cd.), 1991.
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way of controlling a robot on the surface of
Mars from Earth.

. Vision and perception sensors — Passive ste-
reo vision and active microwave, infrared,
or laser rangefinders have both been tested
in the laboratory. The rangefinders tend to
have larger power requirements than pas-
sive stereo vision and need to be qualified
for use on the Martian surface. However,
they require less computing power and pro-
vide more reliable three-dimensional infor-
mation. Other perception sensors, e.g.,
those that could test the load-bearing capa-
bility of the soil, are in the very early stages
of development.

Operator interface and mission operation —
The successful completion of a robotic mis-
sion will depend in large part on the devel-
opment of intelligent software and other
systems to enable mission controllers to in-
teract with distant robots, having increasing
autonomous capability. Engineers at Stan-
ford University have developed an intuitive
graphical interface that allows the operator
to indicate the desired robotic movement
and connection of objects. The tasks are
then executed autonomously by a pair of
cooperating robot arms. The system at
Stanford has been operated from Washing-
ton, DC.26 Equally important areas of re-
search include the development of tech-
niques to provide the operator with a sense
of “virtual reality,” executive and system
simulation software, and force and torque
reflection.

Automated noncontact instruments — Both
human and robotic missions could make
use of these technologies, which include
spectrometers, imaging spectrometers, ele-
mentary particle detectors, radars, and mi-
crowave detectors. Although these are well
developed for remote sensing from orbit,

. .

●

they should be adapted for use in close
range. JPL has demonstrated software for
efficiently processing data in real time. This
software would permit the robot to execute
conditional commands, e.g., search com-
mands, that depend on ongoing exploration.

Computem  — Experiments at JPL and other
laboratories indicate the need for onboard,
space-qualified computers capable of ex-
ecuting tens of millions of instructions per
second (MIPS) to operate large rovers that
navigate autonomously. An additional 50 to
100 MIPS-equivalent would be needed for
specialized vision processors. Robotics will
benefit substantially from advances in com-
puters developed for other uses.

TECHNOLOGY ISSUES

The application of A&R research to the explo-
ration of the Moon and Mars, as well as to indus-
trial, defense, and other applications will require
legislative, oversight, and appropriations atten-
tion to several crucial technology issues:

. Interdticiplinary  concerns — A&R draws on
a large number of other, rapidly changing
engineering disciplines. Robotics tradition-
ally relies on knowledge in such disciplines
as mathematics, materials science, dynam-
ics, electromechanical energy conversion,
control theory and control engineering,
computer engineering, sensor technology,
industrial and operations engineering. It
draws increasingly on advances in artificial
intelligence technology, real-time comput-
ing systems and programming methods,
simulation technology, and computer net-
working methods and technology. Despite
some significant improvements in A&R as
a result of these interactions, artificial intel-
ligence and robotics are generally treated as
separate disciplines rather than as one over-
all discipline that focuses on the develop-

~bstanley  A. Schneider and Robert H. Cannon, Jr., “Experimental Object-Level Strategic Control with Cooperating Manipulators.” In The
Proceedings of the ASME l+%zter  Annual Meeting, San Francisco, CA, December 1989.
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ment of intelligent systems to define and
carry out a variety of well-defined tasks.

Robotics for exploring the Moon and
Mars requires advances in the three broad
areas of machine perception, cognition, and
action, which in the past have developed in
relative isolation. For example, machine
perception, which requires a variety of sen-
sors, has evolved from applications such as
photo interpretation and manufacturing
part recognition, which involve the sensing
of still images. These applications, which
involve only minimal time constraints,
therefore require comparatively simple
technology. Machine cognition has evolved
as artificial intelligence technology, applied
to purely cognitive tasks that are also not
constrained by time. Machine action has
evolved in robotics and control technolo-
gies, usually coupled with simple sensor
technology (as opposed to complex percep-
tion, which would require sensing and cog-
nition in real time).

The addition of a requirement that robot-
ic devices operate in real time adds a signifi-
cant constraint into the development of
these technologies. Because these areas
have evolved relatively independently, A&R
experts have relatively little experience with
integrating techniques, methods, and hard-
ware developed in each area into an intelli-
gent, functioning whole.27

Systems integration — Because robots are
complex systems that integrate perception,
cognition, manipulation, control, human in-
teraction, and must accommodate system
architecture, error detection and recovery
mechanisms, and mission planning, sys-
tems integration techniques assume a cru-
cial role in making them function effective-
ly. At present, the absence of systematic
techniques for creating complete robot

archetypes in which the characteristics of
interacting subsystems can be fully accom-
modated is a barrier to actualizing robots of
the future. In addition, the design, manufac-
ture, and operation of individual compo-
nents has not reached a high level of
maturity.

The scale of the problem faced by robot-
ics engineers can be seen in an analogy to an
automobile. 28 Automobile systems have
matured over many years. The brakes, elec-
trical systems, transmissions, and so forth
are well understood. Furthermore, the
transmission system interacts little or not at
all with the brakes. Hence, improvements in
the braking system can be pursued with
little regard for its possible affects on the
transmission system. In most robotic sys-
tems, however, even small changes in one
subsystem, e.g., an acuator, may require
changes in another subsystem.

Operation of the automobile provides
another insight into the difficulty of crafting
systems integration techniques. A human
driver must constantly monitor the vehicle,
sensing internal and external conditions,
controlling the automobile in real time de-
spite uncertainty concerning what lies
around the next bend, and correcting con-
trol errors along the way. A robotic operator
must do the same. The robotic system must
cope with uncertainty in control (sensors
never report exactly the state of nature) and
with uncertainty in control (the robotic
mechanism never performs exactly the is-
sued command). Each of the subsystems
must tolerate errors and mistakes com-
mitted by other subsystems. Furthermore, it
must do so in real time, because the auto-
mobile is moving. Given the current state of
robotics technology, all contingencies for
robotics systems must be anticipated and
accounted for by designer beforehand.

.-Zysuch integration is beginning, e.g., at Stanford University, where teams in aerospace robotic control and in artificial intelligence areworking
closely together to solve problems of mutual interest.

~Enc ~otkov, Robotics Institute, Carnegie Mellon University, persona]  communication, May 1991.
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Existing robots have little capability for re-
sponding to unforeseen circumstances and
for learning from experience.

The role of artificial intelligence – Intelligent
systems (artificial, or machine intelligence)
should play a major role in the development
of robots. If properly implemented in a sys-
tem architecture, intelligent systems pro-
vide the user with the capability to “use,
modify, create, and exploit models” of

29 They provide thewhich they are a part.
“brains” of a robotic device that ideally
allows it to approach a problem with flexi-
bility.

Areas of artificial intelligence and control
engineering that can assist the development
of effective A&R devices (table 6-1) include:
human/machine interfaces; overall systems
architecture, including the computational
environment, languages, operating systems,
and network interfaces; verification and val-
idation of critical technology elements, e.g.,
software and processing elements; and the
capability for evolutionary growth of the
system architecture.

Technology strategies – The current intellec-
tual ferment in A&R technologies may offer
opportunities for organizing missions in
novel ways. For example, until recently,
most scientists assumed that a Mars rover
would be a relatively large vehicle (hundreds
of kilograms) that would require a large
amount of computing capacity to traverse
the Martian surface. Although such a rover
could carry a number of tools and use part
of its computing power for scientific analy-
sis, because it would be required to do so
many tasks, NASA could probably provide
funding for only one or two such rovers.
Scientists would therefore suffer the risk
that a failure in one or more major subsys-
tems would destroy most or all of the mis-

Table 6-1 –Technological Challenges for
Intelligent Systems

● Improvements in multiple sensor integration, processing,
and understanding.

. Development of distributed knowledge-based systems
that can cooperate with each other in real-time distributed
operational environment.

. Improvements in systems architecture and integration
including the development of intelligent user interfaces,
real-time fault management, and a high-performance,
real-time computational environment.

● Improvements in systems verification and validation.

. Development of focused testbed and flight demonstra-
tions.

SOURCE: The National Aeronautics and Space Administration, Ames Research
Center, 1991

sion. In addition, although a single rover
might traverse many tens of kilometers, it
would be unlikely to be able to explore a
relatively small region of geographical
interest.

In the last few years, A&R researchers
have experimented with small rovers30 and
have suggested that sending many of these
would increase the chances of acquiring sig-
nificant scientific data. Several micro- or
minirovers could be transported on existing
launch vehicles to different locations, mak-
ing possible broad coverage of the planet.
Some researchers have expressed concern
that small rovers would be unable to carry
enough computing power to store or gener-
ate a map of their location in order to navi-
gate safely among obstacles. However, if the
small rover were given the capacity to move
across the landscape without an internal
map, the necessary computing capacity
would decrease dramatically. Researchers
at MIT have built legged small rovers based
on so-called subsumption architecture,
which requires no prior instructions about
how to navigate.31 These rovers are given

only a set of rules about the order in which
to move their “legs.” Hence, they act more

~Eberhard  Rechtin,  .S’ysterns  Archilecting: Creating and Building Complex System  (New York, NY: ~entice Hall 1991),  P. 100.
30 Davjd  R Miller, “Mjnj-Rovers  for Mars Exploration,” Proceedings of the Viion-21 Symposium, Cleveland, OH, April 1990.
slDavjd H. Freedman, “Invasion of the Insect Robots,” Discover, March 1991, pp. 42-50.
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Photo credit: California Institute of Technology
Jet Propulsion Laboratory

Experimental minirover, named Tooth, developed by the Jet
Propulsion Laboratory. Tooth is capable of carrying out a
limited number of tasks, operating either under command

or autonomously.

like insects than higher level animals, mak-
ing their way across the landscape by trial
and error rather than by carrying an inter-
nal map and making decisions about which
way to move. Provided with appropriate op-
tics and sensors, they can nevertheless tra-
verse the landscape.

Many A&R experts argue with this ap-
proach, pointing out that to do useful work
on the planet, rovers would need internal
guidance, which would require consider-
able computing capacity, unless they were
operated from Earth remotely .32 They
would also have to carry adequate electrical
power and instrumentation (optics and
electronics), which would be difficult or im-

●

possible in mini-or microrovers. Even car-
rying adequate vision and telemetry systems
might severely strain the capacity of small
rovers. As computers grow smaller and
smaller and A&R engineers learn how to
build smaller and lighter mechanical sys-
tems, they may be able to build rovers with
sufficient computing capacity to do useful
planetary reconnaissance and analysis in
several regions.33 Providing adequate elec-
trical power to small rovers will prove a
challenge, because existing batteries can
carry only a limited amount of power com-
pared to their weight and size, and solar
power requires both storage batteries and a
relatively large solar panel. A Radioisotopic
Thermoelectric Generator (RTG), which
could be used on a large rover, would be too
heavy and bulky for a small one.

Communications delays – Communica-
tions delays between the Earth and Moon (3
seconds) and between Earth and Mars (6 to
40 minutes) would introduce significant
complications to the operation of robotic
devices on the Moon or Mars directly from
Earth. Research has shown that delays of
the order of seconds can be accommodated
by using a combination of machine vision
and modeling of the environment in real
time.34 Hence, it appears likely that A&R
engineers will learn how to overcome the
time delays associated with the teleopera-
tion of a rover on the Moon and having it
carry out a complex set of tasks.35

The time delays inherent in communicat-
ing with Mars will require building much
more autonomy into rovers or other robotic
devices, or require considerably more pa-
tience and reduced scientific expectations.
For example, after assessing the surround-

  the  times could make such research  
           for  international collaboration, as the   the European 

Agency, and Japan are all considering employing rovers to explore the Moon and Mars.
  Richard    Michael     Projecting and Coordinating Intelligent Action at a

Distance,” IEEE Transactions on Robotics and Automation, vol. 6, No. 2, April 1990, pp. 146-158.
  demonstrated the       tasks in the  when they drove the

Lunakhod rover many kilometers across the lunar surface.
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Photo credit: National Aeronautics and Space Administration

Artist’s conception of a core sample (center) undergoing
analysis after being obtained from the planetary surface by

coring bit (shaded device left of center).

ings of a Mars rover, the human geologist on
Earth could direct the rover to move around
or over large and small obstacles to a speci-
fied location in the landscape, pick up a
rock sample, examine it in several wave-
lengths, send the resulting data back to
Earth, and wait for further instructions.
These actions require the robot to be much
more autonomous than existing ones. After
the robot has accomplished that set of tasks,
the geologist would be in a position to deter-
mine whether the sample should be retained
for further examination or discarded. If the
geologist decides to retain the sample, he or
she might instruct the robot to analyze it
further, or place the sample in a bin for
eventual return to Earth. The scientist and
the rover could then repeat their close col-
laboration in another promising geographi-
cal area. In this way, the distance between

Earth and Mars would only slow up, not
seriously impede, the robotic exploration of
Mars.

Flexibility and resilience — Flexibility and
the ability to adapt to new situations are two
qualities often cited as characteristic of hu-
man exploration. Robotic spacecraft also
share these characteristics to some extent
and have demonstrated the ability to toler-
ate some software and hardware deficien-
cies. For example, in the late 1970s, software
engineers were able to work around a poten-
tially crippling loss of one of the receivers
and the failure of the frequency lock circuit
on the other aboard the Voyager spacecraft.
Because it was possible to reprogram the
tiny memory (only 4 kilobytes) within Voy-
ager, it went on to return startling images of
the outer planets and their moons.36 More
recently, the Magellan spacecraft, which is
generating a detailed radar map of the sur-
face of Venus, began to spin slowly out of
control.37 With the help of ground control-
lers who developed means of working
around the problems, the spacecraft was
able to recover and continues to send crisp
radar images to Earthbound scientists.38

The fact that ground controllers have
been able to overcome such difficulties re-
sults in part from good spacecraft design,
which incorporates redundancies and mul-
tiple paths for decisionmaking, but also
from clever and insightful manipulation of
the spacecraft’s software. By building in
more sophisticated fault-tolerant capability
and self-healing processes, in both hard-
ware and software, future spacecraft can be
made even more flexible and may require
less oversight from controllers on Earth.

  “Advances in Space Robotics,”  Presented at the 40th Congress of the International Astronautical Federation,
 Spain, Oct. 7-13,1989.  also points out that, “Reprogrammability has made it possible to improve the precision of the spacecraft

trajectory, as more information on the ephemeris of planets and satellites was acquired during the mission and to enhance the performance
of the instruments by developing on the ground and then transmitting to the onboard computer better algorithms for image coding and for
motion compensation of the scan platform. ”

      Sharp Images, but Computer Problems    

 Aug. 27, 1990, p. 29.
    paints a portrait Of Science, vol. 251, 1991, pp. 1026-1027.
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Tomorrow’s challenge is to design and
build an equivalent level of flexibility, resil-
ience, and fault tolerance39 in machines that
will experience direct mechanical contact
with the environment. With few excep-
tions, 40 most spacecraft have had to deal
only with celestial mechanics and long-
range gravitational forces. The precise posi-
tioning and motion of the spacecraft plat-
form has occurred in free space, with no
mechanical contact with the surface.

FUTURE PROSPECTS FOR
A&R RESEARCH AND

DEVELOPMENT

Resolving these issues will require basic tech-
nology development and testing at both the sub-
system and system level. It will also require con-
sistent funding. One of the most important
concerns expressed to OTA staff by project man-
agers both within NASA and externally was the
inconsistent pattern of funding for robotics pro-
grams.41 programs would be started, begin to
provide useful results, and then be canceled
abruptly. Although technology research pro-
grams may commonly experience a certain lack of
stability as research priorities change, sometimes
abruptly, the United States is unlikely to see ma-
jor progress in the development of A&R technol-
ogies until they are taken much more seriously.

The United States has the capability and the
resources to implement a highly competitive
A&R program. However, it presently lacks the
structure to carry one out. An integrated A&R

program to serve government needs could engage
the capabilities of the universities, government
laboratories, and industry. For example, universi-
ties could efficiently conduct basic research and
then, in cooperation with the appropriate govern-
ment laboratories, participate in further refine-
ment and demonstration of technology feasibility
and readiness. Promising technologies could then
be handed over to development centers and aero-
space industries for final development, valida-
tion, and implementation. If A&R programs in
government laboratories and industry were more
tightly coupled, A&R technologies would have a
higher chance of finding their way into industrial
applications and commercial ventures.42

In some respects, A&R technologies were
oversold in the 1980s because the technology
seemed more simple, tractable, and mature than
it was. Continued technology development, and
experience with successful systems, could raise
public awareness of the utility of A&R systems
and create a setting in which A&R engineers can
be more innovative in applying them to space and
Earthbound applications. There are many possi-
ble blendings of perception, cognition, and action
at a distance. For example, we might employ tele-
autonomous systems that can operate autono-
mously most of the time, but easily be brought
under teleoperated control when necessary.
Greater understanding of both the promise and
limits of A&R technologies would assist develop-
ment of such systems. Tying the development of
new robotic technologies to specific planetary
projects, such as emplacing scientific instrument
packages on the Moon, or exploring the surface of
Mars, should help focus the development of new
technologies.

39 Robotics engineem find continuing challenge in providing fault tolerance for mechanical structures that is equivalent to the fault  tolerance
now being incorporated in computer software.

dOFor  ~nmple,  Viking  spacecraft on Mars, and the Lunakhod rover on the Moon.

dl~though  inconsistent funding may not be unique to NASA’S A&R program, it has hampered efforts within NASA to exploit the capabilities
of A&R technologies.

dzAt present, the aerospace industry is not closely coupled to other industries. Hence, effective technolo~  transfer to the broader manufactur-
ing and service industries will require sustained effort.



Chapter 7

Costs of the Mission From Planet Earth

As a proposed new program with significant
long-term costs, the Space Exploration Initiative
(SEI), or Mission from Planet Earth, will come
under careful scrutiny by Congress. Estimates by
the National Aeronautics and Space Administra-
tion (NASA) and the aerospace industry suggest
that the total expenditure over a 30- or 35-year
period for establishing a lunar base and mount-
ing a crewed Mars mission, including robotics
missions, could reach a range of $3001 to $550
billion 2 (1991 dollars), which would make it the
most costly program in NASA’s history.3

However, at this early stage in the long process
of planning the components of a Mission from
Planet Earth, which could include a variety of
optional paths,4 any estimates of costs are neces-
sarily extremely uncertain. As the Committee on
Human Exploration of Space of the National Re-
search Council pointed out, they “are likely to
remain so for some time.”5 Costs depend critical-
ly on the range and scale of planned activities,
their schedule, and on a multitude of other fac-
tors—some well known, some only dimly per-
ceived, and some as yet totally unrecognized. The
ability to predict costs will therefore depend
heavily on new information developed in the
course of the program. Cost estimates also de-
pend on the projected costs of developing new
technologies and manufacturing the systems crit-
ical to the success of the various projects within
the overall plan.

At this early stage of planning for a Mission
from Planet Earth, when the many program op-
tions available are still under discussion,6 few of
the systems have been defined well enough to
estimate costs, even loosely. The models used to
estimate costs are notoriously unreliable in pro-
jecting the costs of systems incorporating new
technologies because the models depend on past
development experience. The more familiar de-
signers are with the technology, the more accu-
rate are the cost estimates.7 For example, NASA
and the Department of Energy may wish to pur-
sue development of nuclear energy as the propul-
sion mode for transporting humans from Earth
orbit to Mars, because, if successful, nuclear pro-
pulsion could dramatically reduce the transit
time between the two planets. Yet the probable
costs for developing nuclear propulsion are very
poorly known because the development process ,
contains a significant number of unknown costs.
The costs of an interplanetary vehicle powered by
nuclear propulsion are also poorly known. De-
tailed design studies could reduce the cost uncer-
tainties, but only marginally, until additional
technology development is done.

If, after pursuing development of nuclear pro-
pulsion technologies, the total development costs
seem too great, NASA might decide instead to
use chemical propulsion, which is much better
known, to transport people to Mars, even though
the journey could take much longer. Yet the costs

I~er 30 Yearn, Genera]  Dynamics Space Systems Division) “Lunar/Mars Initiative Program Options–A General Dynamics Perspective,”
Briefing Report, March 1990.

Zunpublished  estimates develo~d by NASA for its study entitled, Repoti of the 90-DaY Study  on Human  E#oration  of tie M~n and MLWS
(W%hington,  DC: NASA, November 1989). This estimate, which was for a 35-year period beginning in 1991, includes a 55-percent reserve,
and would fund a permanent lunar base and robust human exploration of Mars.

3By comparison, the Apollo program cost about $116 billion in 1991 dollars.
4NASA,  Repoflof~e  9@Dws&~on Hunuzn Exploration of the Moon and Mars (Washington, DC: NASA, November 1989); Synthesis Group,

America at the Threshold (Washington, DC: the White House, June 1991).
SNational Research Council, Committee on Human Exploration of Space, Human Exploration of Space: A Review of NASA 90-Dw S@Y

and Altemahves  (W%hington,  DC: National Academy Press, 1990), p. 31.
%ee, e.g., Synthesis Group, op. cit., footnote 4.
Tues. Congress, Office of Wchnology ~xment,  Reducing L.uunch Operations Costs: New Technolo@es  ~d tictices,  OTA-~-ISC-28

(Washington, DC: U.S. Government Printing Office, September 1988), app. A.
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of an interplanetary vehicle propelled by chemi-
cal fuel are also uncertain. Nearly every system in
an exploration program faces similar develop-
ment choices and uncertainties.

Further, in a large project, the development of
new technologies is interlinked. New technologies
are not “in place” until they are integrated into
the rest of the system. Unexpected delays in de-
veloping and testing a new launch system, for
example, would delay an entire project, even if
other technologies were ready. Problems even
with supporting technologies and systems may
nevertheless delay the project. For example, many
payloads designed for launch on the space shuttle
had to wait for several years to be launched after
the loss of Challenger, because to redesign and
alter them for launch on expendable launch ve-
hicles would have entailed substantial extra cost.8

Hence, it is far too early to judge the total costs of
exploratory missions to Mars using either robot-
ics spacecraft or human explorers.

As NASA develops alternative plans for a Mis-
sion from Planet Earth, it should examine care-
fully which technologies would lead to lower over-
all costs (including development, manufacturing,
and operational costs). Some technologies, e.g.,
those for space transportation, could have broad
application in the space program, and would
therefore contribute to overall development of
U.S. efforts in space. Others, e.g., space nuclear
power and nuclear propulsion, would assist in a
drive to expand the human presence beyond
Earth orbit, but would have less application else-
where.

COST ISSUES

Comparing Robotic and
Crew-Carrying Costs

Because of the large uncertainties in making
cost estimates for the Mission from Planet Earth,
comparisons between a set of robotic missions

and human missions are also highly uncertain.
However, experience with previous space proj-
ects provides some guidance. Several OTA work-
shop participants estimated that, based on their
experience with developing and managing vari-
ous space projects, specific robotic exploration
projects might cost one-tenth to one-hundredth
as much as human exploration.

These differences are the result of greater
weight for human missions, the need for life-sus-
taining systems, and the need to provide for crew
safety. However, comparisons between the costs
of carrying out missions using only robots and the
costs of crew-carrying missions can be deceiving
because the two kinds of enterprises would often
accomplish different objectives.

The overall mission strategy would also have a
major effect on the costs of either robotic or
crew-carrying missions. For a Mars mission, it
would, for example, depend on whether human
crews would expect to work and live largely in
habitats on the Martian surface while sending
robotic rovers out to explore, whether crews
would themselves do most of the exploring, or
whether they would remain in orbit about the
planet controlling rovers on the surface.

It is possible at this stage to reach very limited
conclusions about total costs of both robotics and 
human exploration by examining several major
systems that would be required as elements of the
overall architecture of a Mission from Planet
Earth. Figure 3-1 in Chapter 3 presents technolo-
gies in eight categories that may be needed to
mount robotics exploratory ventures, develop a
permanently occupied lunar base, and send a
human crew to Mars. This figure reveals two ma-
jor conclusions. First, human exploration of the
Moon and Mars would necessitate development
of some nine new critical technologies, each one
of which could cost several billion dollars to de-
velop. For example, the development and testing
of a new Earth-to-orbit space transportation sys-
tem (the National Launch System) could cost

81t ~o~t be~een $3o and $4o million t. reconfigure the Cosmic Background Explorer (COBE) satellite for launch on an e%ndab~e 1auncher
after Challenger was lost.
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about $11 billion (1988 dollars), including facili-
ties.9 Second, robotics missions would require far
fewer expensive new technologies and systems.
With the possible exception of aerobrakingl0 for
a Mars mission,ll robotics exploration (sample
return mission) would require the development of
few major new technologies beyond automation
and robotics (A&R) technologies, though several
listed would clearly increase the chances of
successful completion of certain scientific mis-
sions, and others would provide considerable le-
verage in accomplishing some science objectives.

In attempting to understand cost comparisons
between missions that would use robotic technol-
ogies on the Moon or Mars and those that would
use crews, Congress could ask NASA to present
the costs and cost uncertainties12 as well as the
benefits and drawbacks of various alternatives.
Congress could then decide whether the esti-
mated costs justified expending tax dollars.

Schedule

Each project carries with it an optimal timeta-
ble for completion that results in minimum costs.
Trying to push technology and organizations too
fast results in higher total costs. Stretching out
the schedule or delaying it once started also result
in higher costs. Because the risks of incurring
higher than optimal costs increases with the size
of the project, the Nation might be well advised to
break up the Mission from Planet Earth into a
series of relatively small projects,13 each with its
own objectives and schedules. Such a strategy

should make budgeting easier and reduce the risk
that any one project would suffer being delayed,
especially given the extremely long timescale for
the Mission from Planet Earth. However, under
these circumstances, the overall plan would have
to be extremely flexible to account for unexpected
successes or delays. If everything works out, a
fully integrated approach is much less costly than
a flexible one. But a flexible approach allows
plans to change as budgets and national priorities
change over time.

As noted earlier, the OTA workshop con-
cluded that the scientific objectives for exploring
the Moon and Mars could be pursued on a wide
variety of timetables, depending on the availabil-
ity of technology and funding, and scientific prog-
ress. Launch opportunities for Mars occur about
once every 2 years. Launches to the Moon can be
carried out several times a month. Hence, scien-
tific missions can be planned and executed as new
information indicates new questions to ask. How-
ever, political or other objectives may suggest a
particular timetable, such as the date of 2019 that
the Bush administration has proposed for land-
ing a crew on Mars, which is 50 years after the
first Apollo landing. Given a timetable, planners
can produce an overall system architecture to fit
within it.14 An architecture based on political
considerations may not accomplish the full range
of possible scientific objectives, in part because
planners experience considerable temptation to
cut scientific objectives in order to meet a prede-
termined schedule, especially when stretching the
schedule would result in higher overall costs.

gManufactufing  and owrations  costs would be at least $70 million per copy (1988 dollars). U.S. Congress, Office of ~chnolosy *essment,
Access to Space: The Future of the U.S. Space Transportation System, OTA-ISC-415  (Washington, DC: U.S. Government Printing Office, 1990),
p. 36.

IOAerobraking  makes use of the Martian atmosphere to slow down an interplanetary vehicle to the point that it can be captured by Mars’
gravitational field. A very massive interplanetary vehicle would either have to use aerobraking or cany sufficient fuel to slow it for capture by
Mars.

llFigure 3-1  lists  aerobraking  as a Ctitica] technology for returning samples from the surface of Mars. However, the strength of its importance
for such a mission depends directly on how the mission is carried out. A robotics rover mission using small rovers would not necessarily need
aerobraking.  Such a mission could be accomplished with existing technology.

l~e amount  of cost uncefiain~  pro~des a measure of the cost risk involved.

lsplanetav projects, by their nature,  tend  to be rather large and take several years to plan and complete. Delays  in major subsystems or in
supporting systems, e.g., space transportation, can introduce substantial delays in such projects. Nevertheless, it may be more cost-effective
in the long run for project leaders to resist the temptation to load many different objectives onto a single project.

IQSee,  e.g., the ~tem architectures e~mined in the Synthesis Group, America at the Threshold Washington, DC: The white  Hou*~  ‘Une
1991).
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Operational Costs

The operational costs for exploration, whether
robotic or human, could be very high. Such costs

are notoriously hard to judge, as they depend
heavily on the success engineers have in develop-
ing systems that require relatively little continu-
ing oversight .  For  example,  when the space
shuttle was under development, planners ex-
pected operational costs to be high in the initial
operational stages, but to decrease steadily as
operators gained experience with its many sub-
systems. 15 @cl. time, yearly operational costs of

the shuttle have actually increased16 and NASA
has been unable to decrease the per-flight opera-
tional cost by increasing the flight rate.17 In part,
the wide disparity between expectations and real-
ity in operational costs results from the fact that
when budgets became tight as the shuttle was
under development, items that would have re-
duced long-term operational costs, but required
near-term development, were often cut from the
shuttle budget. The result was a series of near-
term reductions at the expense of long-term con-
tinuing costs.

18 For systems designed to support

humans, safety considerations lead to numerous

design improvements after a system has been
built, which also increases costs.

As planning for the Mission from Planet Earth
proceeds, it will be important for planners to
examine carefully the operational costs of each
project within the overall plan, including robotic
ones, and determine whether operational costs
can be reduced. By reducing the number of per-
sonnel required, A&~ technologies could be
used to control costs. In the Shuttle program, for

example, the large number of contractors and
NASA employees required to refurbish and
launch each orbiter, and to follow the missions
while in progress, is a major contributor to overall
mission costs. l9

Reducing Costs

As noted, costs will also depend on new tech-
nologies that might be developed during the
program. Actual costs could be higher or lower de-
pending on the technological hurdles encoun-
tered and the cost reducing effects of technologi-
cal and management innovations. Many of the
A&R technologies being developed to reduce
manufacturing costs on aircraft assembly lines,
or to reduce the costs of launch vehicles, may
have particular utility for the Mission from Planet
E a r t h . 2 0

The proposed Mars sample return mission
provides an illustrative example. Early studies
suggested that the costs of sending spacecraft to
Mars to return a sample to Earth might reach
about $10 to $15 billion.21 Yet recent studies sug-
gest that miniaturized robots and simplified ob-
jectives might make it possible to mount a more
limited sample return mission for much less
c o s t .22 For  example ,  sma l l  r obo t s  cou ld  be
launched on Delta or Atlas launch vehicles, which
are available today from commercial launch ser-
vice companies. Because many small  robots
could be sent to several different locations and
landed using existing technology, they could po-
tentially sample wider regions than a single rover
collecting samples from the surface. Even if sev-
eral small rovers were to fail, the remaining ones
would still carry out their missions, reducing

15Ad~SoV Committee on the Future of the U.S. Space Program, Report of the Advisory Co~”ztee  on the Future of tie U.S. sPaCe  R%?arn
(Washington, DC: U.S. Government Printing Office, December 1990).

16NASA  out]a~ for space shuttle o~rations  have increased about 17 percent per year since 1988. Projected outlays for fiscal Year 1991
equal $2.79 billion.

ITu.s. Congress, Office of ~chnology  Assessment, Reducing Luurwh Operations Costs: New Technologies and Ractices,  ~A-TM-lSC-28
(Washington, DC: U.S. Government Printing Office, September 1988).

181bid.,  pp. 5-6.

191bid.,  p. 40.

201bid., p. 4.

21’’Mars  Rover Sample Return, Tkchnical Review, Final Report, vol. 5,” Jet Propulsion Laboratory, Sept. 22, 1988.
22Da~d  p Miller,  “Mini-Rove~  for Mars @loration, “ Proceedings of the Viion-21  Symposium, Cleveland, OH, April 1990.
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overall mission risk compared to a single rover/
sample return mission. Yet, small robots may not
be able to carry the computing capacity necessary
to do intricate tasks,23 or tasks requiring the use
of heavy equipment.

In attempting to reduce costs, the overall man-
agement approach may assume as much or more
importance as the technologies used. For exam-
ple, project managers of the Strategic Defense
Initiative Organization Delta 180 Project found
that “decreasing the burden of oversight and re-
view, and delegating authority to those closest to
the technical problems, resulted in meeting a
t ight  launch schedule  and reducing overal l
costs .” 24 Determining whether these or similar
techniques are appropriate to reducing costs in a
high-cost, high-risk robotic or crew-carrying mis-
sion would require careful study. However, expe-
rience with earlier planetary projects suggests the
following maxims for project development:25 1 )
keep the entire project as simple as possible; 2) do
as much testing as possible before launch; 3)
provide adequate funding reserves for unfore-
seen problems; 4) avoid complex software and
complex internal processes; and 5) keep science
payloads to the requirements.

PAYING FOR THE MISSION
FROM PLANET EARTH

Returning crews to the Moon and exploring
Mars would have a major impact on NASA’s
yearly budget, and could adversely affect the

funding of NASA’s other activities. To support the
Missions to and from Planet Earth, and the vari-
ous programs to which NASA has already com-
mitted, the Report of the Advisory Committee on
the Future of the U.S. Space Program recom-
mended 10-percent real growth in NASA’s overall
budget over a period sufficient to pay for the
Mission from Planet Earth as well as other NASA
activities. 2 The National Research Council
Committee on Human Exploration of Space rec-
ommended growth of NASA’s budget by a “few
l0ths of percent in GNR”27 During the years of
highest spending on the Apollo program
(1%4-66) NASA spent about 0.8 percent of the
GNP.28 However, the United States was then in
the middle of a “race to the Moon,” and beating
the Soviet Union to it was a national priority. No
such race exists today.

Significant pressures on the discretionary por-
tion of the Federal budget will make obtaining a
real growth rate in NASA’s budget of 10 percent,
or increases of a few tenths percent of the GNP,
extremely difficult, unless our national priorities
change. 29 NASA’s budget submission for fiscal
year 1991 included a total of $%2.8 million for
activities cited in the budget summary as related
to SEI. Of that amount, about $188 million was
targeted to support new activities.30 In passing
the Appropriations Bill for the Department of
Housing and Urban Development and Indepen-
dent Agencies,31 Congress deferred consider-
ation of the proposed SEI as a result of “severe
budgetary constraints which limit the agency’s
ability to maintain previously authorized projects

ZsComputing  capaci~ per weight and volume has decreased dramatically over the last 30 years. If existing trends continue, computing capacity
may not be a limiting factor.

Z4U.S.  Congress, Office of Rchnology Assessment, Reducing Launch Operations Costr:  New Technologies and fiactices,  ~A-~-ISC-28
(Washington, DC: U.S. Government Printing Office, September 1988), p. 14.

~Scott Hubbard, Jet Propulsion Laborato~, personal  communication, 1991.
zbAdvisov  Committee on the Future of the U.S. Space Program, op. Cit., footnote 15, P. 4.
zTIn 1990, NASA’S  budget was about 0.18 percent of the GNR
~National Research Council, Committee on Human E@oration  Of Space, op. cit., footnote 5, P. 31.
~David Moore, Statement before the Committee on Space, Science, and Technology, U.S. HOU* of Representatives, Jan. 31> 1991’
30Forfiscal year 1991, N~A  placed other Ongoing activities in the SEI Categoqr to demonstrate  that  many of its efisting activities were already

directed toward the goals of SEI.
SIH.R.  5158, which became Public hW 101-5O7.
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and activities.”32 NASA received about $584 mil-
lion. NASA’s budget submission for 1992 con-
tains $94 million in support of identified SEI
activities.

In funding the many elements of the Mission
from Planet Earth, or SEI, it will be important to
maintain a balance of activities in space. Since
the Apollo days, NASA’s projects devoted to
“manned” activities have received the lion’s share
of NASA’s budget. Recently, that share has in-
creased. In fiscal year 1990, for example, activities
for people in space consumed about 70 percent of
NASA’s budget.33 Space scientists and other ob-
servers of the U.S. space program have raised the
concern that the SEI might increase the propor-
tion of funding applied to human activities in
space to the detriment of space science, the Mis-
sion to Planet Earth and other NASA space proj-
ects.34

Both the National Research Council’s Com-
mittee on Human Exploration of Space35 and the
Advisory Committee on the Future of the U.S.
Space Program36 have recommended fencing
funding for the rest of NASA's activities from
funding for a Mission from Planet Earth. The
Advisory Committee specifically recommends
“that the civil space science program should have
first priority for NASA resources, and continue
to be funded at approximately the same percent-
age of the NASA budget as at present (about 20
percent).” 37 However, the administration and
Congress may find it difficult to maintain funding
for NASA's base programs if the funding for SEI
leads to an even larger percentage of NASA's
budget than its endeavors to support people in
space now command. Schedule and other delays
in such activities would necessarily lead to cost
overruns that could “squeeze out” funding for
other civilian space activities.

SZU.S.  House  of Representatives, Conference Report toAccornpany  H.R. 5158, (M. 18, 1990, p. 44. The report  went on to say, “It is inevitable
in the conduct of the Nation’s civil space program that such human exploration of our solar system is inevitable.”

SSUP  from about 65 ~rcent  in the 2 previous years. U.S. Congress, Office of Wchnology Assessment, Access  ZCJ Space:  The Fumre  of tie  U.S.
Space Transportation System, OTA-ISC-415  (Washington, DC: U.S. Government Printing Office, 1990), p. 5.

sQRobert L Park, “~ter 30 years of Dreams, a Wake-Up Call for NASA,” The Scientist, May 27, 1991,  pp. 11, 13.
ss’~~e committee believes that it is imw~ant  for the funding support for HEI ISEI] and other major initiatives to continue to be distinct

from that for the remainder of the NASA budget, to avoid eroding the base of other essential space and aeronautical capabilities.” National
Research Council, Committee on Human Exploration of Space, Human Exploration ofSpace:A Review of NASA 90-Day SZu+ andAllematives
(Washington, DC: National Academy Press, 1990), p. 32.

S6A~SoV Committee on the Future of the U.S. Space Program, OP. cit., footnote 15.

371bid., p. 25.



Chapter 8

International Competition and Cooperation

When the United States was building its civil-
ian space program, political competition with the
Soviet Union acted as a goad to enhance U.S.
technological capabilities, especially in space. In
part, U.S. officials worried that the Soviet
Union’s successes in launching large spacecraft
demonstrated its ability to field ballistic missiles
capable of landing nuclear weapons on the
United States. The demonstration of U.S. techno-
logical leadership by leading in civilian space
activities soon became an important part of U.S.
motivation for any proposed new activity.1 In
1%1 the Kennedy administration and the 85th
Congress took U.S. leadership a step farther by
funding a program that soon established across-
the-board preeminence in space activities. Not
only did the United States demonstrate its pre-
eminence in activities involving human crews, it
established strong programs in planetary explo-
ration, meteorological satellites, and land remote
sensing. The United States also spearheaded the
development of the communications satellite in-
dustry, which today is still the only fully commer-
cial space enterprise.2

Beginning in the 1970s, other nations, especial-
ly Japan and the European countries, have been
demonstrating their increasing capabilities in
space technology. They are now able to challenge
the United States in space  applications and in

3certain areas of space science. As a result, the
United States has seen the steady loss of its posi-
tion as the dominant supplier of space-related
goods and services in the world market. Hence,
the grounds of competition have shifted away
from political competition for global status to
economic competition with our traditional allies.

America’s challenge for the 1990s and beyond will
be the construction of effective mechanisms to
enhance the U.S. economic position.

Despite the strong competitive foundation, the
U.S. space program has also had a long history of
encouraging cooperative activities.4 During the
1960s, the 1970s, and even into the early 1980s, the
United States organized cooperative activities —
in part to enhance its leadership position. Under
those circumstances, most U.S. cooperative ef-
forts were generally unequal partnerships in
which the United States could set the foundation
and terms of the cooperative venture. In part, the
United States could do so because the Soviet
Union offered little competition for cooperative
programs. The secretive nature of its space pro-
gram, and the relatively immature level of its
technology made the Soviet Union unable to offer
much of interest to technologically advanced po-
tential partners.

Although the capacity of the countries of Eu-
rope and Japan to challenge U.S. firms means
that they will likely continue to gain market share
for commercial goods and services, it also means
they make more effective partners in cooperative
ventures. In some areas of technology other coun-
tries lead; hence the United States would gain
technologically from cooperating. For most coop-
erative projects, the combination of skills each
party would bring would greatly enhance the
project’s outcome.

The Soviet Union’s continuing experience in
supporting a human presence in space on the
Salyut and Mir space stations, in launching a vari-
ety of launch vehicles, and its long-term interests
in planetary exploration, coupled with much

IIndced  the ~o]e of leadership  is codified in the National  Aeronautics and Space Act of 1958 (Public ~w 85-568). “me  aeronautical and
space acti~ties of the United States shall be conducted so as to contribute materially to.... The preservation of the role of the United States
as a leader in aeronautical and space science and technology... (42 U.S.C.  2451, Sec. 102c(5)).

zNumerous ~ommuni~tions satellites have also been built for civilian government uses.

3u.s. congress, OffIce of ~chnoloU~xment,  1ntemahonal  CmPrafion  andco~etihon in U.S. Civilian spmeACtiVitie.r,  OTA-ISC-239
(Washington, DC: U.S. Government Printing Office, 1985), ch. 4.

%e National Aeronautics and Space Act of 1958 mandates international cooperation (42 U.S.C. 2451, Sec. 102 c(7)).
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greater openness about its space activities, now
make it a potentially attractive partner for coop-
erative science and technology projects.5 The So-
viet Union is also seeking to attract partners for
commercial ventures and is willing to arrange
highly competitive terms for such cooperation.
The political advantages of competing with the
Soviet Union in space have greatly diminished,
and are being replaced by a growing realization
that cooperation would help support the Soviet
Union’s transition to a market economy, and as-
sist Soviet political stability as it experiments with
democratic reform. On the other hand, the cur-
rent Soviet economic crisis affects its ability to
fund space activities and may make it difficult for
Soviet scientists to engage in large cooperative
projects.

As space projects grow in cost and technologi-
cal complexity, the need for efficient, cost-effec-
tive use of resources argues for an international
division of labor. During the 1990s, the United
States faces the challenge of developing new
cooperative mechanisms, based on the new glob-
al economic and political realities. That challenge
will require U.S. policymakers to alter signifi-
cantly modes of thinking that derive from the era
of the cold war. For example, in future coopera-
tive projects with the United States, Japan and
Europe are likely to require increasingly greater
voice over the terms of the project. For the Mis-
sion from Planet Earth, the United States will
have to resolve the apparent tension between its
wish to carry out ambitious, and costly, projects
on its own and the attraction of seeking foreign
participation in order to: 1) reduce costs for each
participant, 2) increase overall technological ca-
pabilities, 3) expand its opportunities for involve-
ment in wider variety of disciplines, and 4) extend
its political influence. The United States will also

have to consider the opportunity that coopera-
tion in U.S.-led projects gives for our partners to
increase their competitive posture.

COMPETITIVE CONCERNS

How the United States invests in its space pro-
gram will affect other segments of the economy.
Investments made in technologies that could spur
industrial development and increase America’s
international competitiveness would be most wel-
come in today’s  economy.6 As noted earlier, dur-
ing the 1990s and into the next century, the United
States is unlikely to have any competitors in send-
ing human crews to the Moon and Mars. How-
ever, we can expect other nations, including Can-
ada, France, Germany, and Japan, to have a
strong interest in developing the technologies re-
quired for robotics spacecraft and probes. Many
of these technologies have a close relationship
with increasing productivity in the manufactur-
ing and service sectors.

Although the United States invented robots
and still leads in many areas of research, in other
countries robotics technologies have assumed a
greater role in the economy. Canada, France,

7Germany, Italy, and Japan, in particular, have
targeted automation and robotics (A&R) tech-
nologies for development for industrial and gov-
ernmental use. In some areas, such as manufac-
turing, 8 their efforts well exceed U.S. capabilities.

Several OTA workshop participants expressed
concern that the U.S. space program has not
invested adequately in A&R technologies. Cana-
da, France, Germany, and Japan have imple-
mented programs that direct investment on A&R
space technologies toward the common goal of
supporting their industrial base.

5u.s. Congress, Office of ~chnology Assessment, U.S.-Soviet Cooperation in Space, OTA-TM-STI-27  (Washington, DC: U.S. Government
Printing Office, July 1985), ch. 4.

6u.s. ba]ance  of Paments to the rest of the world make the United States the world’s greatest debtor nation.
?Andrew ~mer and Ruth Simon,  “why Japan Loves Robots and We Don’t,” Forbes, Apr. 16, 1990, pp. 148-153; William ~ Wittaker and

lhkeo Kanade, Space Robotics in Japan (Baltimore, MD: Japanese lkchnology  Evaluation Center, 1991).
Ssee e g , the ~nes  Of articles on the impacts of robotics on manufacturing in the special issue of Techno/o@a[Forecmtingand socia~change~

vol.  35: April 1989.
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Canada

Canada has used its involvement in the space
shuttle system, for which it provided the Canada
Arm, and the space station, for which it is provid-
ing the Mobile Servicing System and Special Pur-
pose Dextrous Manipulator, to build its capabili-
ties in A&R. The Canadian A&R program has
three integrated elements that are focused toward
one common goal: the development and imple-
mentation of the robotic system for space station
Freedom.9 They are divided into three phases:

● Near Term (baseline) – Mobile Servicing

●

●

quirements for the space station during as-
sembly, maintenance, and operations.

Mid Term – Advanced Technology Pro-
gram. Canadian objectives include the en-
hancement of the basic robotic system with
higher performance capabilities to support
its future growth. Examples of such technol-
ogies include real time collision prevention
and avoidance, and advanced vision. The
additional capability should lead to reduced
costs and increased crew productivity.

Far Term – Strategic Technologies in Auto-
mation and Robotics. Canadian objectives
include: 1) the development of strategically
important A&R technologies for potential
incorporation into the Canadian Mobile
Servicing System over its lifetime by con-
tracting out research to industry; and 2) the
support of national economic development
through encouraging commercialization of
the developed technologies.

Europe

Germany, Italy, and France have expressed
considerable interest in developing robotics tech-
nology for use in space. For example, the German
Aerospace Research Establishment (DLR) is
building the Space Robot Technology Experi-
ment, ROTEX, which will fly in the next German
Spacelab mission (D-2) aboard the space shuttle,
scheduled for 1992. ROTEX is a small, six-axis
robot that will be used to verify an array of robot-
ic tasks in space. It is designed to perform a
variety of preprogrammed tasks, but also under
control of astronauts and by remote control from
Earth, using 3-dimensional stereo computer
graphics and stereo television. ROTEX will:1°

. verify joint control under microgravity;

. demonstrate and verify the use of ROTEX
handcontrollers;

 Advanced   Committee,  Automation and Robotics  for the Space Station Freedom and for
the U.S. Economy,”  Memorandum 103851  Field,  Research Center, National Aeronautics and  Administra-
tion, May 1991),  C.

  J.  and B.   Concepts for Space and Underwater Applications,” Proceedings 
the Space and Sea Colloquium, European Space Agency, Paris, France, Sept. 24-26, 1990, pp. 151-61.
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●

●

demonstrate and verify the use of human-
machine interfaces that also allow for tele-
operation from Earth; and

verify the execution of a variety of tasks in
space, e.g., making plug-in connections, as-
sembly, and catching free-flying objects.

DLR is also working on lightweight robots and on
a variety of A&R methods to increase productiv-
ity in space. It expects many of these methods to
have Earthbound applications.

Robotics experts at the French space agency,
Centre National D’Etudes Spatiales (CNES), are
exploring the potential for an “automatic plane-
tary rover,” and have established partnerships
with other French laboratories working on both
terrestrial and undersea mobile robots.11 The
program is in its early stages and is focused on
developing robotic devices for scientific explora-
tion of Mars: sample analysis, establishment of
geophysical profiles, and deployment of autono-
mous stations, for possible Mars deployment in
A.D. 2000.

Japan12

Japan has especially targeted A&R for re-
search & development investment, as it expects
these technologies to provide increased produc-
tivity in a variety of areas. It also expects to reduce
its operations costs for crew-carrying missions by
employing A&R technologies, as well as create
A&R devices for robotic missions. The National
Space Development Agency (NASDA) funds the
Space Robot Forum, a group that brings together
members from government, industry, and acade-

mia to recommend directions for space robotics.
It has urged the development and extensive use of
so-called third-generation robotics systems that
operate with little human intervention.13

Japan is developing a first-generation, 9.7-me-
ter-long robot arm for use with its Japan Exper-
imental Module (JEM) for the international
space station Freedom. It will carry a smaller arm
and gripper at the end to provide greater dexter-
ity. The Forum has suggested developing a space
station in the 21st century that would be operated
by robots controlled from Earth.

Japan has also expressed interest in exploring
the Moon and exploiting lunar resources. Individ-
uals at the Japanese space agency, NASDA, have
examined the potential for developing a lunar
base, using lunar materials for construction.14

COOPERATIVE OPPORTUNITIES

As noted in an earlier OTA report, “U.S. coop-
erative space projects continue to serve impor-
tant political goals of supporting global economic
growth and open access to information, and in-
creasing U.S. prestige by expanding the visibility
of U.S. technological accomplishments. ”l5 A re-
turn to the Moon and an exploration of Mars
present a range of possible cooperative activities
with other nations. Because the costs for intense
planetary exploration are likely to be very high,
international cooperative activities could reduce
U.S. costs and increase the U.S. return on its
investment for exploration. A well-conceived
cooperative program could also establish the
United States as a leader in exploration.16 A
broadly based cooperative exploration program

llDenis J.p  Moura,  “Automatic  pkinetq  Rover: The French Mars and Lunar Rover Preparatory Program,” CNES  briefing charts, March
1991.

lzwi]liam L Wittaker and ~keo ~nade,  Space Robotics in Japan (Baltimore, MD: Japanese ‘lkchnology  Evaluation Center, 1991).

IJFirst.generation robotic devices would work ]arge]y by teleoperation. Second-generation devices are those that do simple tasks on their
own; third generation robotic devices would be nearly autonomous. William L Wittaker  and ‘Ihkeo Kanade, “Japan Robotics Aim for Unmanned
Space Exploration,” IEEE Spec&um,  December 1990, p. 64.

1~. Iwata, “~chnical Strategies for Lunar Manufacturing,” IAA-88-588,  Presented at the 39th Congress of the International Astronautical
Federation Meeting, Bangalore, India, Oct. 8-15, 1988.

15u.s.  Congress, Office of ~chno]ogy Assessment, International Cooperation and Competition in Civilian Space Activities, op. cit., footnote
3, p. 7.

lbJohn M. ~gsdon,  “Leading Through (operation,” Issues in Science and Zchnoloo,  summer 1988, pp. 43-47.
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with varied levels of participation, whether it was
primarily robotic or employed human crews,
would also enable the United States to encourage
less developed countries to enhance their own
science and technology base. However, coopera-
tive projects must be carefully structured to keep
costs within bounds. Otherwise, the numerous
management interfaces and the differences in
cultures may vastly increase total costs for a
project. 17

In the past, most of the National Aeronautics
and Space Administration’s (NASA) cooperative
activities have been bilateral, in large part be-
cause bilateral cooperation is much simpler and
therefore less costly to manage than multilateral
cooperation.

18 They have also generally been
bounded in time. Yet increasingly the size and
duration of projects have led to the need for a
more flexible position. While some projects are
appropriate for a bilateral approach, others, be-
cause of their size, complexity, or duration, may
require a multilateral approach.

Even if, for international legal purposes, the
individual agreements are better arranged be-
tween pairs of nations, the day-to-day interac-
tions are likely to be multilateral, rather than
bilateral in scope. For example, although the
agreements of the United States with Canada, the
European Space Agency (ESA), and Japan con-
cerning Freedom are bilateral agreements, in de-
signing, building, and operating the space station,
representatives of the four parties must meet and
coordinate with each other primarily as a group
in order to carry out their business most efficient-
ly. Hubble Space Telescope also requires continu-

ing management interaction among the nations
involved. 19

The need for a broader level of cooperation has
led to several suggestions for an umbrella organi-
zation or mechanism to coordinate and manage
large, international space projects.20 Such sug-
gestions have always had to face the concern that
the ensuing bureaucratic arrangements could be-
come extremely complicated and that individual
nations could begin to lose control over their own
projects. They could also lead to high overall
program costs related to need to involve more
organizations, each with its own agenda and
scientific goals, in the process. The multilateral
Inter-Agency’ Consultative Group (IACG) has
been suggested as a possible model for future
cooperative ventures because it was able to cir-
cumvent these drawbacks.21

Prior to the passage of Comet Halley through
the inner solar system in 1986, the ESA, Japan,
the Soviet Union, and the United States formed
the IACG to coordinate their efforts to observe
Comet Halley from space (box 8-A). The IACG
organization was deliberately kept informal and
simple in order to minimize bureaucratic impedi-
ments and to focus on scientific tasks. It operated
on the understanding that the IACG would serve
only in an advisory capacity to the member agen-
cies. In addition, there would be no exchange of
funds and minimal technology transfer.22

The IACG provides an attractive model be-
cause it is relatively simple, and because it scored
a major success in the Halley encounter. Each
cooperating entity brought a particular strength
to the joint project in the form of a spacecraft or

IT~e fate of the Mars Observer Visual and Infrared Mapping Spectrometer is particularly instructive. Removed from the Mars Observer
payload in order to save money, it was later resurrected to fly on the Soviet Mars ’94 mission as a joint U.S./Soviet/French/Italian effort. It
became overly complicated and the U.S. financial share of the project eventually grew greater than the original instrument would have cost
on Mam Obsewer.  The United States eventually had to cancel its involvement, deeply disappointing U.S. scientists and international partners
alike. Steven Squyres, Cornell University, 1991.

M~4N~A Prefem bilateral relations over projects that  might  involve three or more countries or organizations.” U.S. congress,  Office of ~ch-
nology Assessment, UNISPACE  ‘82:A Context forIntemational Cooperation and Competition, OTA-TM-KC-26 (Washington, DC: U.S. Gover-
nment Printing Office, March 1983), p. 68.

19J~n Johnson-Free=,  c~ang-ng  Pafiem  of hfemationaf  Cooperation in Space (Malabar,  FL orbit ~k CO., 1990),  ch. 9.

201bid.
llKenneth s. pede=n, “me Global Conteti: Changes and Challenges,” Economics and Technolo8 in U.S. Space  poli~> Molb  MacauleY

(cd.) (Washington, DC: Resources for the Future, 1986), pp. 173-198.
22Joan  Johnson-FreeSe,  chu@ng pa~em of Znlemational  Cooperation in Space (Malabar,  FL orbit Wk CO., 1990), ch. 15.
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Box 8-A–The Inter-Agency Consultative Group (IACG)

Delegates from the European Space Agency (ESA), Japan, the Soviet Union, and the United States
met in Padua, Italy, in 1981 to discuss ways of coordinating their efforts to observe Comet Halley from
space. E.A. Trendelenburg, director of scientific programs for ESA and Roald Sagdeev, director of the
Space Research Institute of the Soviet Union had earlier urged that those nations with Comet Halley
projects could maximize their scientific return by working directly together rather than through a broad-
based organization, such as the International Committee on Space Research (COSPAR). Other officials
agreed and formed the IACG to coordinate their efforts to observe Comet Halley from space.

The IACG’s initial meeting resulted in three working groups that met as often as necessary to gener-
ate recommendations related to the flight projects and to allocate specific tasks before, during, or follow-
ing the Halley encounter. Although the United States sent no probe to the comet, in cooperation with the
International Halley Watch, it provided critical positional data on the Comet and the space probes. In
order to give the European Giotto space probe the best possible chance to image the nucleus of Halley,
accurate observations of both the comet and the probe were necessary. The United States used the Deep
Space Network to track the two Soviet Venera probes as they passed by Halley on March 6 and 9, 1986, on
their way to Venus.1 The resulting observations enabled scientists to reduce considerably the positional
uncertainty of the comet’s path, and made it possible to guide ESA’s Giotto accurately into the outer part
of Comet Halley. Representatives from all organizations involved met regularly to coordinate their activi-
ties, yet the United States at that point had no formal cooperative agreement with the Soviet Union.*

l~is was Called  the Pathfinder concept.

zIndeed, Roald Sagdeev,  fomer  director  of the Soviet Institute of Space Sciences, once quipped that “during the Halley obsema-
tions, the United States acted as subcontractor to the European Space Agency” in supplying data about Venera’s position.

SOURCE: Joan Johnson-Freese, Changing Patterns of Zntemational  Cooperation in Space (Malabar, FL Orbit Book Co., 1990),
ch. 15.

equivalent capability; the result from the whole At the present time, the only countries to dem-
was much greater than the sum of its individual
parts. The IACG, which began as an experiment,
is continuing and will focus on cooperating in
space science. One of the reasons it worked well is
that cooperative ventures with few interfaces are
much easier to arrange and manage.

The United States might wish to cooperate on a
wide variety of projects related to the exploration
of the Moon and Mars.x  The extent to which the
IACG or an organization modeled after it would
be successful for such purpose, would depend in
part on whether it could maintain simplified
management interfaces. Of greater importance is
the question of who the potential partners might
be.

onstrate a strong interest in sending human crews
to Mars are the United States and the Soviet
Union. No other country has the launch vehicles
or other infrastructure necessary to land crews on
the Moon. In large part, they have not invested in
the means to launch and support human crews
because other countries have different economic
and political goals. However, Japan has an active
program to study the Moon with robotic instru-
ments,~ and European scientists within ESA
have studied the scientific opportunities for ex-
ploring Mars” and the Moon.X The Soviet
Union is planning a robotic exploratory mission
to Mars in 1994 and considering a later sample
return mission to Mars. The Soviet missions are

zsBruce c. Mumay, “can Space &@oration  Survive the End of the Cold War?” The planet~ RePo~,  May/June 1991.
24Shigebumi Saito, “Japan’s Space Policy,” Space Policy, August 1989, pp. 193-200.

zSEUropean  Space  Agency, M&sion to Mars:  Repoti  of the Mars Exploration Stm$ Team (Paris, France: European Space Agency, January
1990).

2~e European Space  Agency report  is now in progress.
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aimed in part at preparing the way to send
humans to Mars sometime in the next century.
The Soviet Union has for years contemplated
launching a lunar orbiter27 and has studied the
potential for returning a lunar sample from the
farside of the Moon, but has no mission under
planning. Hence, based on demonstrated inter-
est, the strongest opportunities for the United
States to initiate cooperative projects for at least
the next decade would be on robotic ones. All
three major entities –ESA, Japan, and the Soviet
Union might be interested in participating.

During the early part of the next century, coop-
eration with the Soviet Union on sending human
crews to and from Mars might also be attrac-
tive,28 if the Soviet Union can survive its current
economic and political crises,29 and the United
States can resolve its own economic difficulties.
Given the high costs of supporting human crews
in space and Japan’s and ESA’s experience with
space station Freedom, Japan and the European
countries might be highly resistive to such coop-
eration for many years.30

The following examples illustrate the range of
potential projects that might be possible:

● Life sciences research — Cooperating on life
sciences work with the Soviets could be
highly fruitful for both parties. Soviet scien-
tists have collected considerable data on the
reactions of humans to the space environ-
ment.31 However, in the past they were re-
luctant to share life sciences data, in part,
because the data were considered militarily
sensitive. Soviet scientists are now able to
share more of their data on weightlessness

●

●

and other life sciences issues. NASA is now
cooperating with the Soviet Union in a vari-
ety of life sciences areas, including stand-
ardization of measurements, use of U.S.
equipment on board Mir, and exchange of
biological specimens.32 The two countries
could extend their opportunities to collect
high-quality long- and short-term reactions
to the space environment by agreeing to fly
astronauts and cosmonauts on each others’
space vehicles.

Astronomy from the Moon — Making astro-
nomical observations from the Moon might
be an especially fruitful area in which to
cooperate, at a variety of levels. The major
space-faring nations also have strong pro-
grams in astronomy and would likely have
an interest in cooperating on designing and
placing observatories of various sizes on the
Moon. In order to keep initial efforts as
simple as possible, it might be possible for
each participating entity to design and build
its own telescope, each with different capa-
bilities. Such a program could even involve
countries that lack an independent means
to reach the Moon. For example, it could
involve countries of Eastern Europe that
have the scientific expertise to do serious
astronomical research but lack the rockets
and money to launch their telescopes.

Small rovers on the Moon or Mars — Several
small rovers could be sent on a single
launch. In a cooperative program, each co-
operating entity could build its own small
rover, perhaps specialized to gather specific
data. Here again, each country could con-

zTNicholas  L Johnson, The Soviet  Year in Space 1990  (Colorado Springs, CO: lkledyne Brown Engineering, Febmary  1991), PP. 123-124.
28,~senior  so~et space of~cials  outline P]an for Joint Mars Mission,” Aviation Week and Space Technology, NOV.  19,  1990>  P“  67; Burton

I. Edelson and John L McLucas, “U.S. and Soviet Planetary Exploration: The Next Step is Mars, lbgether,” Space Policy, November 1988,
pp. 337-349.

~’AWre~ive Sotiet Space ~ogram  ~reatened by Budget, Policy Changes,” Aviation Week and Space Technolo9, Mar. 18* 1991,
pp. 153-154.

s~e many  delays and restructuring of space station Freedom have angered our Partners.

SIA.D.  Egomv, A.I. Grigonev,  and V.V Bogomolov, “Medical Support on Mir,” Space, vol. 7, No. 2, April/May 1991, pp. 27-29.
32A 1987 agreement established a Joint Working Group in Space  Biology and Medicine, which shares data acquired on Mir and the SpaCe

Shuttle.
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●

tribute according to its own capabilities. If
one small rover failed, its failure would not
interfere with the ability of the others to
succeed.

Use of Soviet Energia — As Western experi-
ence with the Soviet space program grows
and confidence improves, the United States
could envision closer cooperation with the
Soviet Union. For example, the Soviet
Union possesses the world’s only heavy-lift
launch vehicle, capable of lifting about
250,000 pounds to low-Earth orbit. It has
offered to make Energia available to the
United States for launching large payloads.
In the near term, the Soviet offer could as-

●

Us.

sist in developing U.S. plans to launch large,
heavy payloads, e.g., fuel or other noncriti-
cal components of a Moon or Mars expedi-
tion. If these cooperative ventures succeed-
ed, they could be extended to include the use
of Energia to launch other payloads, per-
haps even a joint mission to the Moon or
Mars.

Cooperative network projects — Europe and
the United States are both exploring the use
of instrumental networks on Mars to con-
duct scientific exploration. Each cooperat-
ing entity could contribute science pay-
loads, landers, or orbiting satellites to
gather data for a joint network project.
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