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Laser Time-of-flight Mass Spectrometer (LASMA) is an active experiment. Laser
irradiation focused on the surface of regolith evaporates and ionizes a sample.
The emerged ion cloud comes in the field of the electrostatic reflector and is
directed to the detector where different ions are registered as mass peaks. This
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INTRODUCTION

Soviet and American missions to the
Moon in the early 70s of last century confirmed clearly expediency of applying
the Moon mobile vehicles to explore the lunar surface using automatons and with
the participation of people immediately. During the last years a great body of
new scientific information about Mars has been received by American scientists
thanks to application of automated Mars rovers. Significance of planetary
vehicles will grow in the following stages of study and practical developing of
new and new territories of the Moon and Mars.

Undoubtedly, still over a long period of time designers of new lunar and martian
vehicles will study experience of creating their first prototypes — the automated
lunar rover Lunokhod-1[1, 2, 3, 4] delivered to the Moon in 1970 with the station
Luna-17 (Fig. 1) and the manned Moon rover Lunar Roving Vehicle (LRV)
delivered to the Moon in 1971 as a part of the Apollo 15 mission. Taking into
account it, the most important aspects of creation and Earth-based debugging
of locomotion systems for automated planetary rovers.
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Principal propositions and conclusions about a conception and a design of
locomotion systems, are, as rule, just for both the Moon rovers and Mars rovers
that allow us to tell about planetary rover technologies.

In the wide sense, the notion ‘a creating technology’ of any new product, article,
system, etc. exceeds the limits of merely industrial methods of transformation,
initial materials machining. To better understand and bring new technologies
to a practical level, other aspects of decision of the problem can be considered,
namely, historic, philosophic, scientific, engineering, organizational and
technical ones. The present article considers engineering and scientific aspects
having the following peculiarities:

- prototyping, physical modeling, running tests of full-scale mock-ups and
models on natural testing grounds and in soil canals;

- combination of analytic and heuristic methods of synthesis of locomotion systems
taking into account properties of terrain and characteristics of a planetary rover;
- technical realization of new principles of motion on the basis of the combined
wheel-walking mover (propulsive device);

- study of properties of the surface soil cover of the Moon and Mars (physical
and mechanical properties of soil and peculiarities of the relief) in possible areas
of planetary rovers operation;

- investigation of interaction of different movers with weak-coherent soils
similar to the lunar regolith.

Astothehistoricaspect, the greatestimportance for formingideology of planetary
rovers projection had the fact that tank-constructors were at the beginning of
creating self-propelled automated chassis for Lunokhod-1 and Lunokhod-2.
They were enlisted to services by S.P. Korolev. Then G.N. Babakin continued the
co-operation. This circumstance was always accentuated by A.L. Kemurdjian
who was the founder of the Russian school of projection of locomotion systems
for planetary rovers. The philosophy of priority of high cross-country ability
compared to other its characteristics of a planetary rover was materialized just
in co-operation of the collectives headed by above-mentioned leaders.

Analysis given in the present paper is mainly based on the original investigations
carried out at J.-St. Co. VNIITransmash within the framework of the Soviet and
international programs [5—10]. This period covers more than 40 years but along
with the review of realized projects attention is given to modern understanding
of scientific and technical problems of ensuring high effectiveness of planetary
rovers and new developments of their locomotion systems [11—16].

1. PURPOSE, COMPOSITION AND CRITERIA FOR ESTIMATION
OF LOCOMOTION SYSTEMS PROPERTIES FOR AUTOMATED
PLANETARY ROVERS.
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A planetary rover is a space apparatus (SA) made in the form of automated or
remote-controlled transport mean (TM) of high cross-country ability delivered
to the site of operation by means of a spacecraft and intended for movement and
ensuring operation of scientific equipment placed on its board.
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Two main structural components are noted in this formulation: service systems
(locomotion, control, telecommunication, power supply, temperature control,
navigation and machine vision) and payload as scientific equipment. The all-
important structural component is the locomotion system (LS) realizing the
transport function and consisting of subsystems which are traditional for a
transport machine (Table 1).

Table 1

The planetary rover locomotion system

Running gear:
- mover (propulsive device);
- suspension;
- mechanisms for wheels turning, unfolding from transport position, etc.
(are specified when developing concept).

Electromechanical wheel drive:
- tractive motors;
- tractive reducers;
- subsystem of ensuring serviceability and service durability.

Brake subsystem

Load-carrying structure (frame)

Control subsystem for drives and mechanisms

Safe subsystem of motion

Temperature-control subsystem

Cable system

The most important characteristics of the planetary rover as SA are minimum
mass and transport overall dimensions, high reliability at minimum power
inputs. The most important characteristics of the planetary rover as TM are
cross-country ability, maneuverability, overturning stability, speed of motion,
controllability, distance margin and resource. Combining qualities of SA and
TM together, it is possible to offer the following definitions and quantitative
indices of the planetary rover properties (Table 2).

One distinguishes obstacle-crossing ability and soil-crossing ability for TM. To
characterize profile (relief) of terrain are usually used the following absolute
quantities: a height of a ledge (scarp) — h,; a height of a bench (counterscarp) —h,;
width of a ditch (cleft) — b; height of a separate stone —h,, and an angle of grade
(slope) — a°.

Soil-crossing ability is characterized by bearing strength of soil. Indices of
soil-crossing ability are especially important for weak-coherent soils: lunar
regolith; the Earth’s loose and lightly deformed soils (some types of volcanic,
quartz and other sands).
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Table 2

The most important characteristics of planetary rovers

Properties

Indexes (criteria)

Cross-country ability: ability to
move around on the Moon surface
without loss of mobility with the
least deflection from a given route

Angle of the coherent and weak-
coherent soil slope a, deg
Height of a scarp and counterscarp
surmounted, h, h , m
Height of a stone under the bottom,
h,m

3’

Maneuverability: ability to change
value or direction of travel speed
under the predetermined law
including a turn about geometric
center, i.e. with the turning radius
equal to naught

Minimum turning radius: R=0m
Range of turning wheel angles:
from o deg to 90 deg

Equivalence of forward and reverse
motion

Economical efficiency: ability to
move by a route with the least power
inputs.

Specific power inputs: power
inputs of the planetary rover for
motion related to the planetary
rover mass and distance traveled,
E_, W-h/km-kg

Relative mass of the locomotion
system

Relation of a locomotion system
mass to the planetary rover mass

Service life/distance margin

Total service life, day / distance
traveled, km

Reliability: ability of fail-safe
(unfailing) operation, ability to

carry out functions of motion and
scientific exploration even in the case
of failure of separate elements.

Reliability index
(0.999 for Lunokhod-1, 2)

Stability: ability to resist turning
over in dynamic régimes of operation
and when stopping

Maximum permissible speed of
motion: maximum angle of slope of
the surface a, deg

Converting: ability to ensure
possibility of decreasing a volume
occupied in transport position and
unfolding into operating position

Ratio of volumes occupied in
transport and operating position

Investigations made on the Moon surface [2, 5, 10] showed that bearing strength
of the lunar soil decreases with increasing an angle of slope. Therefore the most
important integrated index of soil-crossing ability and obstacle-crossing ability
is an angle of a grade a° on weak-coherent soils. It is necessary to note that
an angle of repose for fine-grained lunar and martian soils can be more than
a°® = 30 deg, and so it is necessary to create planetary rovers able to climb the
grade with such steepness confidently. One can establish that this problem today
has not yet been solved for planetary rovers that already have been realized.
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Results of processing the Lunokhod’s-1 telemetric information showed that
maximum angles of grades surmounted were of a° = 22...26 deg, specific power
inputs on different sections of the route were equal to E = (0.26-0.34) W-h/km kg
and wheel slippage & dependent on an angle of terrain grades . Values of the
parameters E and § were determined by formulas:

U-t31
=—" (1)

m-Sf
§=1-S,/8, (2)

where f is duration of motion; U is supply voltage; I, is a current strength
for motor of a i-wheel; m is the rover mass (or a mock-up mass meeting the
similarity criterion); Sf is actual distance traveled, S is a theoretical length of a
route determined by a speed of wheel rotation and its radius r:

S = ort (3)
In conclusion of this section we note that a level of requirements on cross-
country ability for automated vehicles is higher than for manned vehicles. In
this connection we would remind that when the LRV rover of the Apollo-15
mission lost mobility when climbing a grade, astronauts transferred the lunar
electric car over dangerous section by hand and continued traveling.

2.0PERATING CONDITIONS OF VEHICLES ON THE MOON, MARS
AND OTHER CELESTIAL BODIES OF SOLAR SYSTEM

In the late 70s — in the early 80s when the tide of success in exploration of
the surface of the Moon, Mars and Venus by means of interplanetary automatic
stations had place, VNIITransmash analysed physical conditions and made
a prognosis of possibility and methods of traveling over the surface of other
planets of the Solar system and their most interesting satellites. Both at that
time and today the Moon, Venus, Mars and its satellite Phobos are of the most
interest for investigation with contact methods.

Main factors defining conditions of using the Moon rovers are physical and
climatic conditions on the lunar surface as well as structure, relief and physical
and mechanical properties of upper layers of soil. Climatic conditions are
defined by the temperature of the soil surface, absence of atmosphere, daily
and seasonal changes of a flow of solar radiation. A free fall acceleration on the
Moon is 1.62 m/s2. Duration of the lunar day is almost 28 days. The distance
from the Earth is about 384,000 km. The Moon is facing the Earth by one and
the same side. The opposite side is not visible from the Earth and up till now
planetary rovers were not used at this side.

One can choose two the most typical regions on the lunar surface: marine
regions and continental regions. Marine regions are characterized by a rather
darker colour and even surface and occupy about 15% of area. The continental
regions have more light colour and complex relief. They occupy the opposite
side of the Moon mainly. To present day the Soviet and the American Moon
rovers operated only on the visible side of the Moon in marine regions and at the
boundary of marine regions with the continental regions.
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The most typical elements of the lunar relief in marine regions are craters
formed mainly as a result of the meteoric impacts and having dimensions from
several hundred kilometers to tens of centimeters (Fig. 2).

fig. 2

Crater distribution on the lunar surface depending on their dimensions is
described with the dependence [2]:

N=10*9D= (4)

where N is an amount of craters with a diameter larger than D on the area of
10° km?, D is a crater diameter, m.

This dependence is typical for craters with a diameter up to 100 m. Rather
different dependence is taken place in the case of greater diameters. Craters are
the most typical obstacles for the planetary rover motion.

Another typical element of relief on the lunar surface is stones and stony ridges.
Stones are often met close to craters. At the same time the larger a crater the more
stones around it. An amount of stones increases especially sharply near craters
with a diameter more than 20 m. A considerable part of stones concentrates on
the crater bank. Forms of stones are various. Presence of stones near craters is
often explained by ejection of the bedrock when forming craters.

To describe distribution stones on the surface the following relationship can be used:
N’ =k-d (5)
where N’ is quantity of stones with dimension more than d, d is a cross-section

dimension of a stone, k and y are constants depending on geomorphologycal
situation (k>0; y<o0) [2].

Sometimes formations similar to stone are met. They are outwardly like stones
but are large clods formed as a result of sticking together of fine-grained material,
which are lightly destroyed by the Moon rover wheels.

More complex elements of relief are met on the lunar surface too: combination
of slopes of large length complicated with craters and stones, terraces, ridges,
taluses on steep slopes, etc.

A mechanism of impact crater forming leads to forming of a specific soil
structure, i.e. fine-crushed material named as the regolith. The latter



NOVEL SPACE TECHNOLOGY

represents particles of initial material (basalt or other deposits) with an
extremely wide granulemetric spectrum. However, particles of a too small
dimension (less than 0.01—0.001 mm) are not formed with such method of
soil destruction. Therefore the regolith is enough homogeneous class of soil,
namely powdered sand with marked quantity of stones and stony boulders,
which can be considered as separate projected obstacle from the point of view
of movement. Impact crater forming leads not only to crushing soil but also to
its very intensive transfer and redistribution on the lunar surface. Transfer of
soil when the impact crater forming under conditions of absence of atmosphere
takes place by the ballistic trajectory without marked differentiation of
material rejected into space that promotes to averaging of soil properties on
the considerable part of the surface.

Mars has the atmosphere, in which the carbon dioxide is the main component.
In spite of the fact that this atmosphere is rarefied as compared with the
Earth’s, process of impact crater forming has lesser importance than on the
Moon. Therefore physical and mechanical properties of the surface cover are
more various. In particular, stone ridges with high strength characteristics of
the material take place here. It is necessary also to take into account problems
arising at the time of sufficiently frequent dusty storm on Mars.

The paper also considers peculiarities of operating conditions for automatons
on the surface of Venus and the Phobos.

3.ANALYSIS OF TECHNICAL DECISIONS ON A LOCOMOQTION
SYSTEM DESIGN

The Lunokhod-1 locomotion system (Fig. 1, p. 155) has characteristics given in
Table 3 (p. 262).

It is necessary to note that in a period of creating this vehicle, a choice between
wheeled and caterpillar methods of motion was greatly dramatic. The fact is that
VNIITransmash was the leading research tank institute in the USSR. Therefore
development of two versions carried out parallel practically up to beginning of
manufacturing the flight units. While choosing the wheel arrangement designers
took into account that the eight-wheeled mover can be changed into the two-
caterpillar mover by means of replacement of the extreme wheels by driving
sprockets and idlers, and the middle wheels by rollers.

VNIITransmash created the first in the world a mobile robotic rover PrOP-M
that reached the surface of Mars during the Soviet Mars-2 mission (1971). The
rover moved using skis set on either side. The VNIITransmash’s penetrometers
for study of the strength properties of Venusian soil operated successfully as
part of four landers of space stations Venera and Vega. Then the institute
created the running mock-up of the Venus rover using the Lunokhod-1 wheels
as a component of the running gear.

As a result of investigations in the time interval after Lunokhod-1
VNIITransmash’s specialists created running mock-ups of the Moon rovers with
the six-wheeled movers, determined experimentally effectiveness of application
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Table 3
Lunokhod-1 mass, kg 756
Locomotion system mass, kg 105
Wheel arrangement 8x8
Wheel base, mm/wheel track, mm 1,705/1,600
Wheel diameter, mm/Wheel width, mm | 510/200
Clearance, mm 380
Turning method Side (as for a tractor)
Transmission Electromechanical with individual

drives of wheels

Brake system Electrodynamics delay mechanisms
and mechanical one-disk brakes
with electromagnetic control

Suspension Independent, torsion-bar with
swinging of levers in longitudinal
plane

Travel speed, km/h 0.8 or 2.0

Turning radius on a center of the
supporting quadrangle, m:

when moving/on the spot 2.7/0
Angles of static stability, deg:
longitudinal/transversal 43/45
Typical obstacles surmounted

(calculated):

ledge, m/bench, m 0.35/0.4
loose soil grade, deg 20

of swivel wheels. They investigated influence of elasticity of metal-mesh wheels,
a height and disposition of grousers, design and characteristics of elastic and
non-elastic lever-articulated (centerpoint) suspensions.

Biomechanics of a ‘walking’ mode of motion was studied and physical models
and mock-ups of vehicles with walking movers were created. In the end this

Main technical characteristics:

Mock-up mass, kg 320
Wheel base, m 1.7-2.2
Travel speed, km/h:

-wheeled mode 0.9
-wheel-walking mode 0.15

Loose soil slope
surmounted, deg:

-wheeled mode 18
-wheel-walking mode 34
fig. 3
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allowed to synthesize some successful schemes of a combined wheel-walking
mover (WWM). Fig. 3 shows the first running mock-up of the Moon rover with
WWM that is able to realize uninterrupted gaits of different types.

A design of the three-section self-propelled chassis with wide-profile cylinder-
conical wheels received wide recognition in Russia and abroad (Fig. 4).
A suspension is at all absent in this design, and joints providing two degrees
of freedom for each of three wheel axles are immediately built in a frame.
Notion ‘clearance’ is superfluous here, as the immovable bottom is absent.
Besides enumerated merits this mock-up is able to realize the interrupted gait
simultaneously by two wheels of each of three sections. It is no coincidence
this innovative concept of a planetary rover received the silver medal of World
Salon of Inventions (Brussels, Heurica-95) and was taken by Lavochkin
Association (NPOL) (customer of locomotion systems for planetary rovers)
in the capacity of a base for creating the Mars rover for the Soviet Martian
program of the 80-90s of last century.

Main technical characteristics
Mock-up mass, kg 200
Diameter of the wheel cylindrical

0.51
part, m
Wheel base, m 1.4-2.5
Loose soil slope surmounted in
wheel-walking mode, deg 34
Height of surmounted scarp, m 1

fig. 4

No entering in the theory of a wheel-walking mode it should be noted that
mock-ups with WWM move as usual wheeled machines on good-quality
sections of a route. The mode of wheel walking is used on complex sections, for
example, on steep grades, weak-coherent soils when one, two or some driving
wheels are a footstep of the walking mechanism. At that, other part of wheels
is in a phase of repulsion and ensures a stop when applying pushing force to
the axle of walking wheels.

While going over of Russia transfer to market economics a main factor of
further development of planetary rover technologies in Russia is international
co-operation, which is not limited by study of Soviet experience but is directed
to development and realization of innovative projects. Especially close creative
relations of VNIITransmash specialists and small enterprises Rover Co. Ltd.,
Actron Co. Ltd organized by these specialists were made up with the scientific
and technical centers CNES (France), ESA/ESTEC (the Netherlands), DLR and
Max Plank Institute (Germany).

The Lunar Rover Mock-up Chassis (LRMC) and its on-board manipulator,
which has interfaces matched with the chassis and very effectively supplements
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it, were created under co-operation of VNIITransmash with ESA/ESTEC
and with the assistance of Aktron Co. Ltd (Fig. 5, 6) [14]. The running gear
has a synchronizing mechanism of position for wheels of the opposite sides
decreasing angles of inclination of the frame when moving over uneven relief
and a hill-side.

Main technical characteristics
Chassis mass, kg 60
Payload mass, kg 60
Overall dimensions, mm:

- length 1,200

- width 900
Type of frame Rigid
Type of mover Wheeled,

4X4%x4
Maximum travel speed, km/h 0.35
Turning method Cinematic,
side
fig. 5

The on-board manipulator has a swivel head on which compact scientific
instruments are placed (Fig. 6) [13]. It ensures conducting experiments at one
and the same part of the surface using instruments one after another without their
change that increases reliability. Besides, the manipulator has arrangements
which can take and load minor stones and loose soil samples on the rover
board. Having own mass of about 4 kg the manipulator is able to operate (under
condition of the Earth’s gravity) with payload having a mass up to 1.5 kg when
its length is maximum (more than 0.8 m) without using mechanisms for partial
weight compensation (imitation of natural low gravitation).

Important innovations have been putted in the ExoMaDer scale model (1:2)
design developed at Rover Co. Ltd. under co-operation with ESA/ESTEC within
the framework of a stage of choosing the concept of a rover for European ExoMars
project. Kinematics of the lever-articulated (balanced) suspension provides
leveling of normal reactions of soil applied to wheels when surmounting obstacles
that allow the rover to increase essentially obstacle-crossing ability (Fig. 7) [15].

fig. 7
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Fig. 8 shows a general view and technical characteristics of the Chassis
Marsochod Autonomy (CMA) demonstrator created at VNIITransmash in co-
operation with CNES and with the assistance of Rover Co. Ltd. [12]. Upper
picture shows transport position, and lower one shows operating position.
New technical decisions in this case are as follows: decisions ensuring a good
chassis conversion and its unfolding into operating position by means of own
drives; possibility to realize a wheel-walking mode of motion; possibility
of cinematic turn of the chassis when drives for wheel turning are absent;
possibility to regulate normal reactions of soil to wheels over the wide range
(up to breaking off a pair wheels from the surface and its lifting). All this
ensures surmounting obstacles with a height exceeding the wheel diameter
and excellent maneuverability as well.

Main technical characteristics:

Mock-up mass, kg 21
Payload mass, kg 30
Overall dimensions in

transport position, mm:

- length 900
Type of frame Articulated
Type of mover Wheel-

walking,

6x6X1+2
Maximum travel speed, km/h 0.2
Turning method Side and

cinematic

fig. 8

In July of 2006 the INTAS-CNES project No. 4063 ‘Innovative Mars exploration
rover using inflatable or unfolding wheels’ had been completed. The initiator of
the project is CNES. Participants of the project from Russia are VNIITransmash
(substantiation of characteristics and development of the concept of the Mars
rover with inflatable and unfolding wheels), Keldysh Institute of Applied
Mathematics of Russian Academy of Sciences (modelling of landing and motion
of the Mars rover) and specialists of Lavochkin Association (materials and
technology of manufacturing inflatable wheels).

Fig. 9 shows two concepts of the innovative Mars rover. A diameter of wheels is
accordingly 1.4 m and more than 2 m. Such Mars rovers can climb the 30-degree
loose soil grades even in the wheeled mode [16]. However, these newest
technologies require experimental confirmation.

During the last years co-operation of Russian VNIITransmash and Chinese
NOVERI was quickly being developed. In 2005 specialists of these enterprises
carried out joint running tests of the planetary rover demonstrator with a mass
of 150 kg and wheel diameter of 0.38 m in a soil canal (on a stand ‘Soil canal’)
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fig. 9

at VNIITransmash and at NOVERI (Fig. 10) [17]. Tests showed convincingly
advantages of the wheel-walking mode of motion which are a new one for the
Moon rovers. Tests were conducted using dry quartz sand. The demonstrator
could not climb a grade of more than 20 deg when moved in the wheeled mode.
When moving in the wheel-walking mode the demonstrator climbed the grade
equal to angle of repose for the dry sand (~30 deg).

fig. 10

4.METHODS OF MOTION OVER THE SURFACE
OF CELESTIAL BODIES

268

A wheeled mode of motion is optimum for the Moon rover of the class considered
(purpose is transportation of the cosmonauts and equipment; a mass is less than
1,000 kg). A caterpillar mover will be possibly claimed just as on the Earth for the
heavy Moon rover of another purpose, for example, intended for processing of soil.

Main advantages of a wheel are well known. They are simplicity and the lesser
structural mass, high efficiency and reliability. The new advantage has been
revealed by Russian scientists and designers. This is possibility to use a combined
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wheel-walking mode (WWM) of motion over the very complex sections of a
route. Application of the WWM, of course, complicates the running gear design,
increases amount of drives and sensors that brings to some complication of
apparatus and program parts of a control system.

However these shortcomings are not so serious that possibility of quality
improvement of soil-crossing ability and obstacle-crossing ability even with not
great diameter of wheels (less than 0.5 m). The fact is that mock-ups with such
wheels climb the loose soil grades with angle of repose when moving in wheel-
walking mode.

As to other modes of movement — walking (with breaking off the foot from the
surface), jumping, rotor-spiral (screw), somersaulting — in our opinion, only
walking mode has perspectives to compete with a wheel. Problems of control
in flight are not decided for jumping mode. The rotor-spiral and somersaulting
modes require considerable specific power inputs non-compared with the
specific power inputs for wheeled mover.

5.CONCEPTS OF COMPONENTS FOR PLANETARY ROVERS'
LOCOMOTION SYSTEMS

High effectiveness of locomotion systems are ensured in the stage of designing,
firstly, by correct choice of the common concept for the planetary rover, which
most fully meets the problems of the specific space mission and, secondly, by
means of quality of technical decisions on a design of main components of a
locomotion system and their harmonious coupling as a part of a new mobile
space rover. Especially important problem is designing of a running gear which
consists of the mover, suspension, bearing structure and electromechanical
drives of locomotion system. Just these assemblies in many respects define a
technical appearance not only of the locomotion system but the planetary rover
as a whole. Some key creating technologies of the running gear approbated by
VNIITransmash specialists.

+ A multiwheel mover. The wheel arrangements are 6x6, 6x6x4 (the last
figure corresponds to the quantity of swivel wheels) and 6x6x6.

Advantages of wheel arrangement 6x6 as compared with 8x8 are possibility
to increase a wheel diameter; a lesser LS mass at approximately equal cross-
country ability and turning ability.

Advantages of the wheel arrangement 6x6 as compared with 4x4 are more high
reliability of fulfillment of side turning with R =0; surmounting the more high
ledge (scarp) and bench (counterscarp) (when diameters of wheels are equal);
decrease of pressure in the wheel contact spot with soil.

« Realization of side (by means of wheels reverse of opposite sides) turning
with R =0 for the planetary rover with different versions of the wheel
arrangement.

Advantages of wheel arrangement 6x6 is a lesser LS mass. Limitation is a wheel
track should be approximately equal to the wheel base (L=B).
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Advantage of the wheel arrangement 6x6x4 are more high reliability of
fulfillment of side turning with R =0, decrease of limitations on ratio of a wheel
track and a wheel base.

Advantages of the wheel arrangement 6x6x6 are preservation of all advantages
of the previous wheel arrangement and, besides, ensuring of possibility to
change direction of the planetary rover motion by means of preliminary swivel
of all wheels at the same angle (without turning of the planetary rover).

« Application of metallic wheels of two types:

- rigid wheels (including wide-profile wheels) for the automated distance-
controlled planetary rovers with minor (less than 2 km/h) travel speed;
- metal-elastic wheels with a net tyre and tyre-deflection stops.

Advantage of rigid wheels are high axial stiffness necessary to realize side turning
with R =0; possibility to organize a developed system of high grousers increasing
soil-crossing activity on weak-coherent soils; simplicity of manufacturing.

Advantage of metal-elastic wheels are: increasing of the wheel contact spot
with soil that increases soil-crossing activity on weak-coherent soils; additional
cushioning.

« All-wheel drive scheme of the electromechanical transmission; drives and
brakes installed into each wheel.

Advantage of the all-wheel drive scheme is possibility to increase cross-country
ability and turning ability.

Advantages of the transmission with the individual electromechanical wheel
drive are simplicity and convenience of splitting energy of the on-board system
of power supply by means of cables.

« Application of lever-articulated suspensions of two types:

- independent lever-articulated suspensions with longitudinal or transversal
swinging of levers and elastic elements in the form of bar spring of torsion
(torsions);

- balance-articulated interdependent cinematically non-elastic suspensions.

A field of applying suspensions of the first type is the manned and remote-
controlled planetary rovers with a travel speed more than 0.5...1 km/h. Their
advantages are increase of smoothness of motion, decrease of overload level
for equipment when moving; ensuring a contact for all wheels with soil when
surmounting complex obstacles. Shortcoming is significant irregularity of
loading wheels when moving on a grade and over complex relief.

A field of application of suspensions of the second type is the autonomous or
remotely controlled planetary rovers with not great (less than 0.5...1 km/h)
travel speed. Their advantages are possibility of optimization of kinematics
of balance-articulated suspension mechanisms of all wheels to exclude their
longitudinal movement and to increase obstacle-crossing ability by means of
levelling wheel loads.
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«  Application of load-carrying frames of two types:

- rigid frame including the frame in the form of a bottom of the pressurized
container;
- articulated sectional frames.

Advantages of rigid frames are convenience of organization of the common
pressurized container or common platform for all on-board equipment; absence
of additional joints; convenience of tracing cables; convenience of organization
of solar-battery panels.

Advantages of sectional frames are increase of soil-crossing ability and obstacle-
crossing ability by means of smoothing wheel loads and possibility of application
of wide-profile wheels to ensure the effect ‘without clearance’ machine; high
static and dynamic overturning stability.

« Application of the combined wheel-walking mover, which up to now has
been debugged as applied to planetary rovers at VNIITransmash only.

Advantage is qualitative increase of soil-crossing and obstacle-crossing ability
of locomotion systems having even not great ‘traditional’ wheel diameters.

Application delay of a new type of the mover for planetary rover in world practice
is explained, in our opinion, by the fact that designers do not have methods
of synthesis of the wheel-walking mover stated in detail only in the Russian-
language literature [7,8].
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DURING THE COLD
WAR'

The Space Age spawned two outstanding
space programs as a result of the hot competition between the United States and
the Soviet Union. Both countries gave primary emphasis in their space efforts to
a combination of national security and foreign policy objectives, turning space
into an area of active competition for political and military advantage. At first,
this charged political environment accommodated nothing more than symbolic
gestures of collaboration. Only in the late 1980s, with warming political relations,
did momentum for major space cooperation begin to build. As the Soviet Union
neared collapse, with its ideological underpinnings evaporating, the impetus for
the arms race and competition in space declined, allowing both countries to
seriously pursue strategic partnerships in space.

Throughout the years between 1957 and 1991 the USA and the USSR both
increased areas of cooperation, including space, as a symbol of warmer relations
while cutting cooperation off when ties worsened.

The birth of the Space Age following the Soviet launch of Sputnik came out of the
confluence of two seemingly incompatible developments. From the end of World
War II, the Soviets made rockets their most important military asset. By the
mid-1950s, they were ready to test their first intercontinental ballistic missile
(ICBM). In 1957, the International Geophysical Year was launched, a multinational
effort to study Earth on a comprehensive, coordinated basis. To highlight the effort,
organizers had urged the United States and the Soviet Union to consider launching
a scientific satellite. On Oct. 4, 1957, a seemingly routine test launch of a Soviet
ICBM (now known as the R-7 rocket) carried the first artificial satellite to orbit.

Sputnik’s launch had dramatic repercussions for the Cold War rivals. After
reaping the first political dividends from military rocket technology, the
Soviets continued to pursue a highly classified military-industrial approach in
developing its space program. Conversely, the US government decided to make
NASA a purely civilian enterprise, while focusing its military space efforts in the
Pentagon and intelligence community.

Early on, President Dwight D. Eisenhower pursued US-Soviet cooperative
space initiatives through a series of letters he sent in 1957 and 1958 to the
Soviet leadership, first to Prime Minister Nikolai Bulganin and then to Premier
Nikita Khrushchev. Eisenhower suggested creating a process to secure space

1 Abridged version of the article first published in 50 Years of Exploration and Discovery
edited by NASA. We are grateful to NASA’s administration for the permission to include the
article into this book.
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for peaceful uses. Khrushchev, however, rejected the offer and demanded the
United States eliminate its forward-based nuclear weapons in places like Turkey
as a precondition for any space agreement. This would be the first of many times
when space was linked with nuclear disarmament and other political issues.

Meanwhile, the United States energetically proceeded with its multinational
initiative under the umbrella of the United Nations to develop a legal framework
for peaceful space activities. This eventually led to the Outer Space Treaty and
creation of the United Nations Committee on the Peaceful Uses of Outer Space,
which the Soviet Union eventually joined.

In the scientific community, the role of an international space science union was
assumed by the Committee on Space Research, with its unusual charter giving
a mandate to both superpowers to appoint vice presidents. This arrangement
opened an opportunity for dialogue and informal contacts between American
and Soviet space officials. Academician Anatoli Blagonravov, the Soviet
Union’s representative for negotiating multilateral space science cooperation
agreements, became the group’s first appointed vice president. However,
nothing could happen in the body without Kremlin approval.

The civilian nature of NASA, legislated in the 1958 Space Act, made it possible for
the American researchers to collaborate on and disseminate scientific advances, an
opportunity envied by many of us Soviet scientists. The actual work and industrial
efforts for the Soviet space program were run under the classified umbrella of the
Ministry of General Machine Building, with its enormous and rapidly expanding
network of design bureaus and production facilities. The military was its principal
client. The military also owned and operated every launch site and the network
of ground control centers. The ministry had to report to the Communist Party’s
Central Committee and the Commission on Military-Industrial Issues of the
Council of Ministers. Work beyond defense contracts was given secondary priority.

As a result of this critical dependence on the military, the Soviet aerospace
industry relied entirely on domestic hardware, all the way down to the
tiniest individual microcomponents. This resulted in an internationally
isolated technological culture that would have created enormous barriers of
incompatibility for any joint endeavor.

In April 1960, in advance of a planned Eisenhower-Khrushchev summit meeting,
the leadership of Moscow’s scientific community was anticipating a chance for
major breakthroughs in bilateral cooperation, perhaps including the space area,
following Eisenhower’s Atoms for Peace initiative. However, the much expected
summit was cancelled in the aftermath of the May 1 downing of a U-2 spy plane
over the Soviet Union.

Early in his presidency, John F. Kennedy made repeated attempts to engage the
Soviet Union in space cooperation. In his inaugural address, Kennedy said, ‘Let
both sides seek to invoke the wonders of science instead of its terrors. Together
let us explore the stars’. Khrushchev, still persuaded of the eternal supremacy
of Soviet rocketry, was not moved. Less than three months after Kennedy’s
inauguration, on April 12, 1961, Soviet cosmonaut Yuri Gagarin became the first
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human to escape Earth’s gravity. In the aftermath of his brief flight, the piloted
component of the Soviet space program rapidly grew to become indisputably
dominant over any other type of space activity. Official Soviet propaganda was
obsessed with everything that happened in orbit, including elaborate descriptions
of the cosmonauts’ menu at their last breakfast and all of the details of their
physical exercise program. At the same time, the Soviets were left far behind in
other key areas of space technology. Their first geostationary telecommunication
satellite was launched 11 years after its American counterpart. In the case of getting
meteorological data from a geostationary location, the gap was even bigger.

Despite the continued space competition between the United States and the USSR,
Khrushchev sent Kennedy a letter raising the possibility of space cooperation on
a modest level after John Glenn became the first American to orbit Earth on
Feb. 20, 1962. That led to two rounds of discussions between NASA’s Deputy
Administrator Hugh Dryden and Soviet academician Blagonravov. An agreement
led to the opening of cooperation in three areas: 1) the exchange of weather data
from satellites and the eventual coordinated launching of meteorological satellites;
2) a joint effort to map the geomagnetic field of Earth; and 3) cooperation in the
experimental relay of communications. This link became a primary forum for
subsequent US — USSR interaction on space.

There were large differences between the two negotiating partners. The Soviet
Academy of Sciences did not run the space program, but rather served as an
official front for a vast network of secret enterprises controlled by the military
and Communist Party apparatus. An asymmetry existed also in the fact that
while the Russians knew about the American planning process, everything about
the Soviet space program was a classified secret. It was difficult to persuade
our Soviet authorities, including the president of the Academy of Sciences,
academician Mstislav Keldysh, that we should reciprocate. The Soviet system
had a different culture and mentality.

Following the ouster of Khrushchev in October, 1964, the new Soviet leadership
of Leonid Brezhnev and his colleagues took even a harder line toward overall US-
Soviet relations. Brezhnev previously had served as the curator of the military
industry on behalf of the Politburo. He knew well there was a ‘missile gap’ in
favor of the United States, and he was about to embark on an unprecedented
build up of deterrent forces. The negative atmosphere at higher levels was
reflected in the Soviet academy’s dealings with NASA. Soviet opposition to the
US war in Vietnam led to more bitterness.

In December, 1968, only weeks after Richard Nixon’s election, Apollo-8 orbited
the moon, followed by the lunar landing of Apollo-11 in July, 1969. Meanwhile,
the Soviet Union experienced a series of failures in its manned lunar program. The
opportunity for using dramatic space cooperation efforts as a means of reducing the
US-Soviet Cold War rivalry had passed. As painful as it was for the Soviet leadership,
the time of their country’s dominance in heavy rocket launching technology was
over. Cooperation in space now would have to come at more modest levels. The
triumph of the Apollo program signified a crucial benchmark in the superpower
space race by ending Soviet leadership in space exploration. The Soviet Union
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was simply unable to match such largescale US efforts. Nor did the Soviets have
an institutional structure like NASA that was capable of running a program like
Apollo in an open and transparent way. While not ready to publicly admit their
defeat, the Soviets argued that scientific work on the Moon could be better achieved
robotically. Unmanned Soviet lunar missions, initially introduced as a shadow
program with a much smaller budget than the manned version, occurred at the
same time as the Apollo program. The Lunokhod moon rovers and sample return
probes earned a great deal of admiration from international scientists. However,
inside their close circle, the Soviet leaders, in a rude awakening, conceded that the
era of Soviet dominance in space was gone forever.

The challenge for both sides was determining where to go next. While the
Americans eventually pursued the development of the space shuttle, the Soviets
embarked on a program to place crews in space for extended periods of time by
building the Salyut series of orbital space stations.

In reality, that space station program was not the result of major brainstorming
or serious debates about a new national vision for space exploration. It came
from the spontaneous process of internal competition between rivals within the
Soviet aerospace industry. The Soviet military initially supported the approach,
which was reminiscent of the US Air Force Manned Orbiting Laboratory project,
which was canceled in 1969 after a single, unmanned launch. Reflecting military
priorities, the key instrument on early Salyut stations was a big optical Earth
observation camera, the Soviet version of ‘open skies’ technology. Of course,
official propaganda said this mission had nothing to do with military interests.

After this type of assignment was passed to unmanned spy satellites, the real
motivation for expanding the Salyut program became the desire to undertake
long-duration flight. Longevity records for humans in space became the
benchmark for judging the success of these flights. In order to move in that
direction, the Salyut program worked to excel in two important areas: achieving
the safety of its manned flight hardware and developing a solid base in space
medicine. Eventually, these would be two of the most important contributions
the Russians would make to the International Space Station partnership.

In the early 1970s, the Nixon administration sought to reduce US-Soviet
tensions, and launched a major effort to reach a strategic arms limitation
breakthrough, as well as new cooperation in space. In 1970, during a meeting
with Keldysh, US Academy of Sciences President Philip Handler mentioned an
American movie starring Gregory Peck and Gene Hackman called Marooned, in
which Soviet cosmonauts helped rescue three US astronauts stranded in Earth
orbit. Handler suggested the United States and the USSR develop a mutually
compatible docking system that would make possible such rescues, as well
as non-emergency space dockings. This imaginary movie scenario touched a
chord within space communities on both sides, which already had experienced
emergency situations in real life. Talks led to the Apollo-Soyuz Test Project
docking mission of 1975, which developed compatible rendezvous and docking
systems still in use today, and the establishment of a few topical working groups
in different space science and applications disciplines.
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Implementation of Apollo-Soyuz cooperation was dictated by the political will
of the two countries’ political leadership. The cooperation presented a serious
management challenge for both sides, given the overall lack of compatibility
between the two space programs. NASA had to work with a counterpart that could
not even be clearly identified. The Ministry of General Machine Building was still
shrouded in secrecy and Soviet authorities instructed the Academy of Sciences to
act as a cover for all activities during Apollo-Soyuz. Soviet industry experts had to
introduce themselves as employees of the Space Research Institute and military
officers from Soviet Space Command changed into civilian clothes while insisting
that the Soviet academy administered the launch site in Baikonur, Kazakhstan.

Despite this artifice, the docking in orbit in July, 1975 was a rare and dramatic
display of US-Soviet friendliness during the depths of the Cold War. Leonid
Brezhnev and President Gerald Ford exchanged messages of friendship and
congratulations. This was to be the last dramatic international handshake in
space for years to come. Soon after the flight, both sides met to discuss potential
follow-on space projects and agreed to establish a special bilateral working group.
I chaired the Soviet group and worked with NASA’s Charles Kennel on a scenario
in which a specialized science module, a blend of Russian and American station
designs, could be delivered to orbit by the US space shuttle. Unfortunately,
politics intervened again. Incoming President Jimmy Carter was concerned by
congressional charges that the Soviets had obtained valuable US technology
during the Apollo-Soyuz Test Project. By late 1978, the Carter administration had
ended discussions on additional cooperation with the Soviets. After the Soviets
invaded Afghanistan in December, 1979, any hope of significant cooperation in
space was gone. The United States pursued cooperation with Europe through
projects such as a Spacelab module that could ride aboard the space shuttle, while
the Soviets maintained their focus on flying the manned Salyut space stations.

On the planetary exploration front, we were quite impressed by the successes of
the Mars Viking missions and the Voyager missions to Jupiter, Saturn, Uranus,
Neptune and the outer limits of the Solar system. At the same time the principal
Soviet robotic missions were repeatedly directed toward Venus.

Nevertheless, the Soviet robotic space program was successful in its own right.
The Soviets learned also from US achievements. Anticipating the success of the
US Viking mission, the Soviet Academy of Sciences decided to abandon Mars
as a priority and see how the American program would develop. The open and
predictable nature of the US space program gave Soviet scientists an opportunity
to find their own niche with realistic projects that would have a scientific impact
and avoid direct competition.

Our Venera program to Venus was quite successful. Following simplistic probes
in the late 1960s, we managed to deliver sophisticated hardware to the planet’s
surface in 1975 and send back panoramic pictures. Because the United States and
the USSR agreed to share the results of NASA’s Pioneer Venus mission in 1978
and the Soviet Venera missions, scientists and space experts on both sides placed
enormous symbolic and scientific value on the results of these joint efforts.
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US-Soviet cooperation in life sciences and biomedical research also took root in
the 1970s. In 1977, seven US biological experiments or medical devices flew aboard
the Soviet Cosmos-936 mission, which also carried experiments from France and
a number of Soviet bloc countries. This mission investigated the impact of long-
duration spaceflight on the human body. A later Cosmos mission, Cosmos-1129 in
1979, carried 17 additional US experiments and devices. And on May 6, 1979, the
United States and the USSR signed a treaty that provided for the deployment of
an international system of emergency beacon receivers aboard satellites.

When Reagan was elected to the presidency in 1981, Cold War tensions were
rising. The Soviet invasion of Afghanistan, imposition of martial law in Poland and
NATO'’s placement of Pershing rockets and cruise missiles in Europe — which was
countered by deployment of the Soviets’ SS-20 medium-range nuclear missiles —
characterized the tenor of the period. In the midst of the Poland martial law crisis,
the Reagan administration announced on Dec. 29, 1981, that it would allow the
US-Soviet space cooperation agreement, due for renewal in May, 1982, to lapse.
Mutual suspicion grew to the point that the Soviets began attributing potentially
aggressive intentions to the Space Shuttle Program. It would be another 10 years
before the conditions finally were ripe again for cooperation.

Nevertheless, in the absence of a formal intergovernmental agreement,
the White House authorized low-profile cooperation on a case-by-case
basis. Among the activities that continued were the satellite-based search
and rescue efforts, which was based on the coordinated use of the US-
Canadian-French SARSAT and the Soviet COSPAS satellites to locate
airplanes or ships in distress. By the mid-1980s, the effort had helped save
more than 400 people. NASA also was allowed to continue working with
the Soviet Union in space biology and medicine. As part of that effort, four
US medical devices were used in experiments on the 1983 Cosmos-1514
mission, which was devoted to primate research. That tacit format of interaction
led by Soviet academicians Oleg Gazenko and Anatoly Grigorievand NASA’s Dr.
Arnauld Nicogossian, later would serve as an example for future cooperation
between the Russian space station Mir and Space Shuttle programs and on the
International Space Station. Meanwhile, exchanges of planetary data continued,
but discussions of future cooperation in planetary exploration were cancelled.

The US side was pragmatic about keeping up its contacts with Soviet scientists
during these times times of political tensions. Regular consultations on space
science-related issues, for example, were carried out through a channel between
the US National Academy of Sciences and the Soviet Academy of Sciences.
Americans were keenly interested in learning about the effects of long-duration
flights on the human body — an area where the USSR enjoyed a monopoly during
NASA’s six-year hiatus in human spaceflight from 1975 — 1981.

In addition to these cooperative activities, Soviet and American space scientists
regularly met at Committee on Space Research sessions. Aerospace engineers
and officials from industry also maintained a similar engagement under the
umbrella of the International Astronautical Federation.
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During what many would consider the coldest period of bilateral relations in
the early 1980s, these contacts produced a very special cooperative project
that sought to explore Halley’s comet. The United States and the USSR both
participated in the Inter Agency Consultative Group, which was set up in 1981
to bring together space and groundbased studies of the comet during its 1986
passage through the inner Solar system.

After deciding not to send a spacecraft to view the comet, the United States agreed
to play a supporting role, which involved providing ground-based observation
data on the comet. This data was used to support the parallel Soviet Vega-1, Vega-2
and European Space Agency Giotto missions. The success of the encounter with
the comet was to be critically dependent on precise navigation. Scientists from
NASA'’s Jet Propulsion Laboratory in Pasadena, California, suggested a brilliant
technical scenario for the Vega and Giotto spacecraft to use at the approach to
the comet. This had to be done a few days prior to the arrival of Giotto in order
to help it home in on the celestial whereabouts of the ultimate target: the comet’s
elusive nucleus. The whole procedure required close cooperation in real time.
NASA’s Deep Space Network was given all of the necessary parameters from the
Soviet spacecraft communications systems, then both sides performed pre-flight
calibration tests of the hardware. This helped Giotto navigate much closer to
the comet’s nucleus, providing scientists with outstanding data and producing
some of the most awe-inspiring video footage ever taken in space. Several months
before, when the Soviet Vega spacecraft had to release meteorological ballons in
the atmosphere of Venus, the Deep Space Network played a crucial role in getting
the first direct signals from these balloons and continued to track them as they
were buffeted by Venus’ unusual atmospheric circulation.

Ironically, such successes were achieved despite continued chilly relations between
the two governments. Several private groups, however, worked to keep US-Soviet
space ties alive. Among them was the new Planetary Society, which was created
in 1979 by well-known astronomer Carl Sagan, NASA Jet Propulsion Laboratory
Director Bruce Murray, and their associate, physicist Louis Friedman. After its
founding in 1985, the Association of Space Explorers, composed of people who had
flown in space, also became an important forum for discussions on the benefits
of US-Soviet cooperation in human spaceflight. These efforts would provide a
powerful impetus for getting stalled US-Soviet space cooperation back on track.

Not long after Reagan was elected president, NASA urged him to approve a space
station to rival the Soviet station program. In his January 1984 State of the Union
address, Reagan announced he was directing NASA to ‘develop a permanently
manned space station...within the decade’ and ‘invite other countries to participate’.
Peggy Finarelli, a senior official in NASA’s international office at the time, recalled
that Reagan’s approval of what became known as Space Station Freedom was ‘a
leadership issue very much in the context of the Cold War. We were challenging the
Soviets in the high ground of space. We had to say that Freedom would be bigger
and better than the Soviet space station’.The original estimate was that Freedom
would cost about $8 billion. It was envisioned to be in orbit by 1992 in order to
celebrate the 500" anniversary of Christopher Columbus’ discovery of America.
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While the Soviets were not invited to join the Freedom project, the Reagan
administration indicated its willingness to resume space cooperation with the
USSR prior to the 1984 State of the Union address. Only days before the speech,
the administration privately suggested to Moscow a simulated space rescue
demonstration mission in which US astronauts from the space shuttle would
assist Soviet cosmonauts aboard a Salyut station. Both privately and publicly,
the Soviet response was cool, because of the perceived asymmetry of a mission
in which the Soviet crew was in trouble and the US crew would act as rescuers.

The Soviet government also revived the notion from the Khrushchev era that
space cooperation would be possible only if there were progress in space arms
control. The primary point of contention was the Reagan administration’s
proposed Strategic Defense Initiative, which had been announced in March,
1983. From the start of the Reagan administration, however, pressure for
cooperation in space had been mounting.

The US Senate issued a more formal call for renewal of US-Soviet space cooperation
with passage of Joint Resolution 236 on Oct. 10, 1984. President Reagan signed the
resolution on Oct. 30, noting US readiness ‘to work with the Soviets on cooperation
in space in programs which are mutually beneficial and productive’.

When Mikhail Gorbachev emerged as the Soviet leader in 1985, Reagan thought
he had found a willing partner. Gorbachev was interested in reducing the Soviet
defense budget, and with the so-called Euromissile issue still unresolved, his
government quickly signaled its readiness for a new round of arms control
negotiations with the United States. When Reagan and Gorbachev met in
Geneva that November to discuss arms control, they also signed an agreement
on scientific cooperation. Once again, cooperation was symbolic of a thaw in
the Cold War. However, Gorbachev still expressed strong Soviet opposition to
the Strategic Defense Initiative and space was not included in the agreement.
The Soviets had linked space cooperation to a demand that the United States
abandon its plans for the initiative altogether.

Only three months after the Geneva summit, a tragedy occurred that would
set the US space program back several years — the space shuttle Challenger
disaster. Little noticed at the time was a diplomatic breakthrough that occurred
only a few weeks after the Challenger accident. On Feb. 20, 1986, the Soviets
launched the first of six modules that eventually would comprise the Mir space
station, and in the wake of the Challenger accident and the launch of Mir, the
Kremlin finally agreed to decouple non-military space issues from the Strategic
Defense Initiative. The United States and the Soviet Union subsequently signed
a five-year agreement on space cooperation in April, 1987. A number of joint
scientific projects were agreed to, although there was no mention of cooperation
in human spaceflight. More importantly, in an exchange of letters between
Gorbachev and Reagan the previous summer, the link between arms control
progress and renewed space cooperation was dropped. This paved the way for
both sides to take meaningful steps toward actual cooperation.
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1.PRECEDENT AND RECENT
INITIATIVES

The Human Space Exploration program
is widely conceived to stem from the initiative taken by President Georges W. Bush
in January, 2004. Its essence can be condensed in two ideas:

1. The Space Exploration initiative aims at sending men to the Moon and to
Mars in the next half century, under an agenda to be defined.

2. The program will be placed under American leadership, but international
cooperation is needed.

President George W. Bush characterized the Exploration Vision as ‘a journey,
not a race’, recognizing that it will take place over many decades and will involve
numerous elements, many of which will be large and complex programs in their
ownright. He also stated that: “‘We will invite other nations to share the challenge
and the opportunities of this new era of discovery’ and then called ‘on other
nations to join us on this journey, in a spirit of cooperation and friendship’.

However, long before, i.e. in November, 2001, ESA issued a call for ideas in
human and robotic exploration missions. The majority of proposals received
concerned in situ exobiology, Mars Sample Return and human exploration. Other
main targets were the Moon, Europa, and asteroids. To be consistent with the
long-term goal of human exploration, the program under the name Aurora was
defined as follows: ‘The objective of the Aurora Programme is first to formulate,
and then to implement a European long-term plan for the robotic and human
exploration of the Solar system bodies holding promise for traces of life’.

Shortly after the speech of President Bush, on February 16, 2004, the Director
General of ESA, Jean-Jacques Dordain and the EU Commissioner, Philippe
Busquin, issued a joint reaction to the Bush-Initiative with the spirit that a
coherent European Space policy would not make sense if not seen in the wider
global context: ‘Unlike the days of the Cold War, getting to the Moon and Mars
is not about proving one's superiority over a political enemy. It is about all of us,
around the world, working together for a common goal’.

How then should international, or rather a global cooperation be approached?

Emerging U.S. and European space exploration programs exhibit a number
of similarities. Both are based on an open ended vision for a sustained long-
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term effort starting with the Moon, then Mars. Furthermore both foresee
programs developed through incremental, adaptive decision-making with no
major new funding available. Canada, China, India, Japan and Russia also have
Moon/Mars exploration plans. With capable and focused space exploration
programs in Europe and elsewhere, the United States has a number of potential
partners in the pursuit of its vision.

A successful cooperation between space agencies was organized during the years
1980 and 1990, called IACG (Inter-Agency Consultative Group). It started as a
light structure coordinating a handful of missions addressing one single object,
Comet Halley. That was Phase 1. Founders were the Agencies providing a major
contributiontothe programme (ESA, InterKosmos, ISASand NASA). Subsequently
TACG widened its field of action to the Solar-Terrestrial theatre with ISTP and
its more than 20 projects. This was Phase 2. Membership remained the same,
reflecting the predominant role of the four founding Agencies in the programme.
In Phase 3, from 1999 to date, IACG tried to widen its field of action even more
by encompassing the entire classical space science domain, and include in its
agenda the advanced identification and harmonization of the Member Agencies
initiative in particular domains of joint interest. This effort met no support from
the Member Agencies, and IACG was terminated in early 2006. However, some
Working Groups remain active such as the present ones on ILWS (International
Living With the Star, NASA led), on search for extra-solar terrestrial planets (ESA
led), and the somewhat atypical IMEWG (The International Mars Exploration
Working Group) and ILEWG (The International Lunar Exploration Working
Group). While these working groups have some limited usefulness, they do not
constitute the type of international cooperation that is needed and no progress
has been made in the direction of concrete measures. The working group are
satisfied by exchanging information... which is available on the Net.

The topic of international cooperation was addressed at the American Institute
for Aeronautics and Astronautics 7th Workshop on International Space
Cooperation, which was held in Anchorage, Alaska, May 3—6, 2004. A working
group on ‘International Co-operation in the Context of a Space Exploration
Vision’ had as mandate to discuss the modalities of defining and implementing
an exploration vision as a coordinated international endeavour.

The workshop arrived at an interesting approach, considering that all national
space exploration activities, taken together, comprise an inherently global
enterprise-in effect, a Virtual Program of Programs.

Rather than trying to develop a cooperative concept for exploration as a whole, the
Virtual Program would be composed of a coordinated set of individual activities,
with each activity employing the most sensible international arrangement, as
determined by the specific partners involved. Not all partners would be involved
in all activities, and all activities would not necessarily be cooperative.

The coordination of the national programs would be provided by some
‘International Space Council’, which would only be an informal forum, at least
in the initial stages.
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In the words of Peggy Finarelli and Ian Pryke .

‘The council membership would be open to any party that is actively involved
in space exploration activities, committed to a synergistic, long-term virtual
program of programs and willing to share information on its national program
plans to that end. Although the process of the council need to be developed by
its stake-holders, regular meetings at agency leadership levels would definitely
be required. The council would operate flexibly over the long term, providing its
members a forum for communication, consultation and coordination, leading
ideally to an alignment of national exploration programs. The results of council
deliberations would not be binding or controlling, but guiding. The council
would also ideally promote the sustainability and continuity of the long-term
global vision, so as to endure changes in various national commitments and
possible transformational events in space programs in general’.

The July 12, 2004 issue of Space News also contained the editorial ‘Cooperation
and Competition” which expressed a number of the ideas the working group
espoused. It noted that ‘Different combinations of the current players — and new
ones sure to come — should be working on a variety of exploration programs’
and that ‘if pursued in an independent but coordinated fashion, such programs
could provide the balance between cooperation and competition necessary to
keep things moving quickly instead of bogging down’. The working group's
proposed paradigm shift is fully consistent with these ideas.

2.FOCUS AREA FOR COOPERATION

It is clear that what is needed is some equivalent to the TACG, but reshaped
in order to meet the situation of space exploration during the 21st century,
characterized by :

1. The appearance of new players,
2. The large size of NASA’s programme compared to others.

We will take as a working hypothesis that the scope of exploration encompasses
all aspects of planetary research including manned missions, occupation of
the Moon and Mars and utilization of planetary grounds for science. All Space
Agencies are not engaged in this domain with the same resolution, but the
preceding considerations lead to the conclusion that, if the present attitudes
remain unchanged, a major exploration initiative should be a co-operative
venture among equals. Here lies the main hurdle, since nobody is equal in space
exploration to the United States. This is the reason why the approach through
an ‘International Space Council’ of ‘separate but equal’ partners seems to be
sensible, and should constitute a first step.

We will not retain the word ‘Council’ but propose the term "Forum" for the
structure we believe the Agencies should create, since we want to stress the fact
that it would be a non compelling structure.

In order to integrate from the outset the already existing organizations
of stakeholders, and with the aim of providing a more unified view of the
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programming of relevant missions, it is suggested that the two committees
ILEWG and IMEWG should become a part of the International Space
Exploration Forum.

However, exchange of information is not sufficient. If the idea of some
‘International Space Forum'’ is certainly commendable, it falls short of providing
enough fuel for a vigorous cooperation.

Under the umbrella of the Forum could exist structures providing eventually the
possibility of joint actions. Following the idea of ‘equality’, a number of partners
could cooperate in the following domains.

1. R&D: A number of specific products have to be continuously evolved, as
technology advances, for the needs of exploration: components, instruments,
systems, the burden of which could be shared between partners outside
national and industrial restrictions.

2. Operations: Agreements could be passed between the various Deep Space
Networks, not only for the availability of all existing facilities to the
partner's missions, but also for the development of new ground capacities,
including software.

3. Assets: A major goal of cooperation could be the joint development of
‘planetary facilities’ under integrated management as:

« Geostationary telecommunication network and navigation/localization
network (GPS style) around Mars

« International automatic stations on the Moon or Mars

« International mobile laboratories on the Moon and Mars

« Planetary Internet.

4. Partnerships in missions: Possible joint ventures as sample return missions
could be agreed upon with distribution of major tasks or systems among the
participating partners

5. Access to space: global agreements with the industries possessing launch
capacities could lower rocket prices.

This not exhaustive list of suggestions should be taken as illustrations of the
potential contents of discussions among eventual partners of the International
Space Exploration Forum.

3.PROCESS AND PROPOSAL
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In proceeding along the here formulated lines one has to respect the very diverse
levels of acceptance of the human element in the exploration program among
the various nations and their people. This is manifested clearly, for instance,
in the evolution of ESA's Aurora program from the Ministerial Conference in
Edinburgh in 2001 to that in Berlin in 2005. While the number of participating
European nations has increased, the word ‘human’ has been carefully avoided
in the last program outlines, and the time horizon has been kept as close as
consistent with the next robotic mission, ExoMars. By contrast, NASA is at
present reformulating its science program with the goal to redirect freed funds
towards the Human Exploration Program, with the Moon as its first target.
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Taking account of this situation an avenue could be the formation of two groups
of partners:

« agroup interested in manned missions, in pursuance of the Bush initiative
and following the original vision of ESA's Aurora program,

« a group interested in a more modest endeavour using only automatic
systems.

The two groups would closely cooperate, at least at the programmatic level,
but also on some technological developments, although each of them would be
involved in two parallel strands of missions,

It is suggested that at the forthcoming COSPAR Scientific Assembly in Beijing, a
panel would meet for creating (between Space Agencies) an International Space
Exploration Forum, with the goal of paving the way towards a future global
cooperation on space exploration by:

+ integrating ILEWG and IMEWG inside this new and more permanent
structure;

« analyzing the possibilities of joint actions for the elaboration of an
international road map in planetary exploration;

« or even initiating some cooperative ventures through interested Agencies.




