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Abstract
2001: A Space Odyssey, penned by Arthur C. Clarke in 1968 and converted into a screenplay
by Stanley Kubrick at the same time, is said to be one of the most thoroughly researched fictional
publications of all time. Solutions to problems that were distant and conceptual at the time were
proposed, and seem feasible at first glance. The scientific assumptions made in the writing of these
works are evaluated and compared with the current state of human knowledge.
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Introduction
”Let me put it this way ... the 9000 series is the most reliable computer ever made. No
9000 computer has ever made a mistake or distorted information. We are all, by any practical
definition of the word, foolproof and incapable of error”.
HAL, to Dr. David Bowman, 2001: A Space Odyssey.

1.1

Aims

The intention of this article is to critique the assumptions and solutions regarding the long term habitation
requirements of humans for interplanetary space flight proposed in the novel [1] and film [2] 2001: A
Space Odyssey. Their validity and effectiveness will be subject to analysis based on sound scientific
argument with respect to current human knowledge and research.
There are many other aspects of the works that deserve comment, such as leaps in aero- and astronautics, engineering and novel technologies, however no detailed analysis of these will be conducted
here. Nor will comment be made upon the fictional aspects of the works: a discussion concerning the
feasibility of the development of homicidal, self-aware computer systems, or the existence of large, black,
mind-controlling monoliths buried on various moons by an advanced extraterrestrial race is somewhat
beyond the scope of this article.

1.2

Predictions

As evidenced in the title of the works, Clarke and Kubrick predicted the technologies would be available
around thirty years from the release of their works. Comment will not be made on time scales suggested,
but feasibility and practicality of the future development and use of such technologies with respect to
the current state of human knowledge and development will be made. The year 2001 has now come and
gone, and the state of space technology bears little resemblance to that proposed. No doubt had the
development of said technologies continued at a rate similar to that at the time which the works were
written we would currently be closer to the vision, however the political drive that existed during the
US-Soviet space race has been lacking for some time.
The 2004 announcement by President Bush [3] of his intentions for NASA to aim for a permanent
presence on the moon and beyond goes some way towards that goal, but the giant sub-surface moon base
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and extensive space infrastructure depicted in 2001 remain a vision for the relatively distant future. For
interest, Table 1 shows a selection of the authors’ erroneous and successful predictions. Although many
are erroneous at least in their time scale, Clarke seems to have performed relatively well when compared
with other technological predictions for the last century [4].
Erroneous
Space travel commonplace
Extensive lunar colonies
Manned mission to outer solar system feasible
Induced human hibernation possible
Self-aware computer systems
Survival of organisations such as Pan Am airlines

Accurate
Ubiquity of computer systems
No large technological leaps in propulsion
Hand-held flat-screen displays
Proliferation of television stations
Payment via swiped card
Survival of organisations such as IBM

Table 1: Predictions in 2001: A Space Odyssey [5]
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Human factors in interplanetary travel

There are numerous elements that require addressing for humans to survive in the space environment.
Conditions outside the Earth’s atmosphere and influence are infinitely different and more hostile than
the approximately sea-level, one-atmosphere, one-g environment in which the human body has evolved.
It requires certain conditions and sustenance to function without suffering adverse effects to health. In
addition, the human mind is ill-suited for the tedium of interplanetary travel - the vast distances involved
lead to very long journey times. The fictional spaceship Discovery uses low-thrust, nuclear-powered
’plasma drive’ engines to accelerate it to a maximum speed of two million miles per day (134,000 km/h)
(see Figure 1).

Figure 1: Spaceship Discovery’s propulsion system
Clarke states in his novel that the voyage will take two years. The current record holder for the
fastest spacecraft launched is held by NASA’s New Horizons Pluto probe, which had an escape velocity
of 57,600 kilometres per hour. The fastest speed attained by a spacecraft is still held by Pioneer 11,
which achieved 107,500 km/h as it passed within 43,000 km of Jupiter’s atmosphere in 1974 [6]. Even
with proposed advances in propulsive technology such as solar sails and fusion reactors [7], the maximum
speed proposed is around 240,000 km/h [8]. Traversing Saturn’s1 closest distance to Earth of around
1 In Clarke’s novel, Saturn is the destination. Kubrick chose Jupiter for the film due to the inability of his special effects
department to create a convincing representation of Saturn’s rings. Jupiter’s closest approach to Earth is around 588
million km: estimated travel times would be roughly halved.
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1.2 billion kilometres at that speed would take almost a year, and the very long acceleration times with
these technologies would likely push that figure closer to two.
These journey times lead to extremely prolonged exposure to space conditions - much longer than
any human has spent in orbit to date. Measures must be taken to mitigate the effects of these conditions
on the human body and mind.
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3.1

Physiological factors
Weightlessness

Weightlessness or microgravity produces various adverse effects on the body. These have been evidenced
in virtually all manned orbits and space flights, including detailed experiments conducted on SkyLab
in the 1970s. They have also been simulated on the ground using extended bed-rest. Effects include
[9, 10, 11, 12, 13]:
muscle atrophy due to lack of use. In 1987, rats exposed to 12.5 days of microgravity showed a loss
of 40% of muscle mass. This may be mitigated to some extent through exercise and resistance
training.
loss of bone mass. Bone tissue is reabsorbed where not needed, regulated by its piezoelectric behaviour
when under stress. Occurs primarily in the weight bearing bones of the legs and spine. Diet and
exercise have been shown to be only partially effective. The excess calcium and phosphorous in
the bloodstream due to this leads to increased formation of kidney stones [14].
red blood cell loss of up to 0.5 litres of cells, indicated from American and Soviet flights.
vertigo and spatial disorientation due to the lack of an ’up’ or ’down’. Careful design of habitats
can help to overcome this.
fluid redistribution and loss. Fluids shift from the extremities towards the head, as shown in Figure
2. The brain interprets this as an increase in total fluid volume and increases fluid excretion to
compensate, decreasing blood volume by up to 10%. Dehydration is a risk.

Figure 2: Fluid distribution (a) before flight, (b) after a few hours in space, (c) after a few days, (d) on
return to Earth [15]
space adaptation syndrome. Nausea, vomiting, headache, lethargy and loss of appetite, similar to
motion sickness. Susceptibility to motion sickness on Earth does not necessarily correlate here.
flatulence due to digestive gas being unable to ’rise’ up toward the mouth, it passes through the
digestive tract ”very effectively and with great volume and frequency”, according to SkyLab doctor
Joe Kerwin.
Many of these problems can be somewhat mitigated by exercise and diet, and most seem to right
themselves on return to Earth. Russian cosmonaut Valeri Polyakov spent 14 months on Mir, with a
regime consisting of at least two hours exercise per day, combined with around 8 hours per day wearing
a ’Penguin suit’ that provided muscular resistance, and 30 minutes of exposure to lower-body negative
3

pressure every four days. On his return in 1995 he managed to exit his craft without assistance, however
he had suffered considerable deterioration in many physiological aspects and took several months to
recover fully. A mission to another planet with reasonable gravity would be futile if the crew were unable
to perform any meaningful task for weeks or months after their arrival.
3.1.1

Artificial gravity

The idea of artificial creation of gravity by centrifugation is reasonably old. One of the first to propose
this was the Russian Tsiolkovsky, in 1911 [16]. In theory it is simple: centripetal acceleration on a
rotating spacecraft or part of a spacecraft exerts a force on the body that would simulate that of gravity.
It is not currently known what magnitude of gravity is necessary to prevent the physiological degradation
detailed in Section 3.1, however a minimum of around 0.2g is suggested to allow comfortable locomotion
and activity. In 2001 we see two examples of artificial gravity generation: Space Station One in Earth
orbit and the deep space craft Discovery. We are told that both simulate gravity equivalent of that on
the moon - about a sixth of one g, i.e. 1.64 ms−2 . In fact, using the dimensions stated in the novel,
both are rather different from this. Clarke tells us that Space Station One has a diameter of 30 yards
(= 274.32 m) and rotates once per minute (= 0.105 rad s−1 ). Therefore, using the formula for centripetal
acceleration
acent

= r × ω2
= 137.6 × 0.1052
= 1.52 ms−2

and similarly for the centrifuge on spacecraft Discovery, 35 feet diameter (= 10.67 m) rotating six times
per minute (= 0.628 rad s−1 )
acent

=
=

5.34 × 0.6282
2.11 ms−2 .

Space Station One comes closest to lunar gravity, whilst Discovery provides slightly more, 0.22g as
opposed to the lunar 0.17g.
This appears to be effective and if a larger force of gravity is found to be necessary, radius or angular
velocity could be increased to give a force closer to that on Earth. For the spaceship Discovery, an
acceleration of 1g could be achieved by either increasing radius to 25 metres or angular velocity to 12
revolutions per minute (see Figure 3). Either of these would be costly in terms of mass or size. There
are also other issues that complicate the generation of gravity through centrifugation.
In Kubrick’s movie we see Dave Bowman exercising by running around the centrifuged section of the
ship (Figure 4). He appears to be running at approximately two revolutions per minute. This will have
an effect on the centripetal acceleration he experiences. If he were running prograde to the centrifuge,
his effective angular velocity would now be 8 rpm, or 0.84 rad s−1 . This would increase his g from 0.22
to 0.38, making him feel almost twice as heavy. Conversely, if he were running retrograde he would
experience less than 0.1g. An increase in gravity would provide a more effective workout, with greater
traction and more compensation for bone and muscle degradation, but may be extremely disorientating.
Further to this, the height of an average man is around a third of the radius of centrifugation given
in the novel. This would lead to a 33% gravity gradient between his feet and his head. In addition to
the unknown physiological effects of this, raising a heavy object from the floor to head level would be an
interesting experience requiring a constant modification of lifting force.
An even more disorientating artefact of centrifugation is the Coriolis acceleration induced when
turning about any axis that is not parallel to the axis of centrifugation. Induced angular Coriolis
acceleration αcor is the cross product of centrifugal angular velocity ωcent and applied angular velocity
ωapp . For example, if Dave Bowman were to stand facing along the positive axis of centrifugation, i.e.
towards a wall with his left side prograde, and turned his head 90◦ to his left in half a second (π rad s−1 ),
he would experience an unexpected acceleration
αcor

= ωcent × ωapp
= 0.628 × π
= 1.97 rad s−1
4

Figure 3: Generation of gravity through centrifugation

Figure 4: Dave Bowman running in Discovery’s centrifuge
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acting right ear down [10]. His vestibular system would detect this, but his visual field would not change
- a phenomenon likely to induce motion sickness-like symptoms. If he were to turn his head the other
way the Coriolis acceleration would act in the opposite sense. Furthermore, if he were facing the opposite
wall, the accelerations would be reversed! This complex visual-vestibular conflict may prove extremely
difficult to adapt to. Similar accelerations are induced for linear limb movement [17].
A further effect is the lateral acceleration that would be experienced with ’up’ or ’down’ (i.e. radial)
movement. Ascenfing a ladder such as the one used to enter and exit the centrifuge on Discovery would
produce a prograde acceleration, descending would give a retrograde acceleration. Similarly, jumping
’upwards’ would lead to a curved trajectory, reversing at the apex of the jump.
Experiments have been performed over long durations in revolving rooms to measure acclimatisation
to many of these non-intuituve effects [17], however they have been hampered by the constant 1g downwards acceleration that is impossible to get rid of in Earth-bound investigations. It is suggested that
architectural features such as colour-coded walls be used to identify the direction in which to anticipate
these accelerations [9].
Several suggestions have been made as to the limits of the parameters described with respect to
human comfort. These are summarised in Table 2. The wide range of limits suggested by different
sources highlights the uncertainty and lack of knowledge in this area.
Parameter
Min apparent gravity
Max apparent gravity
Max gravity gradient
Max angular velocity
Min tangential velocity

g
g
%/m
rpm
m/s

Suggested limit
0.035 to
0.3
0.9 to
1.0
8.0 to
25.0
0.1 to
6.0
6.0 to
10.0

Discovery
0.22
0.22
18.9
6.0
3.4

SS-1
0.15
0.15
9.2
1.0
14.4

Table 2: Comfort boundaries in artificial gravity [9]
It can be seen that Discovery and Space Station One lie within most of the parameters. Discovery
is on the upper boundary for maximum angular velocity, leading to high Coriolis forces and a strong
possibility of vestibular-visual conflict. Also tangential velocity is rather low, leading to the noticeable
variation in perceived weight with movement as described. It is unknown whether one-fifth g is sufficient
to prevent physiological degradation.
One potential modification to Clarke’s design in order to increase the force of gravity and the radius
of centrifugation without too significant a mass penalty is the possibility of a habitat tethered to a
counterweight, rotating about their centre of gravity. This was proposed in 1957 by Korolev [18] and
Ley [19], inspired by Tsiolkovsky [16]. Another way would be to use a torus similar to Space Station
One, the idea for which Clarke took from Von Braun [20]. An adequate radius would serve to bring
comfort parameters further within the boundaries detailed in Table 2, but would introduce propulsive
complexities - it may be necessary to rotate the system only after acceleration is complete.

3.2

Life support

The human body requires various inputs to function normally. Energy and nutrient input, usually from
food; oxygen, in a properly constituted atmosphere providing the correct pressure and concentration;
and water. Studies of the Apollo, SkyLab and Space Shuttle missions have shown that energy and fluid
intakes in space are almost always lower than predicted [21]. This likely due to the effect of weightlessness
on the body’s systems, and possibly a lower exertion rate than anticipated.
3.2.1

Nutrition

Microgravity affects perception of hunger, distribution of fluids and nutrients within the body, and energy
expenditure. It is also likely that nutrient intake can affect adaptation to microgravity, e.g. susceptibility
to space sickness. Nutrition plays a major role in amelioration of bone and muscle depletion due to
microgravity, and certainly affects astronaut performance in terms of energy and concentration.
Clarke tells us that most of the wide variety of food on board, including juices, eggs, steaks, ’fresh’
vegetables, ice cream and bread, is freeze-dried and can be reconstituted to look and taste very similar to
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that on Earth. The dehydration of foodstuffs is comparable to those provided on modern space missions,
but the effectiveness of replicating Earth foods’ texture is decidedly variable. The quality and variety
of food is important in motivating astronauts to maintain a healthy and balanced diet. Also, many
astronauts have reported degradation of their ability to taste and smell whilst in microgravity. Careful
planning of menus is necessary to balance nutrition and interest in astronauts’ food.
Food mass is a significant factor in mission planning. If the five members of Discovery’s crew were
to remain fully conscious for the entire proposed seven-year mission the mass and volume of stored food
required would be enormous. An alternative to carrying all required food on launch is to develop a
closed ecosystem where most of the food is grown on board. It is anticipated that around 97% of the
crew’s food could be produced this way - the remaining 3% is stored supplies to provide trace minerals
and nutrients [22]. This also provides a method of recycling solid human waste. The tradeoff between
carrying freeze-dried food and growing food on board would depend on mission duration and crew size.
Calculations would need to take into account the mass and volume penalty of ’garden’ areas versus stored
food.
The solution proposed by Clarke of ’hibernating’ all non-essential crew members until their skills are
needed is discussed in Section 5.
3.2.2

Atmosphere

Atmospheric pressure and containment are important issues. The pressurised part of the ship must be
able to contain the air and, over the journey times envisaged, leakage would likely be an issue. The air
would need to be recycled by chemical or biological means, but no matter how well designed the pressure
vessel some leakage is to be expected. Therefore stored gases able to replenish the atmosphere at least
several times over will be required.
Clarke states that the pressure vessel of Discovery is a 40-foot sphere, but does not give us any
indication of its material or thickness. Assuming an aluminium alloy such as 7075, with an ultimate
tensile strength of 460 N/mm2 , and a reserve factor of 1.5, Figures 5 gives us a rough estimate of
minimum skin thickness and total pressure hull mass, neglecting factors such as joints, holes and micrometeorite/radiation shielding. An estimate for the lower boundary for pressure could be taken as the
minimum cabin pressure for a passenger airliner, equivalent to 8000 feet above sea level, i.e. 75264 N/m2
or 0.74 sea-level atmospheres.

Figure 5: Minimum thickness and mass of aluminium alloy 7075 spherical pressure vessel, 12.2 m diameter
Taking into account factors such as micrometeorite penetration and joints, the resulting mass and
thickness will likely be several times greater than stated here. The pressure vessel in Kubrick’s movie
certainly seems to be much thicker. Clarke does however note that it is likely impossible to prevent
micrometeorite damage and outlines a procedure to repair pressure vessel punctures with a spray-on
rubbery solution. If punctures are allowed to occur then some method of atmosphere replacement is
essential.
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3.3

Radiation and micrometeorites

Outside the protection of the Earth’s atmosphere there are many hostilities to spacecraft and biological
organisms. The level of radiation exposure is significantly increased, this is illustrated by the current
annual limits in US regulations [12]: the Terrestrial annual limit effective dose is 5 REM, compared with
Astronaut annual limit of 50 REM in low earth orbit. Trapped radiation in planetary Van Allen belts is
also an issue, especially in the fly-by of Jupiter depicted in the novel. Venturing further into the Solar
System may require at least another half an order of magnitude increase, depending on mission duration
habitat shielding and Solar cycle.
There are two options for dealing with the hostilities of radiation in space: Clarke’s craft uses absorption, which requires careful selection of shielding materials to prevent ’secondaries’ created by high-energy
cosmic radiation. A very detailed analysis is given by NASA in [23]. An alternative is deflection, probably
by electromagnetic means. This creates an artificial Val Allen belt about the spacecraft, however tradeoffs indicate that with current technology the equipment required would weigh more than an equivalent
passive shield [24].
There also exist a great number of minuscule particles in space, undetectable by radar or visual
methods. These may impact a spacecraft with tremendous energy which must be absorbed. This
requires increased ’sacrificial’ structural mass in the craft’s skin. As long as adequate mass is provided,
and the option of repair if damage becomes too great this is a viable method. However, in 2001 the entire
crew is planned to be in hibernation for the final five years of the mission, which may prove problematic
unless an automated repair system is used.
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Psychological factors

Extended periods of time in a closed, capsule habitat with limited stimuli and companionship can be
very taxing on the human brain. Observations of submarine, polar research station and spacecraft crews
have enabled analysis of the causes and effects of isolation [25]. There have been defined three typical
psychological phases of expeditions longer than a few weeks [12].
adaptation. Acclimatisation to and set-up of the environment provide a great deal of stimulus. Crews
display energy and enthusiasm.
mounting fatigue. This phase peaks 2/3 to 3/4 of the way through the mission. Symptoms include
irritability, volatility and depression. Conflict with leadership is common, especially if that leadership is remote from the environment. During one SkyLab mission the crew refused to speak to
mission controllers on the ground for several days!
renewed energy. Once mission completion nears, group energy and dynamic generally improves. However, if the mission is prolonged or issued from the second phase can be exacerbated, possibly
resulting in disassociation, neurotic behaviour or even frank psychotic breaks.
Negative psychological factors can be minimised by careful crew selection and habitat design, and
the provision of a stimulating and varied routine for crew members. An interesting diet can also help,
and meal times can serve as a point of bonding between the crew. In 2001, there are two crew members
awake for the journey to Saturn. This provides companionship and stimulation - no doubt they were
carefully selected to be psychologically compatible with one another. There is an extensive library on
board, and the crew may also play games such as chess and checkers with the ship’s computer (who is
programmed to win only 50% of the time so as not to lower morale)(Figure 6). The crew also spends two
hours per day studying information pertinent to their mission. The ship’s pharmacy even has ’adequate,
though hardly glamorous’ substitutes for sex. Many members of isolated capsule crews have reported
trouble sleeping, and Clarke addresses this with ’electronarcosis’ - artificially induced sleep. One crew
member is awake for the eight hours that the other is asleep - this allows some personal time in the
otherwise relatively small centrifuged area of the ship.
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Figure 6: Chess with HAL
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Hibernation

An extremely effective solution to many of the problems previously detailed is proposed by Clarke (Figure
7. If all non-essential crew members can be placed into a state of artificial hibernation they will not
consume as much food, water and oxygen and will not suffer or contribute to psychological issues. The
monotony of the long journey will not affect them. The effects of microgravity are mitigated by their
hibernation being in the centrifuged part of the ship, although they are lying down and may experience
many similar effects caused by extended bed rest. The reduction in ventilation, heart rate, kidney
filtration and central nervous system may serve to mitigate these effects somewhat.

Figure 7: Discovery bed and hibernaculum
The feasibility of this solution is remote with current scientific techniques, however much research
is being invested into determining whether artificially induced hibernation is an option for the future.
Naturally hibernating animals such as woodchucks, ground squirrels and black bears secrete a ’trigger
molecule’ into their systems that initiates hibernation. Although its chemical identity is not yet completely determined, it acts as a powerful metabolic inhibitor in non-hibernators [26]. In hibernation, the
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metabolism of natural hibernators slows dramatically - see Table 3 for an example.

Respiration: breaths per minute
Heart rate: beats per minute
Body temperature: ◦ C

Normal
200
150
37

In hibernation
4
5
-2

Table 3: Arctic ground squirrel hibernatory metabolism changes
As many hibernating mammals are closely related to non-hibernating mammals but less closely
related to other hibernating ones, it is proposed that many, even all, mammals may have the ability to
hibernate, but it is not expressed in the genome of those that do not require it [27, 28].
Proposed regimes for induced hibernation break down into three stages:
Pre-bout. Preparations to hibernate include physical conditioning to reduce tissue loss during hibernation, possible accumulation of fat reserves to reduce the need for external introduction of nutrients,
and psychological preparation.
Bout. Pharmaceutical factors are likely to play a significant role in inducing and maintaining a hibernative state. One possible compound is DADLE [29], a compound that can mimic the action
of the ’trigger molecule’. Monitoring and control of various factors would be required, including
temperature, heart rate, brain activity, respiration and blood pressure. All of these can currently
be monitored non-invasively. An agent, most likely computer-based, would be required to interpret
and act upon this data, and to administer such chemicals as necessary.
Post-bout. On revival, physical and chemical reconditioning would be required to help reacquire mission
effectiveness.
The application of hibernation in humans is still poorly understood. Even in natural hibernators,
hibernation induces negative physiological and psychological effects [30] - obviously evolution has determined that the benefits outweigh the drawbacks. A great deal of further work is required to determine
whether human hibernation is even possible, and whether it is a useful solution to the problems of
interplanetary travel.
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Conclusion

In 2001: A Space Odyssey, Clarke and Kubrick have built a vision of space travel on mostly sound
knowledge and research. The majority of the assumptions made are sensible and show great potential
for the future of space travel. Although the state of space travel is still a long way from that which
Clarke envisaged in the year 2001, all indications point to solutions being very similar to those proposed.
The solution to gravity generation may require some modification to lessen the disorientating effects
caused by a small radius. Further research is required into the level of gravity required to maintain
adequate bodily function. Ground-based studies involving bed rest and centrifugation will go some way
towards this, and further work on the International Space Station will clarify the debilitating effects of
microgravity.
Hibernation is still more of a dream than a reality. Chemicals such as DADLE show promise, but
much more research is needed. Primate studies will be used to test the effectiveness of various drugs and
to assess the level of monitoring and intervention required during and after hibernation.
”I am putting myself to the fullest possible use, which is all I think that any conscious
entity can ever hope to do”.
HAL.
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