3.1 Human Performance in Space
As of this writing, more than 350 men and 40 women have ventured into space, with over 60 completing missions lasting longer than a month. Given the extraordinarily high costs (both financial and human) of sending people into orbit, there is enormous pressure to make the effort worthwhile through successful completion of the mission objectives.  The human component of the overall system is under great stress to perform adequately, and any measures which can enhance human performance
 are eagerly sought.

Unfortunately, there are several reasons it can be challenging to do “good science” in the area of human performance. In-flight studies are associated with many operational constraints, which can easily become confounding factors. In addition, because the numbers of long duration crew members are small (both on any given mission and overall), generalizing conclusions based on these biomedical and psychosocial observations may give distorted answers to the questions we ask. An additional problem is that the missions flown have been of widely varying length and activity cycles; they have used a variety of vehicles with differing launch, orbit and recovery parameters, thus making comparisons between and within missions difficult. Lastly, particularly for psychosocial studies, it is difficult to extrapolate any findings to the general population, because the sample population is a highly atypical group of fit, well educated, and highly motivated people mainly in their late thirties through fifties. 
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Figure 2: ISS Expedition 10 crewmembers: NASA Astronaut Leroy Chiao, left, is commander and NASA ISS science officer. Cosmonaut Salizhan S. Sharipov, representing the Russian Space Agency, is flight engineer.  As a result of the Columbia disaster, the ISS crew complement has been limited to two since Expedition 7. (http://spaceflight.nasa.gov/gallery/index.html)
There is, particularly with the use of analog studies, a growing body of literature regarding small group behavior in isolated environments which is applicable to astronauts. However, these studies too have considerable problems. Many issues make an objective analysis difficult, such as: varied definitions of “group”, “isolation”, and “confinement”, isolation of individuals within an observational study, and the effects of danger, unexpected events, and the environment itself. Defining “adequate” or “normal” human performance during spaceflight is therefore challenging in itself, let alone attempting to identify, measure, or mitigate degraded crewmember productivity. 
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Figure 3: An aerial view of the Australian Antarctic research station. Polar crews are often used as analog populations for long duration space flight. (http://www.aad.gov.au/default.asp?casid=18)

Effects of exposure to microgravity on human performance 

Vision and gaze control

As vision is arguably the most important of the senses, particularly in the space environment, any reduction in visual acuity or capacity can have significant impact on performance and is, therefore, of particular concern to the Space Medicine community. Despite early anecdotal reports from the Mercury crews, changes in visual performance have not been shown to be significant in subsequent experimentation. No significant changes were found in contrast sensitivity, phoria, eye dominance, flicker fusion frequency, and acuity. However, while visual acuity seems largely unaffected by the space environment, there are significant changes in gaze control and visual illusions experienced by the crews. 

Under conditions of normal gravity in 1 G, gaze is normally stabilized when stimulation of a semi-circular canal results in eye movement in the opposite direction to the plane of the canal. This vestibulo-ocular reflex ensures that the image remains stationary on the retina and, therefore, while an individual’s head moves, the retinal image remains fixed. The ability to track moving targets, i.e. gaze control, appears to be diminished on initial exposure to space and immediately after landing. This target displacement with head movement is due to the changes in vestibular function following changes in the gravitational environment and may in fact contribute to the post-flight deficiencies seen in head control and locomotion. 

Such deterioration has significant implications for the ability of crew members to actively pilot a vehicle during the landing and recovery after a long duration flight. Although in the pre-Shuttle era, there was relatively little crew member input required, in the current Shuttle paradigm, a great deal of pilot input is required. However, Shuttle missions are of (relatively) short duration, usually on the order of 15 days, and many of the physiological adaptations are less pronounced. For long duration and exploration class missions, however, automated landing systems could be used wherever possible, and visual systems which minimize head movement of the pilot might be employed for those cases where human inputs are still needed.
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Figure 4: Astronauts in the Shuttle cockpit review checklists for landing procedures. (http://spaceflight.nasa.gov/gallery/index.html)
Hearing and noise

Noise can present significant problems for human performance. Garbled voice transmission and poor communication has been implicated in many terrestrial aircraft accidents.  In addition, noise can cause physical consequences such as damage to the middle ear, loss of hearing, and disorientation, which will also degrade overall performance in both the short- and long-term. Extensive industry studies have shown that individuals exposed to continual noise levels have decreased performance and low levels of alertness.  Although OSHA publishes noise exposure limits, they are predicated upon 8 hour work days and not long term, constant 24/7 exposure. As a result, these limits are difficult to extrapolate for noise on the ISS, to which crew members are continually exposed for periods of six months or more.

In the Apollo missions, the background noise level in the cabin was 65-70 dB but did not appear to cause many problems at the time. NASA has recently acknowledged that the levels of noise on the ISS are above NASA “STD 3000 Man-Systems Integration Standards” recommendations.  This has negative implications for crew performance, so solutions have been developed, including the restriction of crew sleeping areas to places on board where the noise level will not exceed 50 decibels. Active Noise Reduction (ANR), based on the principles of the German Scientist Paul Leug and first patented in 1936, is another other mitigation strategy currently in use on the ISS in the form of ANR headsets. Other personal protective equipment, such as ear plugs, are also used. However, some of these countermeasures have met with resistance, due to comfort-related issues and concerns about excessive muffling of sounds and emergency signals.




Figure 5: The military uses ANR headsets to improve intelligibility and to diminish fatigue and hearing damage for tank crews and other personnel. (http://www.army-technology.com/contractors/navigation/thales_acoustics/thales_acoustics2.html)
Constant exposure to high levels of noise also has deleterious psychological effects, such as irritability, miscommunication, lack of rest, poor sleep patterns, and a subsequent decrease in productivity. Another major concern has been whether the excess background noise could cause a decrement in the ability of crewmembers to hear caution and warning alarms on the vehicles, particularly when they are not in the immediate vicinity of the alarm panel. In-flight experiments showed that long-duration crew members could usually hear alarms, however concerns remain regarding visitors to the ISS or new crew members who have not yet fully adapted to the environment. 

Smell and taste

Taste and small are both affected by the operational space environment. The cephalic fluid volume shift results in a reduced ability to distinguish smells and tastes, with the result that crew members report that food tastes unnaturally bland to them. This may seem relatively unimportant, but Napoleon’s comment “An army marches on its stomach” remains as true in the 21st century as it was in the 19th. Food plays a critical role in the maintenance of performance and mood, particularly in isolated, hostile environments.  The Space Food Systems Laboratory at NASA Johnson Space Center (JSC) designs, develops, and produces food for ISS crewmembers with this in mind. It is the Food Lab that is tasked with providing (wherever possible) high quality food compatible with each crew member’s physiological and psychological requirements. 

Practical issues affecting the types and quantities of food available to crew include facilities for storage, preparation, and waste disposal. For the first ISS crews there was no table on which they could prepare or serve meals, resulting in their having to construct their own from spare parts. This was done because the crews felt strongly that communal meals should be taken regularly in order to maintain group morale and cohesion. Flight surgeons should take the lead in voicing concerns like this during the design of future space platforms (such as exploration class vehicles), so that performance can be maintained without requiring crew time to jury-rig necessary furniture.
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Figure 6: The astronauts and cosmonauts of STS-105 and Expedition Two and Expedition Three share a toast and a communal meal aboard the ISS. At lower right corner is astronaut Daniel T. Barry, STS-105 mission specialist. Others, clockwise around the table, are astronauts Scott J. Horowitz, STS-105 commander; and Frederick W. Sturckow, STS-105 pilot; cosmonauts Vladimir N. Dezhurov and Mikhail Tyurin, both Expedition Three flight engineers, Susan J. Helms, Expedition Two flight engineer, Frank L. Culbertson, Jr., Expedition Three commander; cosmonaut Yury V. Usachev, Expedition Two commander, and astronaut James S. Voss, Expedition Two flight engineer. (http://spaceflight.nasa.gov/gallery/index.html)

Food on the ISS (whether of Russian or US origin) is generally stored in boxes. While this may not seem important, imagine what it would be like if you had to store enough food and water in your home for three people for a minimum of six months. Suddenly your large “country kitchen” doesn’t seem so big, does it? On the ISS, the same problem exists: the need to store so much food severely limits stowage space for other items, such as payloads, spare parts, and other systems. As in naval vessels, the ISS has minimal space, so stowage is always at a premium, and unlike ships, the ISS is unable to easily dispose of waste “overboard”. 

Food is stored “on the floor” of the FGB module, taking up a considerable volume. Its preparation requires both time and energy, and the stowage of waste presents significant issues. On the ISS a variety of methods are used, using small and large sealable bags, to prevent the spread of disease and smells, with appropriate labeling.  What this means, however, is that stowage restrictions do not dramatically improve over the course of a mission, as food is consumed. Rather, the space that had been occupied by foodstuffs is subsequently taken up with trash.

Orientation and proprioception

Microgravity modifies the sensory stimuli received from the  proprioceptive sensors and so influences spatial orientation, including position awareness, target acquisition during voluntary movement, changes in tactile sensitivity, and mass perception.  All of these have implications for human performance, as they affect many fine and gross motor skills. Whether it’s a crew member’s ability to safely propel herself through the ISS or a Shuttle astronaut’s ability to use the robotic arm accurately, motor skills are critical for the accomplishment of mission objectives.

Perception of self-position depends on the ability to detect and integrate information in the three orientation planes, but the cues used for orientation in microgravity vary markedly among individuals.  Some people are strongly dependent on vision, while others are more “body-oriented” and align their perception of vertical to lie along their own body axis. These latter individuals tend to suffer less from space motion sickness than those who rely on external visual cues. 

For the first several days in space, particularly for first time crew, the urge to maintain a normal “earth upright”/floor down orientation is compelling. This seems to affect all crewmembers to a lesser or greater extent, although the behavior is soon “un-learned” as the crew adopt positions which best enable them to carry out the needed tasks. 
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Figure 7: ISS astronauts Dan Burch (left) and Frank Culbertson demonstrate not only good oral hygiene but also the finding that crews, after a period of adaptation to the microgravity environment, are able to discard the “earth upright” orientation. (photo: NASA)

Proprioceptive illusions have been noted during and after extended flight. Following return to Earth, flight crews have reported sensations of feeling as though they were back in microgravity and of being unaware where their feet were with respect to the floor. Proprioceptive function is thus felt to be altered by microgravity and is expressed as a sensory deficit. The alterations to the sensory-motor programming may be compounded by conflicts among cerebellar sensory and motor inputs.

Crewmembers have also reported disturbances of where “up” and “down” appear to be, in particular experiencing sensations of hanging upside down. Additionally, many astronauts report pitching illusions from 60o down to 30o up, the sensation of which was reduced by visual fixation techniques.

Illusions of self-motion or surround-motion have been reported during re-entry (posing a potential hazard for pilots during landing procedures) and for several hours post flight. This supports the idea that signals from receptors that respond to linear acceleration are reinterpreted and misinterpreted during adaptation to and from weightlessness. Virtually all crews report illusions of motion of themselves or the spacecraft when they move their heads during flight, re-entry, or after landing; these appear to increase in intensity with duration of flight.

These perceptual disturbances appear most intense during re-entry and can often involve multiple illusions simultaneously. In addition, during re-entry and immediately after landing, crews frequently report that voluntary head motions produce the illusion that the visual surroundings themselves are moving. This may be due to disturbances of gaze control. 

All of these illusions have clear implications for performance. Take for example the situation where a crewmember, after a 6 month low earth orbit (LEO) mission, is required to actively participate in an emergency return, or one who, after a 9 month transit, is required to manually land a vehicle on Mars. In the latter case, the designers of such an exploration vehicle must understand these effects of long duration microgravity and accommodate the crew’s degraded performance in the anthropometrics, systems and operation of a vehicle, in order to maximize the chances of success despite the presence of a compromised operator. 

Spatial Disorientation

“Spatial orientation” can be defined as the relationship between body orientation and external frames of reference, reflecting the integration of sensory signals with the motor command signals arising in the brain. The studies of orientation and spatial disorientation in Skylab clearly demonstrated that all three crews disliked the change in orientation from the main cabin to the connecting tunnel with the remainder of the station. In Mir, a careful choice of colors for the walls, as well as the use of light and dark shades for the floor and ceiling, was used to reinforce the concept of “up” and “down” in an attempt to alleviate problems. However, there is little empirical evidence that the color scheme in Mir did help performance or morale. Interestingly, one of the biggest problems with the Skylab station was the large volume of the main room, as this space in itself caused some disorientation. Recently some architects (notably Dr Ulrich of Texas A&M) have applied environment and behavior studies to healthcare building design, landscape architecture and urban design, resulting in documented improvements in mood and performance. Ulrich’s research, in particular, has looked at how people's experiences with artificial and natural environments affects their psychological well-being, stress levels, and health outcomes. 
Sensory dissonance with one’s environment leads to disorientation. This is often a transient phenomenon, but in the aerospace environment, even a brief period of confusion can prove hazardous. Disorientation has been implicated as the cause of numerous aircraft crashes. Similarly, there are concerns that in an emergency, ISS crews could lose their bearings and become unsure of their positions in relation to the overall ISS 3-D layout. This could cause them to be delayed (perhaps fatally so) in reaching escape vehicles. To avoid these problems, extensive use of safety systems and alarms, including directional lighting and auditory commands that can guide the crew to safety and facilitate their carrying out the correct procedures, could be used. At the current time, the ISS uses simple, glow in the dark directional placards to provide orientation cues, in addition to signs at the module ends. 
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Figure 8: Directional placards currently aboard the ISS to assist crewmembers in maintaining their orientation. (photo: NASA)
Equilibrium and posture

In 1 G, it is the relationship between the system of balance, under the influence of the inner ear, and the extensor muscles, that enable a human to stand erect. Even after relatively short exposure to 0 G, there are significant changes in central motor processing due to a disturbance of sensory information, with a redistribution of muscle tone activity and a reduction in extensor muscle activity. The CNS (central nervous system) adapts to the changes in gravity, with the emphasis focusing on control of the upper body. This occurs because in microgravity, the otolith organs no longer exert a continual excitatory influence over the extensor muscles, resulting in the fetal-like position, known as the “Microgravity Neutral Body Posture”. This position, which was extensively studied in the Skylab missions, results in a globally flexed, shortened individual, with a forward shift in the centre of body mass. 

[image: image8.jpg]



Figure 9: CSA astronaut Bjarni V. Tryggvason sleeps on the Space Shuttle Discovery. (http://spaceflight.nasa.gov/gallery/index.html)
With respect to fine motor control and co-ordination, the requirements of the CNS to execute movements in 0 G are the same as that in 1 G. However, the CNS must learn anew how to move in microgravity, because there the lack of gravity working in opposition requires less muscle force to perform a particular operation. 

Immediate post-flight deterioration in postural stability was investigated in Apollo 16, Skylabs 2 3 & 4, and Spacelab 1.  The postural instability of long duration crews has been shown to persist for up to eleven days post landing. Russian investigators led by Yegorov also determined that postural performance was affected for up to 42 days in individual cosmonauts. Shuttle astronaut experiments showed an initial rapid improvement during the first 8-10 hours, followed by a more gradual return to pre-flight baseline over the next 4-8 days. This prolonged postural instability is presumed to be due to neurovestibular adaptation and may have a detrimental effect on egress procedures for return to earth or post-landing activities during exploration class missions. For example: if, after a long transit to Mars, the crewmembers are required to immediately egress a vehicle and drive a buggy, their ability to do so (effectively and safely) may be significantly decreased. Interestingly, the post-flight gait of crewmembers also takes on a characteristic stance: legs wide apart and arms raised, with the person taking small steps to maintain direction. This gait is similar in many respects to children and post-trauma patients learning or re-learning how to walk, and may affect the ability of a crewmember to function independently of support, again as in a Mars mission.
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Figure 10: An artist’s conception of a spacewalk on Mars, complete with Mars buggy.

Limb position disturbance

Limb position disturbances were reported in Skylab and were measured during Spacelab-1 and STS-41G. The difficulty in assessing limb position may result from conflicting abnormal proprioceptive signals, when crews need to establish a “down” image of their world. This was confirmed by Russian experiments which indicated that the maintenance of a stable external (to the individual) spatial map in the absence of vision depended on the presence of gravity.

Psychomotor coordination

Microgravity causes structural and functional skeletal muscle changes, resulting in a loss of mass, strength, resistance to fatigue, and abnormal motor control. Reduced performance can result from these largely reversible changes, especially in the immediate post-flight period when weakness and gravitational intolerance are particularly pronounced. 

After long duration spaceflight, rapid adjustment of the neural control of the hands and feet may be needed to land a vehicle, whether it be on Earth or Mars. This has clear implications for crewmembers piloting such a vehicle, particularly where there has been little or no preparation time available. Significantly, requirements for the NASA Crew Return Vehicle (originally designed as an “escape craft” for the ISS) would have enabled it to be operated automatically for de-orbit and landing, with manual override facilities. 
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X-38 over the Mojave Desert, July 10, 2001
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Figure 11 (from top left): the NASA Crew Return Vehicle (“X-38”), a flight test over the Mojave Desert for, landing in the Mojave. (Photo: NASA)

Although this might seem to be a reasonable precaution, there have been numerous cases of crew intervention in such circumstances, for example, the manual re-entry of Voskhod 2, the manual landing of Apollo 13, and the manual control of the shuttle during re-entry.
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Figure 12: The Apollo 13 crew, shortly after landing. (http://www.nasm.si.edu/collections/imagery/apollo/AS13/images/AS13_return.jpg)
Reaction times

During and after short duration shuttle flights, there is a degradation of pointing ability, although recovery was complete within hours of landing.  Clearly the ability to accurately identify and track a target can be significant in an emergency. A crew in an escape vehicle may be required to access and enter information from control panels and use touch screen displays. This degradation in the ability to do so thus has implications for spacecraft designers, to ensure the ability of the crew to use the vehicle equipment accurately. 

Muscle strength

The most marked loss of muscle occurs in the extensor antigravity group, reflecting a loss in muscle fibre volume. The implications of this deterioration are particularly important when crewmembers are required to be self-sufficient, as in an emergency descent to Earth or after landing in an exploration class mission. The current Soyuz return vehicle, for example, requires the ISS crew members to be able – if necessary -- to lift themselves vertically through hatch after landing, as occurred with the landing of the ISS Expedition Six crew. The crew’s decrements in strength would seriously impair this ability and could affect their survival, particularly in the event that one or more are ill or injured (as would be the case in a medical evacuation). 

Aerobic and anaerobic tolerance

From a practical level the most important changes in muscle strength and work tolerance, are in the slow extensors of the leg, back and neck which become fatigued due to atrophy. Strength activities, such as emergency egress or habitat construction, are where these changes may have their greatest detrimental operational effect, resulting in exhaustion and poor task performance. 

Typical human responses during prolonged confinement and isolation 

Spaceflight by its very nature places psychological stress on crew members. Problems may arise due to the confinement, changes to the circadian rhythms, sleep disturbance, group interaction, and (increasingly) cultural and language difficulties. All of these in turn have a significant effect on collective and individual well-being and the level of crew performance. Indeed the success of a long-duration mission and the well-being of the crew may depend almost entirely on psychosocial factors. It has been said that the greatest challenge facing interplanetary travel lasting several years is the psychological stress on the crew.
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Figure 13: Although exploration mission crews will not be alone, as was Robinson Crusoe, the isolation they experience may well be similar to that of Defoe’s protagonist. (N.C. Wyeth’s illustration, available at http://www.deadmentellnotales.com/onlinetexts/robinson/beach.shtml)
Psychological reactions

NASA has specifically identified 14 individual behavioural issues, which are thought to have a direct bearing on productivity and habitability during routine operations onboard a permanently manned space station. These are:

sleep

clothing

exercise

medical support

personal hygiene

food preparation

group interaction

habitat aesthetics

outside communications

recreational opportunities

privacy and personal space

water disposal and management

on board training, simulation, and task preparation

behavioral and psychological requirements associated with microgravity
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Figure 14: Personal hygiene and privacy play critical psychological roles on long duration missions. At top, ISS Expedition Three Commander Frank Culbertson gets a haircut, compliments of crewmate Mikhail Tyurin, while the bottom picture shows Nikolai Budarin, Expedition Six flight engineer, using a computer in his sleep station in the Zvezda Service Module.  (http://spaceflight.nasa.gov/gallery/index.html)

External sources of stress during space missions include the limited ability to contact family and friends, real or imagined unpleasant events at home, supply shortages, a sense of “interference” from ground personnel, and feelings of rejection resulting from delays in relief. Internal sources of stress may include the lack of privacy, forced social interaction, boredom, sexual and emotional deprivation, and the perceived absence of status and role definition. 
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Figure 15: ISS Expedition One Flight Engineer Sergei Krikalev in a solitary moment aboard the ISS. (http://spaceflight.nasa.gov/gallery/index.html)

This isolation, in addition to living in close confinement in a “technologically dominant” environment, places considerable stress on crewmembers and could lead to psychological deterioration. Studies to date, however, do not support the notion that isolation and confinement routinely result in severe psychiatric disturbances, although mild psychiatric symptoms have been reported, including a number of incidents involving depression and anxiety, along with increased defensiveness and/or belligerence. It has also been suggested that prolonged isolation and confinement impairs crewmembers’ ability to get along with one another, with social irritability reported among polar expeditioners, submariners and space-simulator subjects (such as those in underwater or other closed environment habitats). 

The main psychological effects on space travelers can be summarized as:
A) Impaired intellectual functioning: There is evidence that isolation and confinement lead to impaired intellectual functioning, including decreases in alertness, concentration, and memory. This may lead to cognitive impairment of sufficient magnitude to prevent satisfactorily coping with emergency situations.

B) Motivational decline: Many studies suggest that prolonged isolation and confinement can result in a loss of motivation, particularly with creative activities such as writing. Polar expeditions have shown a general decline in work satisfaction and group accomplishment, with fatigue, inertia, and general apathy occurring, particularly as the mission wears on. High motivation shown by submariners during the first few days of a cruise has been shown to dissipate as the cruise progresses.
C) Somatic complaints: Psychosomatic symptoms including insomnia, headaches, sleep disturbance, digestive problems, toothache, and fears of acute surgical emergencies have occurred both in space and analog environments such as polar crews, navy vessels, etc. One submarine report stated that on an average day 25% of the crew experienced headache symptoms, and no other cause could be found to account for the symptoms. Anecdotal reports from Russian long duration space crews have shown a concern (bordering on obsession) with their physical well-being at various phases of a mission. In general, sick calls increase over time in confined environments, with the highest incidence occurring during the third quarter of an expedition. 

D) Morale: Substantial evidence suggests that whether the mission lasts days, weeks, or months, morale reaches a low ebb somewhere around the one-half to two-thirds mark. 

The consequences of psychological dysfunction, as distinct from psychiatric illness, has resulted in the early abandonment of at least one Salyut mission, when Cosmonaut Vladimir Vasyutin began showing signs of severe stress and depression after 2 months in space, and was hospitalized on his return. 


Figure 16: Cosmonaut Vladimir Vasyutin (1952-2002) required early evacuation from the Salyut 7 space station. (http://www.spacefacts.de/bios/cosmonauts/english/vasyutin_vladimir.htm)

In another example, chronic high stress among the crew may have contributed to the 1997 collision between Mir and a resupply vehicle during a docking maneuver.
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Figure 17: A graphic explains the damage caused in the 1997 collision between the Mir station and a supply ship. (http://www.cnn.com/TECH/9707/mir/repair/mir.collision.lg.jpg)
Continual risks

Perhaps the defining characteristic of aerospace medicine is the hostile environment in which flight crews exist. Rather than dealing with unhealthy individuals (or populations) in the benign environment of Earth as their colleagues do, the flight surgeon struggles to keep her crew members well and at their peak performance, despite the inimical environment around them.  At any moment, the dangers of that environment can manifest, as ebullism, hypoxia, or even a tainted water supply. This naturally leads to chronic feelings of stress and anxiety, which can impact performance. The flight surgeon must help crew members adapt to the environment and avoid obsessing about its very real dangers, while simultaneously avoiding complacency or becoming unmindful of the hazards. 

Limited resources

As anyone who has ever gone on a long camping trip can understand, limited resources can lead to high levels of stress and decreased performance.  Just the risk of scarce resources can trigger anxiety and panic (as witnessed by the frantic buying of batteries and bottled water before a hurricane), and if the fears become realities, group dynamics can break down. Both spaceflight and terrestrial analogs have witnessed numerous conflicts over favorite foods or when, for example, a scarcity of water has limited desired activities (such as laundry or hygiene).

Lack of privacy

Privacy (or the lack of it) is a feature not only of space exploration, but also of other stressful environments such as submarines. Although there is little evidence of a detrimental effect on performance where missions last mere days, such as the Shuttle, privacy becomes an issue in longer duration missions. The approach in the ISS has been to provide crewmembers with personal sleeping area, which they can personalize to their own tastes with photographs and other mementos. The size of the ISS also enables crewmembers to “escape” from one another for short periods of time. The importance of this is evident to anyone who has spent a period of time living in close quarters with friends or family with no private space. This will become an even greater issue in interplanetary travel, where the vehicle may not have the room needed to give each crewmember the privacy they would like. 
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Figure 18: Cosmonaut Vladimir Dezhurov, Expedition Three flight engineer, looks out from his sleep station in the ISS lab module.
Isolation from family and social networks

The isolation of space can lead to sleep disturbances, headaches, irritability, anxiety, depression, boredom, restlessness, and anger, all of which can negatively impact motivation and performance. Homesickness and loneliness are not uncommon experiences with long duration crews and can be exacerbated by the multicultural make up of ISS (and likely exploration mission) crews, where language barriers and resultant communication difficulties may exist. In addition, there is some indication that perceptual sensitivities become altered with time which can present problems with the relationship both within crews and with ground control. This has resulted in several instances of a “them versus us” situation developing, most notably during Skylab1 when the crew “mutinied” and insisted on taking time off as they believed ground control was pushing them too hard.
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Figure 19: Feelings of isolation can be detrimental to performance in polar environments, where crews are cut off for several months. 

Monotony and boredom

Monotony can occur when tasks require little cognitive processing or attention, are highly repetitious, are not complex, and/or have been extensively over-learned. Under these conditions, performance may be as poor as with task saturation/overloading, but the nature of performance degradation is fundamentally different.  When the operator is overloaded, action is confused, and judgements or graded responses tend to be undifferentiated. In contrast, when the operator is under-loaded, attention tends to drift, signals are missed, and performance is lethargic. This represents a serious threat to the integrity and safety of a crew, due to the nature of system monitoring and interpretation of warning signals.  Countermeasures to this situation have proved difficult to develop in both ground and flight operations, though suggestions include the use of intelligent computer controlled monitoring systems. Most significantly, temporal and spatial disorientation, likened to the ‘break-off’ phenomenon reported by jet pilots flying under monotonous high-altitude conditions
, may occur.
On the other hand, sensory overload has also occurred during missions through the excitement and uniqueness of the environment, the volume of work, and the disruption of circadian cycles.  This is the case particularly during short duration missions or on the first few days of a flight. 
Circadian patterns and sleep disturbances

Many functions of the human body (including temperature, metabolic rate, and endocrine output among others) are regulated on a near 24-hr basis. Disruption of the normal circadian rhythms, known as “desynchronosis”, can affect all of these. Changes in light-dark cycles, sleep/wake periodicity, or eating times can result in physical symptoms, including insomnia, anorexia, malaise, and nervousness, thereby degrading performance. Unfortunately, all of these triggers are easily altered in the highly artificial spacecraft environment, when (in low earth orbit) the sun rises and sets every 45 minutes, there are frequent sleep shifting requirements to match up with visiting Shuttle and Soyuz crews, and eating times may easily slip to accommodate a time-sensitive task.

As a result, methods of retraining rhythms to the most advantageous sleep-wake cycles are important. Some of these methods include use of lighting, social cues, and leisure activities. For example, artificial lighting and social cues revolving around daily meals, work-rest schedules, and evening leisure activities, serve as a strong cue to periodicity and are important for regulating work related performance. Perhaps the most significant diurnal cue is the day/night cycle. In space, this cue is at best lacking, and at worst it can introduce distortions by driving rhythms in potentially harmful ways due to the periodicity of the ISS and Shuttle where a sunset is experienced every 45 minutes. Past ISS commanders (and to a lesser extent Shuttle commanders as well) have frequently required group meals in an effort to maintain stable circadian patterns.
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Figure 20: The ISS Expedition Two crew (from left: Helms, Usachev, Voss) share a meal during their mission. (http://spaceflight.nasa.gov/gallery/search.cgi)

Sleep disruption is known to affect a crew’s performance, however there is little data to help identify the best schedule for work/rest/ sleep patterns.  Numerous factors make sleep difficult in space, including the high noise and vibration levels, general tension during the mission, staggered sleep schedules, and inadequate sleeping areas. While stable scheduling is felt to maintain maximum performance, productivity and alertness, it is unclear what the best schedule might be, particularly in the absence of normal circadian (sunrise/sunset) cues. In space, disruption of the normal rhythm has resulted in absence of stage IV sleep, a sizable reduction in stage III and REM sleep, and resulting disturbed daily work activities These effects are often seen as being due to either a consequence of staggered sleep schedules or displacement of sleep periods by ground control activities. 

Through the Apollo 9 mission, it was common practice to employ staggered sleep schedules for crewmembers. Even during later flights when crewmembers slept simultaneously, hectic schedules required displacement of the sleep phase by several hours, leading to complaints of fatigue and sleep problems. Current Shuttle activities require that crews undergo a sleep shifting pattern several days prior to launch, to adjust their own circadian rhythms to match the mission profiles, while flight rules limit daily activity to 18 hrs. 

The subjective reports that are associated with sleep disturbances indicate that during flight, persons are physically uncomfortable, withdrawn, easily annoyed, preoccupied with vague physical complaints, and have varying degrees of depression, when compared with their moods and behaviors pre-flight. Findings of quantitative and qualitative sleep loss in other isolated and confined conditions suggest that it is important to determine how sleep may be affected in the confined, isolated quarters of space. It is worth mentioning that the ISS habitation module, arguably the most important component of the ISS with respect to crewmember performance, has been dropped from the platform design.




Figure 21: The Habitation Module as originally planned; see also http://www.wordiq.com/definition/Habitation_Module (photo from http://www.exn.ca/ISS/index.cfm?URL=http://www.exn.ca/ISS/FindingTheBalance.cfm)

Interestingly, the most marked changes in sleep have occurred not in flight but upon return to Earth, with alterations more of quality than quantity. This suggests that re-adaptation to a 1 G environment may be more disruptive to sleep than adaptation to a 0 G environment. The implications for expedition class missions are that this will place additional stress on a crew that is already combating the effects of re-adapting to gravity, and accommodating to the vestibular disturbances that occur after landing.

Performance and decision making can also be affected indirectly, since there are strong relations among mood, attitude, motivation, and performance efficiency. Even relatively minor sleep loss, when accumulated over several evenings, can adversely affect performance in a manner similar to acute sleep loss on a single night.  Judgment and insight can also be affected, increasing the hazard as the crew member may not realize how impaired they actually are.

One final issue regarding the relationship between sleep and performance entails the ability of subjects to function optimally immediately upon awakening. During some of the past space missions, events have occurred that required the crew to arise from sleep and respond immediately. On the first Shuttle flight, for example, an alarm suddenly awakened Bob Crippen in the pilot’s seat, requiring the activation of a switch. 
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Figure 22: STS-1 crew John Young (left) and Bob Crippen. (http://science.ksc.nasa.gov/shuttle/missions/sts-1/sts-1-crew.gif)

Studies on performance immediately after sudden awakening indicate that subjects usually require not less than 7 min after being awakened to achieve normal efficiency in performing the task. In the event of an urgent and unplanned evacuation from the ISS, this is a significant and potentially dangerous delay. There are clear ramifications of incorrect actions including switch throws. Therefore as sleep disturbances pose a significant hazard to space crews, efforts must be made to minimize such disturbances, to ensure that wake-sleep cycles do not adversely affect sleep, and to design caution and warning systems that can guide crew members through trouble shooting steps when they might be functioning below par.

Workload issues

Workload is a challenging task; activity levels have to be delicately balanced between too much (stress of overwork) and too little (frustration of boredom, time to brood, etc), with the most complex tasks being assigned early in a given work period wherever possible in order to minimize mistakes. In this respect the differences between Russian and US/European procedures are marked. US Shuttle activity is planned by ground personnel in great detail, to maximize the time in orbit. Russian practice involves more flexible schedules, with greater crew discretion, and regular low activity, including relaxation time. These differences may reflect the longer duration flight times of most of the Russian missions, as much as cultural differences. Even US crew members on long duration missions can and have been given greater flexibility in determining their own work schedules. Even so, both American and Russian space crews have repeatedly asked to have additional options in the day-to-day organization of their work and leisure schedules - options allowing them more control over the effectiveness of their work. American crews have argued that rigidly structured schedules can result in experiments not being conducted as carefully as desired, although to date this has not been an issue in the Shuttle Program, where short missions and a tight schedule mean that not a moment can be wasted.
The RSA operated Mir on a 5 day week/8hr day with planned time off. A failure to do this in Skylab resulted in a near revolt when after 3 weeks the crew of Skylab 4 refused to work any further without a day off. With the short STS missions, NASA has tried to cram in the maximum amount of activity through a tightly planned schedule. Anecdotal reports show that time overruns are common, with the crews having to work an extra 4 hours/day just to keep up. The ISS has tried to maintain a Mir-like 5 day work week with weekends off to relax, exercise, and complete optional experiments. It seems clear that a high work/rest ratio is not likely to be practical for long-duration missions. 

A tired crew is not only more likely to have a reduced level of performance but will also make more mistakes, thereby decreasing safety margins both prior to and during emergency activity. Prolonged periods of high workload may result in narrowed attention, increased tension and fatigue, and reduced flexibility and completeness of information processing tasks. However it is of interest that, during periods of very low activity, Soviet crews were often deliberately kept reasonably busy to avoid the problems of underload, such as loss of attention, missed signals, and loss of motivation. 
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Figure 23: Astronaut Terrence W. Wilcutt (left) and cosmonaut Yuri I. Malenchenko look over what is basically an agenda for several busy days ahead for readying the International Space Station (ISS) for its first inhabitants.  Crew members typically have very heavily scheduled days. (http://spaceflight.nasa.gov/gallery/index.html)

In structuring the work regime for a crew, the goal is to maintain an optimal workload so that fatigue does not occur. In the event that the reserve capacities of the crew are depleted because of either overloading during emergencies (e.g. continuous performance of highly complex tasks) or underloading during mission cruise phases (when few task demands are placed on the operator), we can anticipate that fatigue may be a problem, resulting in slow performance and irregular or disordered performance.

Machine-dominated environment

The study of Human-Machine Systems, where humans control their environment through a technical system, is directly related to the space mission. Human-machine interface systems are found in many areas of life, ranging from manual control of tools, machines or vehicles, to supervisory control of complex industrial, medical or transportation systems. During emergencies on the ISS, for example, the crewmembers base their actions on information provided by the caution and warning system. They also control aspects of the vehicle operations remotely via computer interfaces, including the ISS manipulator arm, where the crewmember relies entirely on the computer display system.  The design of such systems is a key component for future vehicles, where the goal must be to maximize automation while maintaining the crewmember as the central figure in the decision loop. 

As a result, good interfaces become critical in the space environment, because human lives wholly depend on the proper function of these systems and controls. The challenge of designing good interfaces is heightened by anticipating conditions under which human-technology interaction will be strained, such as during emergency situations or when the user is chronically stressed by long duration space travel.

However there are other performance aspects, including the stress placed on individuals living 24/7 in a machine dominated environment, as seen in space and analogue environments. Crewmembers breathe filtered air and drink filtered water; all necessary food and personal supplies must be brought on board the ship, with a limited supply of fresh food. In addition, communication with the outside world is limited and, in the case of a Mars mission, significantly delayed, resulting in only sporadic and asynchronous contact with loved ones and friends back home. The crew must depend on machines for their safety and lives, with the threat of death imminent should those machines fail. All of this naturally adds to the stress of life in an isolated, confined environment.
Analog environments

To effectively prepare for long duration space travel it is essential that all practical means be used to anticipate and address problems before they occur. It is in this context that analog situations are carefully studied, including Antarctic bases, nuclear submarines, undersea stations (such as the NEEMO facility off the Florida coast), as well as previous space missions. Subjective reports of crews stationed in the polar regions, for example, frequently include complaints that long wintering-over periods affect memory and concentration, with markedly low involvement in intellectual activities. 
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Figure 24: The NASA Extreme Environment Mission Operations (NEEMO) -7 crew and habitat technicians Billy Cooksey and James Talacek (right) pose for a group photo along with a remotely operated rover at the galley table in the National Oceanic and Atmospheric Administration’s (NOAA) Aquarius Underwater Laboratory, located off the coast of Key Largo, Florida. From the left are astronaut/aquanauts Catherine G. (Cady) Coleman and Michael R. Barratt, both mission specialists; Dr. Craig McKinley of the Centre for Minimal Access Surgery at St. Joseph’s Healthcare Hamilton, Ontario; and astronaut/aquanaut Robert B. Thirsk, commander representing the Canadian Space Agency. (http://spaceflight.nasa.gov/shuttle/support/training/neemo/neemo7/)
Experience with these situations reveals a variety of problems that erode the abilities of crews to maintain optimum performance over extended periods of time. Familiar manifestations include irritability, crew/ground conflict, depression and significantly reduced alertness and performance degradation. It is likely therefore that this degree of performance attenuation will occur among crews in a interplanetary mission, perhaps owing to universal decrements in morale and motivation rather than to any cognitive or psychomotor deterioration unique to space flight. 

Crew selection/compatibility issues 

Current NASA selection procedures consist of standardized psychological testing and a psychiatric interview constructed to allow the interviewer to identify any significant psychiatric disorders. NASA has chosen a “select-out” policy which eliminates those individuals thought to present a potential risk. After initial astronaut selection, little emphasis has been placed on selecting crews based upon psychological aspects, interpersonal dynamics, or performance predictions. Conversely, for Antarctic missions, the US Navy has screened “in” participants since the late 1950’s.

However, undersea and Antarctic research has led to the interesting conclusion that those who succeed in training may not succeed in “real” events. While screening has been successful at “selecting out” , it has been less successful at “selecting in” those considered suited to such missions, with extroverts performing less well than more inner-directed types. For example, one scientist with prior Antarctic experience who was selected for a repeat mission experienced such significant emotional problems that he had to be evacuated. This clearly may have significant consequences for a long duration exploration class mission where a crew is together for up to three years, and evacuation is impossible. “Select in” criteria needs to consider the environment the crewmembers are entering as well as the characteristics of the individual and the group.

The importance placed on the psychological aspect of crew health and well-being has in the past received more emphasis in the RSA, in part because NASA was (until the ISS program) almost exclusively focused on short (<30 day) duration flights. The RSA has taken care to maintain the psychological well-being of its crews and has tried to pair up complementary individuals during crew selection and mission assignment phases

Crew size

The number of personnel in a crew can be crucial to the decision making process and hierarchy that develops in an isolated and confined environment. Kanas determined that a crew of 11 was ideal to prevent deadlock and to encourage the crew to “follow the leader”, although Johnson argued that the ideal size to prevent subgroup formation was 5 plus up to 2 others. With the ISS, the current complement has been reduced to two after the loss of Columbia and the suspension of Shuttle flights. This is largely due to the limited re-supply capacity of the Russian Progress vehicle. With the return to flight of the Shuttle and the first flights of the ESA ATV and JAXA HTV, this problem will hopefully be resolved and a return to a crew of three will be seen.
 The reality is that mission crew size, whether for the ISS or an interplanetary trip, will be determined by a variety of factors largely driven by engineering requirements and politics.

Gender, age, and marital status mix 

Antarctica has also provided insight into the presence of mixed gender crews. Women have been shown to have a positive effect on their male colleagues, “normalizing” their existence and acting as a calming influence. However, cultural differences regarding gender roles can also lead to friction and potential problems in emergency situations if the male personnel fail to make full use of female crew members’ skills and training and instead divert their resources out of a misguided desire to be protective. 

On both the Shuttle and the ISS, female crewmembers have become more common, including one Shuttle commander. There is little evidence that this has led to any detriment in the crews’ performance, and the contrary is more evident. With an interplanetary mission it is likely that the crew will comprise both male and female crewmembers. In the context of a potential 3 year mission there will inevitably be a sexual dynamic to the relationships over time. Although some have proposed staffing a crew for Mars with married couples, to avoid some of the potentially disruptive bonding and break ups that might otherwise occur, there is no data to suggest that this form of staffing would improve long term performance.



Figure 25: USAF Colonel Eileen Collins was the first female Shuttle Commander. (http://www.jsc.nasa.gov/Bios/htmlbios/collins.html)
Cultural, religious, and national backgrounds

A survey of NASA, CSA, ESA and NASDA personnel identified 13 key multicultural factors:-  

language

non-verbal communication styles

task and relationship orientated behavior

patience and tolerance

assertiveness

decision making process

interpersonal interests

respect for other cultures

hygiene & cleanliness

gender roles and stereotypes

conflict management and resolution

trust

scheduling

sense of humor

Antarctic studies throughout the 1970’s focused on the interaction of the military and civilian personnel. There appear to be significant differences between military and civilian personnel, namely that civilian scientists suffered less from boredom than did military pilots. The military suffered more insomnia, depression and hostility, while the civilians experienced more anxiety.

Relationship between crews and ground control has been problematic during previous long duration space missions.  Russian experience has indicated an “us versus them” mentality has developed on occasion between the ground control and space crews. Similar problems occurred in US experience during Skylab 4 and Apollo 13 missions. During the latter (in a scene made memorable in the Ron Howard film), crewmembers refused to wear telemetry electrodes despite ground requests that they do so. 

Native language

The official language of the ISS is English – which is a second language for many of its crew members. Current crew rotations may involve Russian and US crewmembers for long stay missions, with shorter visits from the European Space Agency (ESA) and Japanese Space Agency (JAXA) astronauts. While English is the common operational language, the US crew assigned to the ISS have all learned Russian, though their fluency has varied. In this context it is interesting to note that Ruffell-Smith’s study of flight crews in a 747 simulator found that, during emergencies, most crew related errors resulted from communication breakdown, not technical incompetence. 
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Figure 26: Crew resource management skills from flight simulators can be applied to space missions as well as terrestrial flights. (http://www.hyway.com.au/747/LatestPictures/sim.jpg)

Personality, character, and personal habits

Good leadership, reflecting effective command and control allied with an understanding of the emotional needs of his or her crew, is a prerequisite for a safe and high level of performance. Antarctic studies indicate that leaders who are held in high esteem are those who operate democratically and are person oriented, having the ability to tolerate intimacy and levelling of status without losing authority and the respect of the group. In contrast, submarine research has confirmed that authoritarian military-style leadership is highly effective during emergencies, although under normal circumstances a leadership style with a strong component of individual support is preferred. 

Studies of combat aircrew from WWII and the Korean War also emphasised the importance of the commander’s ability to assume power and control during an emergency. Conversely, in the aviation world, numerous accidents have resulted from the failure of subordinates to question their leader or to assume command when circumstances dictated that course of action. In flight simulation studies where captains feigned incapacitation, 25% of the flights ended in crashes because the co-pilot did not assume control. On the Apollo-Soyuz mission in 1975, a near fatal accident occurred during reentry because all three crew failed to set several critical switches. Two of the astronauts were long time veterans, while the third was Deke Slayton, an original Mercury astronaut and later Director of Flight Crew Operations. Slayton was on his first and only flight. It is possible that confusion over roles, status, leadership and Slayton’s role in the Astronaut Office, contributed to a communication breakdown. In most cockpit situations, it appears the crew do what they think will please the commander, regardless of what they think is correct, and most are not bold enough to contradict his decisions, even when they are aware the decision is incorrect. 
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Figure 27: Apollo-Soyuz crew, from left to right: Slayton, Brand, Stafford (http://www.colliermuseum.com/CollierMuseum/CollierMuseum/Exhibits/Past/apollo_gallery2.html)

Emotional stability under stress and life threatening situations

There has been a great deal of speculation and concern about the possible interpersonal problems that are likely to occur on an exploration class space mission Considerable anecdotal information exists about the friction, behavioral, and  psychological problems that have occurred on both US and Russian space missions, and indeed in the analog environments. 
A major difficulty with analyzing the effects of stress, is the definition of stress itself. In the context of this work it would seem reasonable to accept Selye’s view that it is the “non-specific response of the organism to any demand placed on it”, and to regard stress as something whose effects are measured by assessing performance with and without the stress. Therefore the stress response is effectively represented by task efficiency, i.e. the behavioral modification due to the psychological and physical stress applied. 

Stressors on the individual commonly result in depression and decreased performance, identified in some of the US astronauts who spent considerable periods of time aboard Mir in the late 1990’s.  Whether these stressors played a causal role in the Mir crash and the Mir fire, both in 1997, remains unclear; however, they were detrimental to the performance of the crew in the subsequent emergency procedures.
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Figure 28: A Mir crewmember wears an emergency oxygen mask after the Mir fire in 1997 (http://www.cnn.com/SPECIALS/2001/mir/overview.html)

An unexpected life threatening emergency can induce terror, accompanied by a lack of awareness and appreciation of circumstances, and errors in immediate action drills. These responses may be exacerbated by exhaustion, physical pain, heat, cold or injury, and other environmental hazards which are likely to be present in a malfunctioning space vehicle. Anecdotal reports from the astronaut and cosmonaut corps, which reflect military aircrews, indicate that they are aware of the dangers, but their immediate responses focus on their responsibility to correct what has gone wrong and to preserve the lives of colleagues. Therefore, while in the initial moments of danger, most individuals appear unable to act in an effective manner, healthy competent crew members rapidly (within seconds or minutes) adapt to the circumstances and take measures to ensure survival. Training for such a reaction is common with military aircrews, who routinely prepare for the worst. However as space crews become increasingly heterogeneous there may be increasing difficulties with crew performance in emergency situations.
Longer missions will mean increasing leisure time, and more unstructured activity, which may affect the cohesiveness of a crew, resulting in the formation of subgroups  with “scapegoating”. This has to be balanced with the need for privacy. 
Lieutenant General Beragovoi, who headed cosmonaut training in the 1980’s, reported that at about 30 days into a mission, hostility became evident within a space station crew, although the feelings were displaced to the earthbound ground crew. However, the prolonged Soviet Salyut/Mir missions of the 1980’s and more recent ISS experience, have shown that the maintenance of good communications and psycho-social support are effective in maintaining a high work capacity and a happy environment among the crews.  

Undersea research confirms that homogenous crews that share values and interests behave more cooperatively than heterogeneous crews, which has clear implications for the intended multi-national crews of the ISS and exploration missions. Studies of the Navy Tektite undersea crews clearly showed that performance and motivation leading to greater group cohesiveness came from the sense of adventure, the selective nature of the crew members, and mission objectives success.

Problem solving and interpersonal skills

An important capability of a crew is the ability to make appropriate decisions, particularly in unexpected and emergency situations. Individuals and, particularly, leaders may need to set goals and priorities, determine risk, recognize opportunities, and improvise where needed. Estimates vary but generally between 50 - 80% of all aviation accidents are thought to be due to human error, associated with a wide variety of conditions:

unfamiliarity with the task

time shortage

poor signal:noise ratio

poor human:system interface

designer - user mismatch

irreversibility of errors

information overload

negative transfer between tasks

misperception of risks

poor feedback from the system

inexperience of the crew/mismatch of crew and task

disturbed sleep

hostile environment

monotony and boredom

It also appears to be the case that while experienced crew can make small errors, they usually manage to avoid the large errors often made by the less experienced. Further, the specific factors which influence survival in an aircraft accident have been identified as:

configuration of the aircraft

procedural factors, including training and experience of the crew

environmental factors

behavioral attributes of the crew 

Relying on past experience or a kind of “it worked before” strategy has been called “pattern recognition” decision making. It is based less on finding the “best” solution to an emergency situation than relating the current situation to a previous experience and using that to obtain a workable and timely solution.

As yet we cannot define the “Right Stuff” for space crews, although ironically those with the accepted Hollywood attributes, i.e. fearless, technical, egotistical and individualistic, may more appropriately be considered the “Wrong Stuff”, at least from a team-based perspective. This may have considerable consequences for the behaviour and performance of crews in an emergency. In the past US program, there has been an emphasis on military pilots (particularly fighter pilots, many of whom are most experienced in single seater aircraft) familiar with a recognised command structure and frequent contingency drills or simulations (“sims”). 

However the ISS has a multi-cultural, multi-skilled, mixed gender, and mixed civilian/military crew, which makes the training and assessment of their actions in the event of a significant emergency more problematic. 
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Figure 29:Tom Cruise’s naval aviator character in “Top Gun” was a stereotype of the “cowboy” fighter jock. These personality types may be poorly suited for long duration space missions. (http://www.allposters.com/IMAGES/PEPH/TC1B8.jpg)
In the 1970’s NASA researchers began to notice a pattern in air accidents which indicated that many of them had little to do with flying skills as such but were more related to poor group decision making, ineffective communications, and inadequate leadership. Fatal accidents such as the crash of a Lockheed Tristar in Florida occurred because the entire crew were so preoccupied that no one was actually flying the plane, and no one on the flight deck noticed its slow descent into the ground.  Crew Resource Management (CRM) programs were initiated in part out of an attempt to improve these dismal statistics.
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Figure 30: One of several books on CRM for aviators. (http://www.afeonline.com/afeshop/media/Crew_Resoucre_Management.jpg)
Mission preparation and countermeasures

Countermeasures for performance degradation include procedures and guidelines for mission planners, training protocols, mission requirements, and astronaut selection, training and support.  NASA training is targeted at an increasingly broad audience: crew members, managers, mission control, and families. This new emphasis centers on coping with confinement, team dynamics, leadership, and cross cultural issues in multicultural crews. The aim of pre-flight planning in the US is to take an individual approach to the needs of the crew in order to minimize the negative effects of psychosocial issues on crew performance. A concomitant goal is to enable ground-based managers to make decisions on events that have a significant impact on crew members without alienating those crews. A significant component of the maintenance of performance in the space environment comes in the planning and preparation stages of the mission addressing such issues as.

psychological/psychiatric pre-screening

group training for crews prior to flight

pre-flight counseling for crew members and families

psychosocial support in-flight to crews and families

in-flight stress management techniques

24 hour on-call psychiatric support

Latent acts (i.e. actions that may have taken place in the years prior to a mission) may also lead to an emergency developing and an accident occurring, as a result of weakness in the system including 

equipment design

operating procedures

maintenance faults

communication breakdown

organizational problems

training deficiencies

Examples of this are the Apollo 13 oxygen tank design and NASA’s complacent attitude to the recurrent foam strikes from Shuttle fuel tank insulation, one of which resulted in the loss of Columbia.
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Figure 31: The damaged Apollo 13 oxygen tank is visible on the right side (http://www.masaakix.interlink.or.jp/apollo/d_apollo/apollo-13/_image/ap13-tank2.jpg)
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Figure 32: The lower panel shows the foam strike on the Columbia orbiter’s wing. This impact caused damage that led to the loss of the vehicle days later. (http://www.origo.hu/i/0305/20030516columbiav.jpg)

Professional and technical skill set mix

To date there has been little systematic collection of psychological and performance data that points to the specific technical and skill mix needed for crews to fulfil their function. It would seem that crews who work best together have members characterized by both high task orientation and effective interpersonal skills. In the context of performance in emergencies, crew selection appears to be directly relevant, both in terms of identifying the roles needed by that crew and those individuals best thought to succeed in those roles. 

Crew tension has been reported in analog environments and in space itself. Crew members are diverse in terms of race, background, culture, motivation, age, and gender. Personality conflicts may emerge, particularly where individuals are changed immediately before or during flight (the Russians often used partial rotation of crews, with some members being replaced before others), therefore consideration needs to be given to the optimum composition of the crew to enhance interaction and prevent incompatibility.

After interviews with space veterans, Douglas et al recommended that mission crew selection should include some peer review and input, and he emphasized the need for pre-launch group activities, psychological support, and group dynamics training.

Human factors considerations for space habitat design 

To support habitability and performance in space, careful design of cabin configuration and layout, incorporation of functional aesthetics principles, and optimization of physical interfaces are required. Changes in human physiology in microgravity, including adoption of  a fetal-like resting posture, affect the reach and position of the arms, and thus movement within the vehicle. 
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Figure 33: Anthropometric diagrams of comfortable ergometric design (from Dr. KT Smart)

In this context the ability to move around, particularly in situations of imminent danger and possibly with disabled crew members, requires that attention be given to the safety aspects of habitability. In the early days of spaceflight, there was less attention given to these details and there was a higher expectation that the humans would adapt to fit the system, rather than the other way around. With the advent of routine long duration missions, though it is becoming increasingly important to fit the environment to the human operator. 

There are specific aspects of the physical environment –several of which have been discussed earlier - that may affect performance levels  including:

temperature

acoustics and noise and vibration

lighting

volume and access 

atmosphere 

It is important to consider all these aspects of environmental stress and their interactions. In addition, several habitability related problems have a significant specific impact on performance and safety, such as crowding with excess equipment, poor access, and housekeeping tasks that are repetitive and  time consuming. This latter is particularly onerous, as the lack of meaningful work appears to be particularly frustrating to high-achieving, ambitious, and motivated personalities – such as space travelers tend to be. 
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Figure 34: Two members of the Expedition Five crew in the US lab module, demonstrating how crowded the environment can rapidly become. (http://spaceflight.nasa.gov/home/index.html)

Optimal habitability also promotes safety, either directly by foreseeing effective emergency escape routes and minimizing internal physical hazards, or indirectly by reducing human errors that result from degraded living and working conditions, by the efficient, harmonious use of finite space, and by automation where appropriate and possible. The aim is to improve the human – system interface, with respect to:

human-physical interfaces, such as workstations, robotics, displays, controls,

human-computer interface

the general physical working environment

The difficulty is in combining these elements into a cohesive approach. A 1985 NASA study on space station productivity identified human factors
 and habitability of both living and working space as critical to productivity and performance 

Anthropometric and biodynamic considerations (height, weight, body mass, body surface area, posture, axes of movement, strength, etc.)

As described above, current and future spacecraft are designed to accommodate everyone from the 5th percentile Asian female to the 95th percentile Caucasian male.  This requires a certain amount of adjustability of interiors, such as an instrument console, landing couch, spacesuit, or hand tool that will fit the former, but  will not be inappropriate for the latter, and vice versa. 

The design difficulty is further compounded by the unique and often unforeseen effects of microgravity itself. For example, in Skylab seats were initially designed into some of the large consoles, even though clearly in a microgravity environment this is unnecessary.  In the ISS, following the experience of Skylab and the Russian Salyut series, much more use of foot restraints has been made. Again this presents its own problems. On earth the soles of our feet take the brunt of the work, whereas in space it is the dorsum of the foot that does, leading to chronic soft tissue injury. Another example of differences in design is that on earth gravity holds objects down, whereas in space, pictures show a multiplicity of free floating objects, such as spaghetti-like cables which can interfere with translation along a route or the day to day operation of the vehicle. Designers must take this into account, employing tie-downs or other restraint methods. 
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Figure 35: Astronaut Peggy Whitson uses foot restraints to hold herself in position while performing an ultrasound exam. (http://spaceflight.nasa.gov/home/index.html)

The use of space and volume presents both problems and solutions. Accommodations must be made for individuals to sit alongside each other at a terrestrial console, whereas  crewmembers in space can adopt any position, walls and floors having little meaning. However in space, volume is at a premium and storage space soon fills up. 

Architectural considerations (usable interior space, volume requirements, layout/configuration, appearance, ease of maintenance, flexible use of space, orientation and labeling of internal structures, illumination, traffic flow, restraints, etc.)

One of the major gross physiological changes that occurs in space is the adoption of the microgravity neutral body posture. This has to be taken into consideration and considered a fundamental part of the design process of all hardware interfaces. Implications are almost self evident, from the position and angle of displays and workstations, to the placement of hand and footholds, the size and position of passageways, and the dynamics of human movement. Therefore a fundamental consideration of the ISS was the need to incorporate anthropometry into the design, to accommodate crew sexes ranging from the 5th percentile Asian female to the 95th percentile Caucasian male. Daily activities of crew members within the ISS involve extensive use of hand to eye co-ordination, therefore consideration was also given to the range of arm reach.
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Figure 36: Microgravity neutral body position. Foot restraints are usually more popular than the hand grip pictured, as they free up both hands for work activities. (from Churchill, Fundamentals, p232)
The dynamics of crew movement require the installation of grips and restraints to aid propulsion and hinder unwanted movement. Particular care is needed to avoid sharp edges which can cut and protrusion of switches to avoid accidental activation. It is also important to plan traffic paths for both crew members and equipment, with clear access in particular to the escape modules. Soon after the ISS began operating, it became evident that there were insufficient hand-holds, requiring manufacture and manifesting of additional units. 

A major difficulty is the use and storage of equipment. On board the ISS, there are a variety of storage systems depending on the module’s country of origin as well as the equipment to be stored therein.  The US modules are fitted with packages that can be slipped in and out from their wall mountings, while the Russian modules are based on older Salyut and Mir designs.  Russian Service Module, has the greatest diameter of the ISS modules, however, the internal fittings are more fixed and less adaptable in configuration than their US counterparts.  Storage space and ease of stowage are critical considerations, because placement of equipment can present a life threatening hazard by blocking access to escape routes. During the 1997 Mir fire, crew members reported that fire control measures and emergency evacuation preparation were hampered because hatchways were blocked by ventilation tubes and electrical cables.

Maintaining clear passageways is likely to remain a major difficulty, however, as space will always be at a premium. As with Mir, it is likely that the storage problems and general clutter on the ISS will accumulate over the years of operations, causing it to resemble less and less the simulator facilities on the ground. Indeed NASA has a continually operating configuration group, tasked with determining how best to use the space available. The accumulation of trash is not only a translation path issue but also a health hazard. Imagine trying to live in your 1500 sq ft home for six months while having to contain all the trash you generate during that time in your living room.
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Figure 37: A rendition of an extremely neat (and therefore unrealistic) planned ESA Columbus module. (http://www.esa.int/esaCP/index.html)

Translation path requirements reflect the consequences of an ISS that is built from modules supplied by different space agencies. A recent review of the translation requirement carried out by the NASA Habitability branch revealed a catalogue of inherited requirements and definitions from a variety of programs that created a very high degree of ambiguity and uncertainty for designers. The difficulty for the program is therefore how to interpret conflicting requirements and to implement processes to maintain productivity and performance against a backdrop of vehicle components that were never designed to work together.

Crew accommodations design (size, galley, food system, wardroom, sleep quarters, personal hygiene and toilet, clothing, health care facility, social area, exercise system)

The provision of crew accommodations becomes increasingly important as the duration of a mission increases. In Shuttle operations, there is little or no privacy and crewmembers sleep, eat, and work in the same space. This “camping out” approach, although adequate for short missions, is unsuitable for longer duration flights. This was recognized early in space station operations in both Russia and the U.S. The Salyut and Mir stations provided a small private area for each crewmember as did Skylab. Interestingly, in the early phases of the ISS only 2 stations were provided for 3 crewmembers, with the most junior crewmember sleeping in the Russian FGB module. As the ISS expanded and the planned habitation module was canceled, a “temporary” sleep station was added to the US lab module for the third crew member. The ability of a crewmember to have a private space in the vehicle provides a sanctuary from the technology of the environment and a place to “escape” to for solitude. 
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Figure 38: Frank Culbertson builds the temporary sleep station in the US Lab (http://spaceflight.nasa.gov/gallery/images/station/crew-6/hires/iss006e45283.jpg)

Even in the ISS, though, crewmembers still wash, eat, and work in the same space. It is akin to living in an RV that you cannot leave for months at a time. The same space will inevitably be used for multiple functions, requiring timelines to take into account set-up, tear-down, and clean-up sessions. This could cause problems if a temporary function is required for an extended period, as for example in an exploration class mission where a galley/social area/sick bay space might have to remain the sick bay in the event of crew illness. Indeed areas of a vehicle might be rendered uninhabitable, as occurred on Mir due to the fire, and as in the early days of the ISS when Node 1 was unavailable for continual use due to power shortages.  Such events could interfere with crew accommodations and performance. 

Design of work stations, storage facilities, housekeeping and trash disposal systems

Work station design is addressed by NASA in specific control documents such as the “NASA SDT 3000 MSIS document rev B”. They have been written incorporating lessons learned during Skylab and Shuttle operations. This document – which is available as a government publication- is the main source for designers in the space arena. All components built for use on the ISS must either comply with these requirements or be granted a waiver. For example, the computer interfaces discussed are based on 1980’s technology which is no longer appropriate, therefore NASA and its international partners have a group which interprets the MSIS requirements in the context of 21st century technology.

Displays and Controls

This equipment is the means by which pilots and other crewmembers gather information concerning the status of their vehicle. Presenting data and communicating are not synonymous. There have been an unfortunate number of systems which overwhelmed the user with so much data that little of value was communicated. In this way, performance can actually be diminished when additional information is provided. 

Vehicles such as Apollo made use of 1960’s clockwork style cockpit displays, while the early cockpit of the Shuttle used three monochrome displays. The current updated cockpit makes use of nine flat panels in the Multifunction Electronic Display Subsystem (MEDS), offering graphical views of key flight indicators. 
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Figure 39: This "fish-eye" view illustrates NASA's Multifunction Electronic Display Subsystem (MEDS), otherwise known as "glass cockpit." It represents a number of important modifications that have been accomplished on the Orbiter's flight deck. (http://spaceflight.nasa.gov/gallery/images/shuttle/sts-101/html/s99_01416.html)
While superficially providing greater clarity, such displays may also result in information overload, leaving crewmembers with the sensation of being “out of the loop”. The inherent dangers become apparent when one considers that the Boeing 747-400, for example, has 455 cockpit warning systems. This can all easily lead to information saturation and is a result of designers overloading their individual part of the system with visual information. This is where experience of the crew comes into play, as an experienced pilot will automatically sift through the information and the displays, focusing on what he or she knows is needed to fulfill a particular function or, more often, actually disable certain displays and alarms.  Obviously, in an ideal setting, the system would be  designed so that only useful information is displayed, and the pilot would not be forced to disable parts of the system in order to use it!

Military aircraft are not immune to this either; the Harrier GR9 has three central CRT displays and a heads up display (HUD), as well as seven function keys on the throttle and seven on the stick. Each of the CRT’s has 12 control buttons, three major modes of operation, and four sub-modes through which the pilot can cycle. However, actions in one mode may well affect another display or the HUD without warning. 
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Figure 40: A Harrier GR9 (http://www.flug-revue.rotor.com/FRTypen/FRErstfl/FR03Erst/FRErst03.htm)

Color can greatly assist crews in the absorption of information from displays, and indeed the recent space shuttle upgrade made use of full color CRT’s. The use of integrated displays appears to help reduce workload by translating the raw data into a more usable format. This does however take the crew further away from real time information, allowing computers to make interpretations with which the crew may not have agreed. 

Boeing has taken a new approach to turn the tide back in favor of the crew with the autopilot system on the C-17. Here the crew manage by exception, thus requiring the operator to know all the modes and functions of a display before using it. This keeps the pilot at the center of the decision making process. 

Evaluation continues to determine the best way to use these displays in terms of hardware, standards, and the user. One current project, for example, is development of a consistent color palate across all vehicles and displays in the space program. Indeed the analysis of such display technology in the cockpit extends across areas such as crew visual capabilities, the use of color and text, and the interaction with the display controls. 

Equipment and tools considerations, including man-machine interface

In space systems, there is a high level of human-machine interdependence. It is thus imperative, as with the biological effects of microgravity, that human factors should be fundamental to the design process and the capabilities and limitations of both people and machines need to be borne in mind. For example, when designing EVA tools, the strength required to use the equipment should be guided by the weakest and smallest individuals, as they may be the ones who need to activate and use it during an emergency, i.e. “worst case scenario planning”. 
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Figure 41: ESA astronaut Claude Nicollier uses one a power tool during an extravehicular activity (EVA).  (http://spaceflight.nasa.gov/gallery/images/shuttle/sts-101/html/s99_01416.html)

The importance of equipment and system design should not be underestimated – it is doubtful whether long duration missions could be initiated at all in the absence of advanced automation. However, we know little about how humans interact on a continual basis over long periods of time with advanced computer systems, even (or perhaps especially) if they rely upon them for their very existence. What is clear is that high levels of performance are achieved by presenting the right information at the right time, in the right format, and in a place where it can easily be seen.
Basic questions in the development and use of complex systems that include both human and automated elements concern issues around role assignment. James Beggs, the former Administrator of NASA, has stated that the role of automation and robotics is to “free man to do what man does best”.  A NASA analysis of human operations in space recommended that man and machine be used in parallel according to the principle of “Machines monitor humans, and humans manage machines”.

Errors that do occur with automated systems are usually the result of a chain of events, often with misinterpretation of visual information. The video tapes from the USS Vincennes clearly showed that the Iranian airliner it shot down was climbing, while the crewman was convinced it was descending, and no other checks were in place. In another incident, a Boeing 737 with CRT displays crashed when the co-pilot shut down the wrong engine during a fire, due to misinterpretation of a visual display under stress. 

Fundamental to the man-machine interface is an acknowledgement of the success of having humans in orbit. There are many instances where the crew has “saved the day”, such as:

the manual re-entry of Voskhod 2

the manual stabilization of Gemini 8

the manual landing of Apollo 11

the in-flight re-configuration of Apollo 13

the manual re-entry control of STS1

the manual docking of Soyuz T6 with Salyut

the repair of Solar Max

the repair of Skylab

the repairs and upgrading of Hubble

Communications issues 

Type and purpose of information to be shared

Presently there is no entirely consistent single standard for display systems throughout the ISS. The Russian, US, and European modules will each be based on their own experience, supplemented with laptops. Should the planned exploration class missions be international in nature, this lack of standardization could occur again, potentially leading to confusion and errors, and relying on the experience of the crewmembers to accommodate. 

Auditory information has as its main advantage, that the crew do not need to be looking at a display to be aware of it. Auditory signals are widely used in the aviation world, where they are particularly suitable for the transmission of alerts.  There are problems, however, in that they can be easily ignored under stress. Black box evidence from several crashes clearly demonstrates how a crew can become distracted and fail to acknowledge noises such as ground proximity warnings, with obvious results. 

Auditory alarms work best when the message is:-

simple and short

does not need to be referred to later in the procedure

when it deals with events in real time

when immediate action is called for, i.e.  ‘pull – up, pull – up’

when visual systems are overloaded

when illumination fails

when the crew is constantly on the move

In an effort to resolve the difficulties with auditory information, the NASA Ames Research Center has developed the Spatial Auditory Display. This was originally intended to improve intelligibility within the KSC Mission Control Center, where communications personnel monitor multiple radio frequencies during a shuttle launch. To perform effectively, they must be able to hear over 3000 call signs spoken as four individual letters, over layers of speech. The results clearly demonstrated an improvement in auditory processing and understanding with the display system, especially as the intensity of extraneous noise increased.

Sources of the information

The ISS is by its nature an amalgamation of vehicles and systems designed independently. The control of certain aspects of the vehicle operations can be initiated either from the ground or in flight, with redundancy built in. For example, the FGB module of the ISS was designed as an independent free flying vehicle with flight control engines and a separate environmental system. This module has since been integrated into the ISS, where the vehicle stability is controlled by gyroscopes. For the crewmembers this multiplicity of control systems and displays ( in both Russian an English) presents unique challenges for their interpretation and subsequent actions. 
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Figure 42: The FGB module (http://www.abo.fi/~mlindroo/Station/Fgb.jpg)

Early in its history, one of the ISS crewmembers described the vehicle’s “Caution and Warning” (C&W) system as “the black hole of the ISS”. The C&S system attempts to integrate the Russian and US systems, tying together hardware and software built using different standards and protocols. This has resulted in the crew’s not being able to understand the data presented completely and effectively, and so they are hindered in their attempts to take appropriate action, resulting in frustration and performance degradation.

Direct communications issues

Among the direct communications issues facing space travelers are the effects of noise (discussed earlier), poor equipment design, and malfunctioning equipment. The latter two provide examples of how inappropriate initial planning can impact the human-machine interface. When equipment is difficult or awkward to use, performance and/or morale suffers.  When the devices are for the critical task of communication, the issues become all the more critical. In addition, like many other ISS systems, the communications system can break down. However, because of its criticality, this system has much higher levels of redundancy than other systems (such as, for example, the countermeasures devices). 

Indirect communications issues

Indirect communications issues include the psychosocial components discussed earlier, such as cultural or gender differences, the lack of body language available in much of the space-to-ground communication, and the communications delay that is intrinsic to the system. The ISS-Mission Control loop has a 2 second delay, which can complicate communications (especially when giving complex tasks or attempting to telementor a crew member through an unfamiliar activity). For exploration class missions, the time lag between Earth and the crew will be even greater; depending upon the relative positions of Earth and Mars, it could take up to 45 minutes! This level of delay places obvious limitations on the usefulness of medical telementoring or ground-based assistance in emergency situations.

In addition, communications are not available around the clock from all platforms. While the Shuttle has close to uninterrupted communications with the ground, the ISS is only able to contact the ground between 50-60% of the time. Although the loss of signal (LOS) periods are known and predictable, they do complicate matters. Additional satellites would improve the communications capability, but they are expensive to launch and maintain.
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Figure 43: Artist’s rendition of a NASA communication satellite used to relay data from orbiting spacecraft (http://www-istp.gsfc.nasa.gov/stargaze/Sfigs/STDRSS.jpg)

Communications equipment 

There are numerous methods by which space travelers can communicate with the ground: email, voice/audio, video, or audio/video.   This unprecedented ability to maintain communications between Earth and space can be beneficial to travelers, allowing them to keep in contact with loved ones, but it can also prove distracting, particularly if news from home is unpleasant. Some crew members have also complained about the ground control teams sending too many messages, which can be seen as “bothersome” or “nagging”.  It can be a challenge for the flight surgeon and other ground team personnel to strike the right balance.

The recent advances in satellite technology have made “isolated communities” much less so. (Who can forget the phone call made by mountaineer Rob Hall to his pregnant wife in New Zealand, as he lay freezing to death on the slope of Mt Everest in the 1996 climbing disaster?) One unexpected side effect of this is an increased difficulty in studying group performance in isolation. Additionally, it begs the question of what is “real” isolation. For example, if you can talk with your spouse, but you cannot be physically present, are you truly “apart”?  How should studies of “isolation” take such communications into account? 

Satellite phones mean there is no longer real isolation on Earth, but there will be during exploration missions, thanks to those lengthy delays in round trip communication between Earth and Mars.  How are we to study these conditions so as to prepare our crews, if the analog environments are becoming less comparable? Ironically, future work may look back to the past, relying more heavily on accounts of explorers and mariners in previous centuries than on new research.

One highly beneficial aspect of the lack of true isolation on Earth is the use of global positioning system phones. Following the landing of the ISS Expedition Six crew, who came down in an unexpected area, leading to lengthy delays in their recovery, a GPS/satellite phone has been installed in the Soyuz. This will allow the crew to contact the search and rescue (SAR) forces themselves, should it be necessary. It’s not quite as easy as calling AAA for roadside assistance, but it’s close.
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Figure 44: Expedition 6 commander Ken Bowersox is assisted from a Russian helicopter after he and his colleagues were reached by SAR forces. (http://spaceflight.nasa.gov/gallery/images)

Communications procedures 

Particularly when dealing with international crews, with their different cultural and linguistic habits, training is critically important. Like air traffic controllers who are highly trained in precise communications, space travelers have traditionally used very specific terminology and syntax, which are often not intuitive.  Those who come from an aviation background are more familiar with this manner of communication. However, as crews become more heterogeneous, their familiarity with such procedures is likely to diminish and additional training may be needed.

Sources of interference and communications constraints 

As mentioned above, there are numerous sources of potential interference in the practice of clear communications: psychosocial issues, miscommunications, available bandwidth, time delays, equipment difficulties, insufficient satellites, privacy concerns, and unfamiliar protocols. Flight control teams and crew need to train as frequently as possible, ideally in integrated simulations, to combat these hazards, and communications within the flight crew and between the astronauts and ground support must be perfected to the greatest extent possible through the use of fact-based scenarios. 
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� By “human performance”, we mean the integration of all aspects of the space environment that may affect the productivity and effectiveness of crewmembers. These include human physiology, psychosocial behavior, and aspects of spacecraft design in the context of the physical, mental and social challenges of living and working in confined and isolated environment.


� A spatial disorientation illusion in which the pilot feels separated from the aircraft


� Initial ISS designs included a crew of 6 or 7. Unfortunately, the cancellation of the planned habitation module and crew return vehicle has forced a maximum crew size of three, as that is the number of seats in the current ISS “lifeboat”, the Soyuz. Until there is either a second Soyuz permanently deployed at the ISS (which cannot happen until Node 2 is added) or the crew return vehicle project is reactivated, providing an emergency escape vehicle with up to seven seats, it would be unethical to place more crew members on the ISS than could be evacuated in the event of an emergency.


� Human factors is generally defined as the study of how humans carry out work-related tasks in conjunction with equipment and machines.
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