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Abstract 

Five experiments are reported that were designed to examine learning, adaptation, and 

transfer across the actual 1-g environment, the vi1tual 1-g environment, and the vi1tual 

0-g environment. The study aimed to, (1) validate the notion that vittual task 

environments provide a one-to-one mapping of actual task environments, whereby the 

intrinsic dynamic constraints on action are perceived to be invariant, (2) provide 

empirical evidence in support of vittual zero-gas an effective training environment 

for pre-adapting humans to the perception-action cycles of space, and (3) provide 

empirical evidence in support of virtual 1-g as an effective training environment for 

re-adapting humans to the perception-action cycles of Earth. While the results 

obtained from the five experiments clearly support these aims, with participants 

consistently demonstrating improvement or deterioration in te1ms of the task criterion 

(a decreased in absolute e1ror when tested in the same gravitational environment and 

an increase in absolute error when transferred across the two gravitational 

environments). The measure of error tendency (sign e1rnr) reflected inconsistencies in 

relation to the perception-action search strategies used within, and across, the three 

task environments. Consequently, three exploratory search strategies were identified 

(a negative-up, a positive-down, and an oscillating strategy) that exhibit an 

asymmetric relationship between the actual 1-g enviromnent and both vittual 

environments, whereby paiiicipants employ the oscillating strategy more frequently 

during vittual to vittual enviromnent transfer and the negative-up and positive down 

strategies during actual to vittual or virtual to actual environment transfer. The value 

of VR for the practice of zero-g perception-action cycles, as well as perception-action 

cycles in general, was highlighted and the nature (local and global) and impact of the 
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three different search strategies on learning, adaptation, and transfer were discussed in 

relation to previous research. 



Humans in Space 

Human beings, unlike any other animal, have learned to adapt their behaviour to suit 

virtually any environment found on earth. With the proper clothing, equipment and 

amenities we can survive the balmy shores of a tropical paradise one day and the 

extremes of a subzero Antarctica winter the next. Given this ability one would be 

wrong in assuming that we can also adapt to life beyond the safety of Eaith 's 

atmosphere. However, unlike all the other seemingly different environments humans 

have conquered, the environment of space is different in a way no earthly 

environment can reflect: the absence of ten-estrial gravity. 
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The gravitational difference between any environment found on Earth and that found 

in space is what makes human adaptation to life in space unlike any other 

environmental adaptation people have undergone before. And, until recently no 

person had even experienced weightlessness, let alone had to adapt to it. Nevertheless 

after 40 years of space travel, including countless orbits, several trips to the moon and 

numerous extended human stays on both the US space station Skylab and the Russian 

space stations Salyut and MIR, we are now becoming aware of how and what humans 

learn, manage and adapt to when living in the weightless environment of space. 

Zero-gravity 

The term "weightlessness", which is commonly used to describe the experience felt 

by humans in space, is not and should never be used to indicate the complete absence 

of gravity, rather its cancellation by the free-fall of orbital flight. The te1m 

"microgravity", although used less often, is a more accurate description of what is 



also referred to as "zero-gravity" (zero-g). Essentially, as an object orbits around the 

earth in a circular motion at a certain velocity (V), two opposing yet equal forces 
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influence the object at all times: gravitational force (GF) and centrifugal force (Cp). 

The gravitational force is imposed on the object due to the Earth's large mass and 

constantly pulls the object downwards. The centrifugal force (CF) however, is 

generated by the object's own circular motion and constantly pushes the object 

outwards in opposition to gravity (this is the same force that produces both excitement 

and discomfort on many circus rides). 

Therefore, as depicted in Figure 1, any body, human or otherwise, loses its weight 

independent of mass, resulting in the phenomenon of weightlessness. Within a 

spacecraft for example, all items in the ship itself, including the astronaut and even 

the particles of its atmosphere, gain the same velocity (V) as the ship, and therefore, 

are also under the permanent action of the two opposite forces - centrifugal and 

gravitational. 1 
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Figure 1. The origin of weightlessness in a circular 
orbit around the Eaiih, due to opposing centrifugal and 
gravitational forces (adapted from Gurzadyan, 1996). 

1. Weightlessness can also occur in the course of a non-closed trajecto1y, for example, the flight of a 
spacecraft towards the Moon. The simple difference here is that the flight, or "motion" of the 
spacecraft, is nothing other than a free-fall towards the moon. Strictly speaking, the motion of a body in 
a circular orbit around the earth is also a free-fall ; however in this case it is a free-fall in a circular 
trajectory. It is the circularity of this motion which makes it infinite and of constant velocity 
(Gurzadyan, 1996). 
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Physiological changes in zero-gravity 

Humans have evolved in an environment that is continuously exposed to a constant 

gravitational force. We go about a our everyday lives taking for granted the notion of 

"what goes up must come down", without giving much thought to why this is, or what 

life would be like if this was not the case. Indeed, many of the activities we take part 

in, from playing sport, to hosing the garden, to cooking an evening meal all rely on 

the fact the we, and everything around us, including the air we breath, is constantly 

pulled downwards. 

In the early days of the space program, no one knew what effect zero-g would have on 

human performance either physiologically or psychologically. Many were unsure as 

to whether humans would even be able to function in such an environment. Indeed, it 

is hard to imagine the uncertainty that faced the astronauts of the first Mercury, 

Vostok, Skylab and Salyut crews. However, despite this initial uncertainty, we now 

know that humans can not only survive in a weightless environment but can spend 

extended periods of time there without any fatally debilitating effects (currently the 

international space endurance record is 478 days set by Valeri Poliakov on the 

Russian space station Mir, 1994-1995). Nevertheless, there are a number of peculiar 

things that happen to humans while they are in zero-g. These include pooling of the 

blood in the upper torso and puffiness of the face, both of which generally wear off 

after a week or so, once the heart as well as many of the body' s other fluids and 

organs adapt to life without constantly operating against the force of gravity 

(Shipman, 1989). Similarly, because there is no longer any downward stress on the 

backbone people tend to gain 2 to 5 cm in height. Furthermore, most people also tend 



to lose about 5 cm around their waist, as many of their internal organs no longer 

slump downwards (Harland, 1997; Hunt, 1987). 
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Unfortunately though, not all of the physiological changes that humans undergo in 

space improve one's physique. Bone thinning and muscle atrophy are two main 

effects of living in zero-g and although have not proved fatal, do raise some concerns 

for scientists (Harland, 1997; Hunt, 1987; Shipman, 1989). Essentially, an astronaut's 

bones and muscles, especially those in the legs, become weaker in a zero-g 

environment as they simply do not have much work to do. Some of the longer stays 

on the Russian space station MIR resulted in astronauts losing up to 30% of their 

original bone mass. Similarly, astronauts returning from space often find it difficult to 

walk or even support their own weight after returning to Earth. One possible solution 

to bone thinning and muscle atrophy is simple exercise. However, although this seems 

obvious, it is not simply that easy. Both NASA and the Russians have endeavored to 

employ exercise programs in space, most notably using isometric exercises, with only 

a limited amount of success (Hunt, 1987; Shipman, 1989). 

The absence of gravity also inversely effects the proprioceptive senses by removing 

the downward resistance imposed on the muscles, joints and tendons. As a result, any 

proprioceptive information picked up by the muscles, joints and tendons specifies 

limb or body position differently (Berger et al., 1997). Research using water 

immersion apparatus to test participants' sense of aim position, as well as tests of 

astronauts perceived limb position during actual spaceflights (Bock 1994, 1992, 1998; 

Money & Cheung, 1991), both demonstrate this effect, with participants performing 

considerably worse in zero-g than in 1-g. Similarly, the absence of gravity also affects 
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the vestibular system, which normally provides information about body direction and 

acceleration, by causing the otolith and the semicircular canal to function en-oneously 

relative to experience in 1-g (Berger et al., 1997; Young, Oman & Watt, 1986). 

In addition, most astronauts experience varying degrees of what was initially called 

"space adaptation syndrome" or spacesickness. Essentially, spacesickness resembles 

most other forms of motion sickness, such as seasickness, carsiclmess or airsickness, 

with symptoms of lethargy, headaches, sleepiness, dizziness, and vomiting and so is 

now simply refen-ed to as space motion sickness (SMS) (Shipman, 1989). Like other 

forms of motion siclmess, scientists have found it difficult to predict who will suffer 

from SMS and who will not. In many instances people who are lmown to experience 

chronic car or seasickness may experience few if any symptoms of SMS. On the other 

hand, those who have never experienced any eaiihly fo1m of motion siclmess before, 

may suffer a severe case of SMS. However, it appears that no matter how badly 

someone suffers from SMS when they first an-ive in zero-g most people tend to 

recover within 2 to 3 days (Hunt, 1987, Shipman, 1989). 

While the exact causes of SMS are not lmown, most scientists agree that it has 

something to do with the disparity between the visual, vistibular, somatic and 

proprioceptive systems within the zero-g environment (Kennedy, Berbaum, Williams, 

Bram1an & Welch 1987; Laclmer, 1992). In other words, as one moves about in a 

weightless environment it is assumed that the perceptual systems detect or 

misperceive unexpected information about body movement and spatial orientation 

(Kennedy et al., 1987; Laclmer, 1992). This assumption is similar in many ways to the 

cue conflict or neural mismatch theories used to explain the motion siclmess 
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experienced by many users of virtual reality and flight simulators (Kennedy et al., 

1987). However, despite the general consensus surrounding cue conflict theories, it 

also appears that many of the motion sickness symptoms experienced during orbital 

flight stem from weightless induced postural instability (Stoffregen & Riccio, 1991; 

Riccio & Stoffregen, 1991). Indeed, this argument centers on the fact that there is no 

force relation between humans and surfaces in zero-g and as a result no earthly means 

of controlling posture (Riccio & Stoffregen, 1991 ). 

Human performan~e in zero-gravity 

Human performance in zero-g is not only affected by the physiological changes to the 

body but also by the way many of the items and tools used to perform tasks within 

zero-g no longer move, act or respond in the way they do on Earth. Almost all of us, 

no matter what the activity, pick, push, place, hit, throw, turn, swing and pull things. 

When we play sport we kick, hit, throw and catch balls, discs or dmis. While we work · 

we often pick up pieces of paper, turn pages of a book, push and pull machinery or 

keys on a keyboard. Even when we are not playing or working we perform many of 

these fundamental actions when opening and closing doors, turning on lights and 

throwing dirty towels into the clothes hamper. However, it is because of these actions 

and the consistent way we perform them that living in zero-g initially is a peculiar 

inconvenience, where nothing works the way one expects it to. 

Life in zero-g was described by some of the first Skylab astronauts as a kind of "Alice 

in Wonderland" experience (Cooper, 1976). William Pogue, one of the crew from the 

third Skylab mission gives the example of trying to unscrew something for the first 

time, only to find himself spinning around in circles, with the screw remaining fixed 
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in its original position because he forgot to brace his legs (Shipman, 1989). Another 

common example given by astronauts from both Mir and Skylab was that they simply 

could not put anything down and if they did leave something floating in the air they 

could not expect it to be in the same place when they came back for it (Cooper, 1979; 

Harland, 1997). The frustration lay in the fact that on Earth if you leave something 

somewhere you can be fairly confident that it will be there when you return for it. 

Even if you drop something, you knew that it is going to land somewhere around your 

feet. One of the Skylab astronauts described how once he turned around too quickly to 

snap a picture of the Earth, only to feel his glasses fly off. He explained how he heard 

them bouncing around the experimental compartment but could not find them 

anywhere. Three days later one of the other astronauts found them floating near the 

ceiling of his bunk. Al Bean, the captain of the second Skylab mission estimated that 

in the first five days of being in zero-g astronauts spent more time looking for objects 

that had got away from them than doing anything else (Cooper, 1976). 

One of the most interesting examples of human action maladapted for life in zero-g 

comes from the use of a Velcro-dart set by the Skylab astronauts (Cooper, 1976). At 

first, the astronauts - even those who considered themselves to be reasonable daii 

players - performed poorly at this game, missing the dartboard completely. In fact, 

most of the astronauts performed so badly that an onlooker would assume they had 

never seen the game of darts played before, let alone played it. However, it turned out 

that the astronauts were simply aiming the same way they had on Earth, that is, 

aiming the da1i higher than the target board to account for the affects of gravity. Of 

course in space where the affects of Earth's gravity no longer apply, the astronauts did 

not have to aim higher than the target board as the darts no longer dropped 
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downwards. Consequently, once they learnt to throw the darts directly at the intended 

target their scores greatly improved. This effect was also demonstrated with paper 

airplanes that the astronauts sometimes flew around Skylab. Like the darts the 

airplanes flew straight wherever they were aimed, not downwards like in the 1-g 

environment of Earth. 

Conversely, readapting to gravity can prove to be just as frustrating. Indeed, after 

returning to Earth some of the Skylab astronauts reported situations in which they 

would do something, such as get out of bed or up off a seat, only to find themselves 

flat on the floor because they had forgotten they needed to use their legs when moving 

under the influence of gravity. Similarly, many of the astronauts tried to float things 

around them, as they had done in space (Cooper, 1976). 

Although, these behavioural problems seem humorous to those outside the space 

industry, for the astronauts, researchers, and personnel involved in space development 

and exploration the issue is far more serious. A huge amount of money and time is 

lost due to the perception and action problems experienced by astronauts once in 

space. In many instances, it takes days before astronauts are effectively able to 

coordinate their motor activity for work in zero-g (Harland, 1997; Hunt, 1987; 

Shavelson & Seminara, 1968). On both Skylab and MIR, many vital research hours 

were lost as a result of astronauts performing motor actions inappropriate for a zero-g 

environment (Cooper, 1976; Harland, 1997). In order to counteract such problems, the 

area of zero-g adaptation and training on Earth has played a vital role in all human 

spaceflight programs, with many astronauts spending more time training for life and 

work in space than actually being in space (Shipman, 1989). 
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Zero-gravity adaptation and transfer 

In the initial stages of the manned spaceflight program, most pre-flight training and 

preparation concerned the rudimentary forms of human space environment 

interactions (eating, drinking etc), all of which were imperative in answering the 

question of whether human life could be sustained in zero-g (Khrunov, Chekirda & 

Kolosov, 1971 ). Due to the short duration of spaceflights, and the simplistic forms of 

physical action performed by astronauts throughout these flights, little attention was 

paid to optimising human activity for life in zero-g (Hunt, 1987; Khrunov et al., 

1971 ). However, once space exploration made the transition from human survival to 

sustained human work and activity, researchers concerned with pre-spaceflight 

training began to study and incorporate more complex forms of human-space

environment interaction. Indeed, from the time of the first successful space-walk, 

prime attention has been paid to the physical activity and skill of astronauts inside and 

outside the spacecraft (Khrunov et al., 1971). Nevertheless, although the complexity 

of work activities performed in present day spaceflight has increased, the tasks 

performed (as with those in the initial stages of space research) are by no means 

unfamiliar. Rather, they are familiar tasks performed in unusual conditions, where the 

adaptive capabilities of those perfmming the work are essential for efficient action. 

By returning to the Velcro-dart example discussed in the previous section this point 

can be made more clearly. The activity of throwing a dart or indeed any object at a 

target involves correctly perceiving the dynamical constraints on action that specify 

the correct angle of projection (the angle at which the dart is thrown, which affords 

hitting the target) . On Earth, these dynamical constraints include the distance to the 

target and the height of the target relative to the body of the person doing the 
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throwing, the weight of the object being thrown, and the force with which the object 

must be thrown2. In zero-g however, the differing gravitational dynamics imposed on 

the dart (and therefore on the person) mean that the weight of the dart and the force 

with which the dart is thrown are no longer intrinsic to successful performance. In 

other words, the trajectory of the dart will vary depending on what gravitational 

environment one is in. Consequently, if the angular projection used to hit the target on 

Earth is transferred to space then a negative outcome will result, i.e. not hitting the 

target, and vice versa. 

For this reason, the principle task of astronaut training is to both evaluate and optimise 

the adaptive and operant functions of space-environment interactions prior to 

spaceflight. The importance of this is manifold due to the large cost and limited 

opportunity for spaceflight, wherein the reliability and competence of astronauts' 

environmental interactions under simulated zero-g conditions prior to leaving Earth is 

of supreme importance. 

Adaptation to Zero-gravity 

The manner by which human adaptation to zero-g is achieved is by no means a well 

documented or known process, but may very well resemble the process by which a 

new action, activity or skill is learnt and developed. A similar argument was offered 

by Bock (1998), who suggested that knowledge about the new stimulus-response 

relationship is perceptually monitored and memorised through a high degree of 

2. Although only the environmental constraints are listed here, there are a large number ofbiodynamic 
(biomechanical) consh·aints involved in the skilled activity of throwing. However, an understanding of 
how these constraints affect the learning and adaptation of skilled action falls outside the scope of the 
present paper and readers are referred to McDonald, Emmerik and Newell (1989) for a more detailed 
account of the limb kinematics and biodynamic constraints of a throwing task. 
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computational processing that suppresses behaviour no longer appropriate for zero-g, 

while reformulating new action more efficient for the disparate environment. It is 

clear that Back's argument is in line with classical theory and places a strong 

emphasis on 'mediational processing' in its description of behavioural learning and 

adaptation. It is the present author's view however, that although Bock is correct in 

assuming that behavioural adaptation is simply a reflection of behavioural learning, 

by adopting a classical approach, his ability to identify and account for the dynamic 

and informational constraints on action, in respect to adaptation and learning, is 

limited. Therefore, the present study adopts an ecological approach to behavioural 

adaptation and learning that emphasises a law-based informational account of 

behaviour and reflects the tight coupling between perception and action3. 

Essentially, as an individual interacts with an environment, his or her action is 

modulated by the perceived outcomes of that action. Adaptation and learning are 

therefore tightly coupled within the perception-action cycle, where the information 

that specifies appropriate action is acquired through performatory or exploratory 

modes of behaviour (Flach, 1990; Kulger & Turvey, 1984; Newell, 1990, 1991; 

Owen, 1990). In other words, only by observing action events can we begin to 

discover the dynamics constraints that constrain how a task should be perfmmed 

(Beek & Bingham, 1991; Flach 1990; Flach, Lintern & Larish, 1990; Kulger & 

Turvey, 1984) Indeed, information about the dynamical properties that constrain the 

act of throwing a dart are only specified in the kinematic prope1ties generated by 

throwing a dart. In this sense, adaptation relies on perceptual infonnation to control 

3. The aim of the present paper is not to provide a detailed discussion or empirical test of the 
ecological verses classical account of learning and adaptation. Therefore, readers are refened to Gibson 
(1969, 1979), Michaels and Carello, (1981) , Turvey, Shaw, Reed and Mace (1981) , and Turvey and 
Kulger (1984) for a more detailed description of the ecological approach to perception and action and 
the benefits adopting such an approach holds for psychologists in relation to perception and action. 
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the adaptive details of an action in accordance with the present environmental 

situation. Therefore, as with original learning, effective relearning or adaptation is 

constrained by accurately perceiving the environmental dynamics that affect 

performance (Kulger & Turvey, 1984; Michaels & Carello, 1981; Owen, 1990). For 

example, just as a person learns to adapt their gait to the perceived slope of the ground 

(Michaels & Carello, 1981), a person learns to adapt their throwing action to the 

perceived absence or presence of gravity. In both instances, the dynamical constraints 

on action are perceptually specified through the kinematics and kinetics of action. 

Practice is therefore a fundamental part of learning and adaptation and, as argued by 

Gibson, (1969), Fowler and Turvey, (1978), Kugler and Turvey (1984) and Newell 

( 1990, 1991 ), is a means by which learning channels the search for the informational 

and dynamical constraints intrinsic to successful action. The acquisition, 

improvement, or learning of skill is therefore a function not only of practice, but also 

of the search strategies employed in practice. Of course this is not to say that all 

practice is appropriate or effective, but rather, that practice causes the dynamical 

mapping of the perception-action workspace to become more completely elucidated 

(Newell & McDonald, 1992). And, indeed for the astronauts on Skylab, although 

practice did not make perfect, it certainly made better. 

So far, the most popular research paradigm for the study of behavioural adaptation 

and perfonnance in zero-g has centered on participants perforn1ing simple pointing or 

manual tracking tasks (Aume, 1973; Berger, Mescheriakov, Molokanova, Steinleitner, 

Seguer & Kozlovoskaya 1997; Bock, 1992, 1994, 1996, 1998; Garethewohl, 

Strugholg & Stallings, 1957; Lipshits, Gurfinkel, Matsakis & Lestienne, 1993; 
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Manzey, Lorenz, Schiewe, Finell & Thiele, 1995; Rothbaum, Hodges, Watson, 

Kessler & Opdyke, 1996; Ross, Schwartz & Emmerson, 1987; Ross & Reschke, 

1982; Sauer, Hockey & Wastell, 1999; Semniara, Shavelson & Parsosn, 1967; 

Shavelson & Sernniara, 1968; Tafforin, Thon, Guell & Campan, 1989; Watt, 1997). 

For the most part, these studies were conducted during brief zero-g episodes of 

parabolic flights or manned space missions using small finger pointing targets viewed 

either directly or through a mi1rnr that blocked vision. However, despite their 

continued use, the empirical data emerging from these studies provides a rather 

contradictory picture (Berger et al. , 1997; Bock, 1998). Specifically, the nature and 

degree of performance in zero-g exhibits both variability and consistency when 

compared to performance on Earth, with a number of studies demonstrating an 

increase in pointing error (participants either pointing too high or too low), while 

others show performance to be roughly the same as on Earth (Aume, 1973; Berger et 

al., 1997; Bock, 1992, 1994; Lipshits et al., 1993; Manzey et al., 1995; Watt, 1997). 

Similarly, speed of action or task completion also yields discrepant results, with 

studies finding time for completion to be sometimes unaffected in zero-g and 

sometimes patently slow (Tafforin, Thon, Guell & Campan, 1989). Nevertheless, the 

few studies which have examined secondary or readaptation effects on task 

performance post-zero-g exposure, namely Manzey, Lorenz, Schiewe, Finell, & 

Thiele (1995), have been able to consistently demonstrate poorer tracking 

performance on returning to Earth. Interestingly though, this degradation was far less 

pronounced than initial performance in zero-g. 

There are a number of methodological differences that exist between these studies 

( e.g. task duration, target presentation, number of trials, paiiicipant posture, etc), 
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which combined with expected individual differences, appear to account for these 

empirical dissimilarities. Of particular importance, was whether participants were 

allowed to see their arm while pointing or tracking, therefore enabling them to conect 

their responses continuously with the use of visual information (Berger et al., 1997; 

Bock, 1994, 1998; Gerathewol et al., 1957). Generally under normal gravitational 

conditions the proprioceptive, vestibular, and visual systems all become attuned to the 

appropriate informational invariants for movement coordination and control. 

However, as described earlier, when astronauts initially enter a zero-g environment 

their proprioceptive and vestibular systems prove to be less reliable given the 

dramatically altered dynamics imposed on them. The visual system on the other hand, 

is to a large extent, unaffected by an absence of gravity, although some indirect visual 

illusions are caused by the vestibular - visual conflict ( due to the initial vestibular 

disjunction) (Berger et al., 1997; Bock, 1998). Consequently, the role of vision 

becomes increasingly important for astronauts in the search and control of action as 

well as its adaptation. Thus, by removing the visual information in a study of 

perception-action adaptation to zero-g, participants are required to perfmm a task with 

a little or no redundant information. Indeed, for the astronauts onboard Skylab, the 

visual infom1ation provided by a dart's flight path and final position would have been 

vital for effectively perceiving the altered dynamics and adapting action in order to hit 

the target. 

Within any environment, not least of all a zero-g environment, there is a large degree 

of optical structure provided by the kinematic transformations of action that is 

available to guide activity and, as it has already been noted, it is this informational 

structure that permits the development of skilled activity (Carello & Turvey 1991). It 
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is therefore hard to conceive how researchers hope to achieve an understanding of 

human adaptation if the information needed to perfonn action is umeliable or simply 

not made available. Nevertheless, despite this issue, there is a general consensus 

among researchers that transfer to zero-g does result in a significant degradation of 

task performance. Indeed, even the majority of experimental studies that failed to 

demonstrate a significant degradation in perfmmance, conclude that human skill is 

negatively effected based on the immense array of field data, which clearly shows 

how human performance initially decreases on transfer to zero-g (Berger, 

Mescheriakov, Molokanova, Steinleitner, Seguer & Kozlovoskaya, 1997; Bock, 1998; 

Garethewohl, Strugholg & Stallings, 1957; Manzey, Lorenz, Schiewe, Finell & 

Thiele, 1995; Tafforin, Thon, Guell & Campan, 1989; Watt, 1997). 

Transfer 

Transfer occurs whenever the existence of a previously learned action or skill has an 

influence upon the acquisition, performance or relearning of a subsequent activity. In 

a broad sense, transfer is an extremely widespread phenomenon, playing a part in 

almost every instance of learning and affecting virtually everything we do in our daily 

lives (Holding, 1991). For instance, after having learned to drive one's own car one 

finds it relatively easy to drive a friend's car. However, prior experience does not 

always result in better performance and more often than not, as many of the Skylab 

astronauts discovered, previously learned actions can produce frustratingly poor 

perfmmance in zero-g. 

Basically, when knowledge about how to perform Task A is used to guide 

perfo1mance on Task B the resulting transfer can either be positive, negative or zero. 
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For example, if learning Task A results in better performance on Task B than would 

have been the case without learning Task A, then positive transfer has occurred. Thus 

learning to hit a ball with a squash racquet is easier if one can already play tennis. 

Conversely, iflearning Task A results in worse performance on Task B than would 

have been the case without learning Task A then negative transfer has occurred. For 

instance, one may start driving to a new destination and then at a familiar junction one 

slips into the routine of driving to work instead. If Task A and Bare totally unrelated 

and the learning of Task A had no effect on the performance of Task B, then zero 

transfer occurred. 

The idea of transfer began with Thorndike (1901), who along with Woodworth 

(1901), formulated the identical elements the01y of transfer. Thorndike, unlike many 

' . of his peers, set out to disprove the long held view that transfer was based on the 

doctrine of formal discipline, which originated in faculty psychology (Holding, 1991). 

Thorndike conducted a series of studies that effectively demonstrated how transfer 

from one situation to the next only occurred when the two situations had elements in 

common. For example, throwing a baseball to another person may transfer to a variety 

of tasks that have nothing to do with actually throwing baseballs at people, but rather 

the ability to throw objects at people may transfer. Identical elements theory solved 

the problem of how people behave in a novel situation as well as the problem of 

transfer of learning in general. However, despite its simplicity, it does raise another 

fundamental question in relation to transfer of learning. How many, and more 

specifically, what kind of elements from a practice situation need to match the 

operational or reference situation in order to ensure effective transfer? 
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As with Thorndike's theory, the answer to this question is relatively simple. In most 

cases, the reference situation has many different dynamic and informational properties 

that constrain a variety of different interactions. However, only a small number of 

these may be relevant to the activity under consideration (Greeno, Moore & Smith, 

1993). Therefore, the degree and type of transfer can be seen as a function of how 

invariant and perceivable the task-relevant dynamic and informational constraints are 

across the training and reference task (Flach, Lintern & Larish, 1990). Consequently, 

high positive transfer occurs when all the task-relevant dynamic and informational 

constraints remain invariant across the practice and referent situation. For example, 

learning which lever to pull in positioning the landing gear should have high positive 

transfer between an aircraft simulator and its referent if the landing gear lever is in the 

same position, has the same gain and affords being pulled in the same manner in the 

simulated and actual aircraft. If the salience or utility of only some task-relevant 

dynamic and informational constraints remain invariant across situations then medium 

to low positive transfer may result. For example, learning to drive an automatic 

transmission and then changing to a manual transmission. Negative transfer occurs 

when the dynamic and informational constraints are expected to be invariant across 

situations, when they are not. Again, the aiming behaviour of the Skylab astronauts is 

a good example of this, in that, they initially aimed at the dartboard bullseye in space 

by projecting along a parabolic trajectory (as they had done on Earth to account for 

gravity), rather than along a straight trajectory. When none of the task relevant 

properties and affordances remain invariant between the training task and the 

reference task, zero transfer occurs. 
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However, achieving effective transfer from a training system to an operational system 

is not just a matter of matching all the task intrinsic dynamic and informational 

constraints. Indeed, there are a number of more general issues that need to be 

assessed, the most central of which are task variety and asymmetrical transfer. 

Task variety refers to the fact that transfer can be increased when a variety of relevant 

training tasks or situations are employed (Ellis, 1965). That is, by failing to capture 

any of the fundamental variations in practice, the extent to which transfer is achieved 

will be limited (Patrick, 1992). Basically, if a learned activity is to transfer generally 

across many similar situations it has to be learned in a form that is invariant across 

similar situations so that it can be transformed as needed (Greeno, Moore & Smith, 

1993). Hence one is better able to throw a ball at a new target if one has been trained 

to throw balls at a variety of targets . The notion of exploratory behaviour, noted 

earlier, comes into play here. Essentially, the more elaborate a learner's behaviour 

throughout practice the more refined their attunement to the intrinsic constraints on 

effective performance. In basketball for instance, successfully throwing the ball in the 

hoop from position A does not provide a naYve learner much infonnation about how 

the same ball must be thrown from position B or C. However, once the learner has 

thrown the ball from position B, a great deal more inforn1ation about how the ball 

should be thrown from position C is provided. Infact, after throwing the ball from 

position B the learner is provided with information that not only specifies how to 

throw the ball from position C, but also how to throw the ball from position D, E, F, 

G .. . etc. fo this sense, throwing the ball in front, behind, and to the side of the hoop 

from position A also provides more information about how to successfully throw the 

ball from positions B, C, D, E .. . etc. Indeed, throwing the ball in a more elaborate and 



inappropriate manner can often provide more information about successful action 

boundaries, than simply throwing the ball correctly each time (Wulf, 1991). 
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Asymmetrical transfer refers to when the transfer from Task A to Task B is higher or 

lower than transfer from Task B to Task A. Holding (1962) suggested that the 

asymmetrical effects found in experiments on transfer could be described in terms of 

the balance between learning more and learning better. Leaming more is a 

consequence of the principle of inclusion, whereas learning better depends on one's 

ability to learn which situational dynamics are relevant for appropriate performance. 

Inclusion occurs whenever learning Task A involves learning Task B, but learning 

Task B omits elements of Task A. For example, learning to drive using a manual 

transmission and then changing to an automatic would result in medium to high 

positive transfer, whereas learning to drive using an automatic transmission and then 

changing to a manual transmission would result in lower positive transfer. Therefore, 

transfer may be better from a difficult to easy task provided that the difficult task 

contains all of the perceivable dynamics of the simple tasks, plus additional or 

redundant properties. On the other hand, transfer may be greater from an easy task if 

the easy task teaches the learner to attune to the relevant dynamics necessary for the 

performance of the complex task (Deese, 1958). 

Pre-adapting humans for zero-gravity 

Based on learning and transfer theory it is clear that the closer the match between the 

dynamic and informational constraints of the practice situation and the operating or 

referent situation, the more positively coupled the resultant transfer. Obviously then, 

the most effective way to prepare astronauts for work in zero-g is to train them in a 
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zero-g environment. For that reason, it was recognised early in both the American and 

Russian space programs that in order to ensure the success of manned space missions, 

realistic zero-g training environments were needed on Earth (Hunt, 1987). This has 

predominately been achieved through a number of techniques designed to simulate or 

reproduce zero-g conditions while still remaining within Earth's atmosphere 

(Sussingham & Cocks, 1995). 

A large number of these techniques employ specially designed sub-orbital or 

parabolic aircraft, drop tubes, and rockets launched on sub-orbital profiles, which 

produce true zero-g conditions, all be it for extremely short periods oftime (Hunt 

1987, Sussingham & Cocks 1995). Long duration zero-g environments can only be 

simulated on Earth however, and to date have included neutral buoyancy tanks, where 

astronauts are immersed in water to produce conditions analogous to zero-g, and 

ji-iction reducing devices such as air bearings and body support mechanisms (Hunt, 

1987). While both these methods have significant limitations they have been used 

extensively by the Russian and American space agencies, with NASA currently 

employing the use of neutral boyancy tanks for the majority of its zero-g training 

(Sussingham & Cocks, 1995; Hickam, 1993). 

Although all these techniques prove to be less than ideal (as with most forms of 

simulation), they do manage to provide more or less appropriate environn1ents for a 

small amount of zero-g training prior to leaving Earth. In particular, neutral boyancy 

tanks and large water irmnersion facilities have proven to be reasonably versatile and 

highly valuable tool, especially when large-scale training exercises are required. They 

have also been used to simulate both lunar gravity and Mars gravity by having 



supplementary weights attached to submerged individuals (Newman, 1992; cited in 

Sussingham & Cocks, 1995). 
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Nevertheless, despite being cheaper than any form of manned spaceflight, these 

techniques are still relatively expensive and do require a large amount of ongoing 

maintenance and redesign (Sussingham & Cocks, 1995). Consequently, many system 

trainers and researchers have begun to investigate the use of alternative methods of 

zero-g and space environment training. One such method is the modeling of actual 

space environments and zero-gin virtual reality (VR), due to being relatively less 

expensive and time consuming, and more flexible than traditional methods (Hale, 

1993; Kozak, Hancock, Arthur & Chrysler, 1993; Pstoka, 1995). Indeed, the use of 

virtual reality has already begun to show considerable potential for training in a wide 

variety of areas of manned space flight and mission control, not least of all 

behavioural adaptation to zero-g. 

Virtual reality and transfer 

Virtual reality (VR) is a three-dimensional computer generated simulation that 

supports immersion in interactive and navigational environments unconstrained by the 

properties of actual environn1ents. Basically, environment (VE) systems provide those 

who wish to use them with a closed loop, custom made reality designer that can be 

used to either mimic or transcend one's material world (Psotka, 1995). As can be seen 

in Figure 2, a VR system generally involves a user, perception and action peripherals, 

an environment and an interactive simulation within that environment (Kalawsky, 

1997). 
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User 

Figure 2. Conceptual model of a closed loop virtual reality (VR) system ( adapted 
from Kalawsky, 1997) 

However, virtual reality is not a device, or even a set of devices, but rather a medium 

of expression, communication and exploration, that retains the tight link between 

perception and action through the use of head-mounted displays, data gloves and other 

tools that help users experience virtual environments (Kalawsky, 1997; Psotka, 1995). 

In a broader context, VR systems allow users to inhabit a world where conventional 

laws of physics can be controlled in ways that can assist our understanding of those 

laws, identify what impact the presence, absence or cancellation of those laws have on 

human beings both psychologically and physically, achieve a high degree of 

interaction that can equal or exceed that achievable in the actual environment, and 

repeat a task in a safe and non-threatening environment until a desired level of 

proficiency has been achieved (Kalawsky, 1997). 

Three characteristics of VR indicate its potential for training. Firstly, the VR interface 

can preserve the perceptual information of the simulated envirom11ent (Kalawsky, 

1997; Psotka, 1995; Satava & Jones, 1997). Secondly, the VR interface can retain the 

interactive linkage between an individual 's actions and the resulting simulated 

environmental effects (Kalawsky, 1997; Kozak, Hancock, Arthur & Chrysler, 1993 ; 

Psotka, 1995). Lastly, because VR can preserve individual-environment relations, 



individuals are able to actively perceive the relevant individual-environmental 

potentials that can result in effective perception-action learning, adaptation and 

transfer. 
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However, despite the strong theoretical and applied support advocating VR systems as 

an effective training tool, only a small number of empirical studies have been 

completed to support these claims. Nevertheless, emerging data highlights the 

potential ofVR systems to produce effective transfer. For example, several studies 

conducted by Regian, Shebilske and Monk (1992, 1993) established that console 

operators could learn, enhance and transfer skills required for actual console 

operations with the use of VR training prior to operations with the real system. They 

were also able to demonstrate the effectiveness of spatial navigation training in VR, a 

finding Goldberg (1994) and Witmer, Bailey, Knerr and Parsons (1996) have also 

demonstrated, if not more robustly. In contrast though, are the findings by Kozak, 

Hancock, Arthur and Chrysler (1993) and Waller, Hunt and Knapp (1998) which 

showed little or no evidence of transfer. However, the "pick and place" task employed 

by Kozak et al. was argued to be too easy, hence making the data inconclusive (Kozak 

et al., 1993; Psotka, 1995). As for Waller et al. , (1998), their main objective was to 

examine the variables that mediate transfer from VR to the real world, rather than 

transfer itself. Moreover, they did manage to demonstrate a small amount of transfer 

by using a spatial knowledge task after sufficiently long exposure to the virtual 

training enviromnent. 

Needless to say, despite there being limited empirical research indicating transfer 

from VR to the real world, a iarge body of applied field data exists which clearly 
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shows the instructional effectiveness of VR. In particular, the field of aviation has 

provided a large amount of well documented evidence supporting the use YR-based 

simulators (Psotka, 1995). In addition, there is a growing body of applied data coming 

from areas outside the field of aviation. This includes work by Bliss, Tidwell and 

Guest (1997), who demonstrated that civilian firefighters can apply route knowledge 

learned in VR to a mock rescue; Johnson (1994), who reported how soldiers trained 

on the heliport VR system were able to learn and transfer terrain information from the 

self-guided exploration of a modeled virtual environment to the actual real world 

environment (cited in Psotka, 1995); Jense and Kuijiper (1993), who employed a VR 

system for air defense artillery training with the use of a hand held portable rocket 

launcher (cited in Psotka, 1995); and Moshell, Blau, Knerr, Lampton and Bliss 

(1993) who as reported by Goldberg (1994) demonstrated the value of virtual 

environment training for effective navigation through complex buildings. 

A pressing issue facing the advancement and wide spread use of virtual environment 

technology is simulator siclmess (SS). SS is regarded as a fom1 of motion siclmess 

similar to other types of motion induced sickness and has been shown to effect many 

users of both VR systems and other simulators. (Hettinger, Berbaum, Kennedy, 

Dunlap & Nolan, 1990; Howaiih & Finch, 1999; Kennedy, Lane, Berbaum & 

Lilienthal, 1993a; Kennedy, Lanham, Drexler, Massey & Lilienthal, 1993b; Stanney, 

Mourant & Kennedy, 1998). Despite the growing literature on the topic, there are no 

definite or predictive theories in relation to SS. Most researchers suggest that SS, like 

many other types of motion siclmess, has something to do with the disparity between 

the visual, vistibular, somatic and proprioceptive systems that occurs with many 

simulation systems. This assumption of sensory disparity is not new (recall, this 
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explanation was also given for SMS earlier), and reflects the work done over a 

century ago by Iiwin (1881 ), James (1882) and Pollack (1893 ), who were the first to 

suggest that conflicts between the visual, vistibular and somatic systems are what 

cause the unpleasant feelings labeled motion sickness ( cited in Reason & Brand, 

1975). More recently this kind of neural mismatch explanation of motion sickness, 

more commonly referred to as sens01y conflict theory, has gained wider acceptance 

with the work of Reason (1969, 1970, 1974, 1978), Reason and Brand (1975) and 

Benson (1984, 1988), who suggest that the information received from the various 

senses is compared to internal models. 

Stoffregen and Riccio (1991), however, argue that the sensory conflict theory of 

motion sickness and postural stability is fundamentally flawed due to the fact that 

perceptual conflict can occur without an individual becoming posturally unstable or 

experiencing any symptoms associated with motion sickness. Consequently, they 

offer an alternative and more ecologically sound theory of motion sickness by 

suggesting that postural instability is a necessary precursor to motion sickness and 

occurs due to an individual's inability to maintain adaptive postural control in 

unfamiliar situations (Cobb, 1999). Essentially, Riccio and Stoffregen (1991) argue 

that postural instability is the cause of motion sickness, rather than a symptom, and 

that the severity of motion sickness symptoms experienced by an individual has a 

direct relationship to the duration and magnitude of postural instability or 

disequilibrium. 
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Virtual reality, training and manned space flight 

Since the late 1980s, several of NASA's research centers, most notably the Marshall, 

Ames, and Johnson Space Centers, have been involved in a VR application and 

development program. A large body of research has been accumulated as a result, 

demonstrating the validity ofVR systems as a human factors, operations, process and 

training design, and analysis tool. In particular, the development of new specialised 

VR systems has received a considerable amount of attention, with a number of 

researchers and technicians engaged in issues of fidelity, graphical representation, VR 

hardware, system design and maintenance (Duncan et al., 1993; Hale, 1993, 1995; 

Phillips, 1996). Similarly, the use ofVR for the design and testing of space mission 

operations, software and hardware has also received close scrutiny (Hale, 1993, 1995) 

with many advances being ma.de in equipment design, mission control, support and 

planning (Hale, 1993, 1995). 

The use ofVR for training has also been effectively employed for both astronauts and 

associated mission control crew in a number of areas . For example, the notable 

maintenance and repair job on the Hubble telescope, where many of the astronauts 

and personnel involved were trained on VR simulators in conjunction with neutral

boyancy tanks (Kitfield, 1994). Similarly, many of the American astronauts who 

visited MIR were given a virtual orientation tour of the station prior to leaving in 

order to familiarise themselves with its layout, a task that without prior training 

proves to be quite disorientating in the initial stages of zero-g adaptation (Harland, 

1997). 



29 

Despite the growing importance and application of VR systems within the field of 

space aviation and astronaut training, little empirical research appears to have been 

conducted in assessing its potential for training and pre-adapting astronauts on the 

perception-action cycles required for effective perfom1ance in zero-g. In addition, the 

value of VR for re-adaptation training has also gone unchecked. For, as well as having 

immense potential for pre-adapting astronauts to life without gravity, VR also has the 

same potential for re-adapting astronauts returning to Earth, especially after lengthy 

stays in space. 

A simple transfer of training study employing a VR system to model the dynamic and 

kinematic characteristics of zero-g could easily be conducted to examine these issues. 

Essentially, ifVR is effective in training astronauts for activity in zero-g, then the 

results would demonstrate how those astronauts who underwent pre-zero-g training in 

virtual zero-g would perform distinctly better in the actual zero-g environment than 

those who did not undergo training. Conversely, the effectiveness ofVR as a 

readaptation tool could be examined by using the reverse method, whereby a group of 

astronauts trained in a VR system that modeled Earth's gravitational environment 

would perform better, once back on Earth, than those who did not undergo VR 

training. 

However, before such a study can be carried out, it is imperative that research be 

conducted to test whether a VR environment that models the kinematic and optical 

properties of zero-g (thereby simulating the dynamic and infonnational constrains of 

zero-g), is effective in producing the same negative perfonnance experienced by 

astronauts when initially entering an actual zero-g environment. A virtual zero-g 
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environment can only be effective in pre-adapting behaviour for zero-g if astronauts 

undergo the same perception-action adaptations in vi1tual zero-g as they would in 

actual zero-g. In other words, the same negative transfer effects that are found 

between zero-g and Earth should be found between vi1tual zero-g and Earth. For 

example, a group of astronauts should perform just as badly on a game of Velcro darts 

in virtual zero-gas the Skylab astronauts did in actual zero-g. Consequently, the 

following experiments use a simple transfer paradigm to examine the effects on 

perception-action when entering and exiting a virtual zero-g environment. 

Present Research 

The aims of the present study were threefold: (1) to validate the notion that virtual 

task environments provide a one-to-one mapping of the actual task environments, 

whereby the intrinsic dynamic constraints on action are perceived to be invariant; (2) 

to provide empirical evidence in support of virtual zero-gas an effective training 

environment for pre-adapting humans to the perception-action cycles of space; and (3) 

to provide empirical evidence in support of vi1tual 1-g as an effective training 

environment for re-adapting humans to the perception-action cycles of Earth. 

In achieving these aims, five experiments were conducted, in which participants 

performed a simple 'aim and fire' task in an actual lg environment (Al-g), a virtual 

lg environment (Vl-g), or a vi1tual Og environment (VO-g), followed by task 

performance in Al-g, Vl -g, or VO-g. The 'aim and fire' task entailed firing tennis 

balls from a pneumatic cannon at three different targets. As with throwing a dart at a 

target, this required that the actor attune to the dynamic constraints on action that 
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specify successful perfonnance. The reason for adopting an 'aim and fire' task rather 

than a coordinated perception-action task, such as throwing velcro darts, lay in the 

difficulties that arose in simulating the kinematic trajectory of a thrown object based 

on the minute but significant variations of hand angle, position and momentum at the 

moment of release. Simulating the kinematic trajectory of a tennis ball fired from a 

pneumatic cannon in both a 1-g and a 0-g environment was seen as more effective 

because the initial position and force imposed on the ball could be kept constant. 

Hence, the ball's trajectory could be mapped and then simulated solely by the angle of 

the cannon when fired. Indeed, the cannon itself is essentially an extension of the 

actors perception-action system, and in many respects can be viewed as the 'hand' 

that throws the ball (all be it a 'hand' with 1-degree-of-freedom). 

In the Al-g and the Vl-g environment, successful performance involved conectly 

perceiving the distance to the target and the height of the target relative to the cannon, 

the weight of the tennis ball and the force with which the tennis ball was fired. The 

tennis balls were fired with a force that produced a kinematic trajectory in Al-g and 

Vl-g that curved downwards significantly and, as with throwing daits in a 1-g 

environment, required the participants to aim along a parabolic trajectory to 

successfully hit each target (see Figure 3). In the VO-g environment (as would be the 

case in the actual 0-g environment of space), learning which angle(s) afforded hitting 

each target only required the participants to correctly perceive the distance to the 

target, and the height of the target relative to the cannon. In turn, aiming at each target 

required the paiticipants to project along a straight trajectory in order to successfully 

hit each target (see Figure 3). 
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Figure 3. The angular projection that affords hitting the center of the middle target in the 1-g condition 
(left panel) and in the 0-g condition (right panel) . The curved line indicates the ball's parabolic 
trajectory when fired in either Al-g or Vl-g, and the straight line indicates the ball's trajectory in VO-g. 

It was expected that participants would demonstrate an ability to learn the approximate 

set of angles in each task environment and consequently, show a significant 

improvement with practice. This was required to verify that Vl-g and VO-g retained 

the tight link between perception and action, by rendering the dynamic and 

informational constraints perceivable4, and hence providing initial support for VO-g 

and Vl-g as effective training environments, not to mention VR systems in general. In 

addition, based on the results and observations reported by Berger, Mescheriakov, 

Molokanova, Steinleitner, Seguer and Kozlovoskaya (1997), Cooper (1976), 

Garethewohl, Strngholg, and Stallings (1957), Harland (1997), Manzey, Lorenz, 

Schiewe, Finell and Thiele (1995), Tafforin, Thon, Guell and Campan (1989), and 

Watt (1997), which demonstrated how human performance in 0-g is poorer relative to 

performance in 1-g, participants were expected to exhibit a lower level of performance 

in VO-g, relative to that achieved in Al-g or Vl-g, following practice in Al-g or Vl -g. 

This was required to verify VO-g could effectively model the actual zero-g 

environment by producing the same pe1formance effects and could therefore be 

4. It is important to note, that in VR it is not the dynamic constrains on action that are modeled, but 
rather the kinematic transformations that specify those dynamics. In other words, by effectively 
mapping the kinematic and kinetic transformations of the actual task environment to the virtual task 
environments, the dynamic and informational constrains on action can be simulated. 
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used to effectively train and pre-adapt astronauts for the perception-actions cycles of 

space. Following this, based on the results ofManzey, Lorenz, Schiewe, Finell and 

Thiele (1995) and Eberts (1987) which demonstrated how performing a secondary 

task on Earth immediately after 0-g practice is poorer relative to both the final level of 

performance achieved in 0-g and the final level of performance on Earth prior to 0-g 

practice, participants were also expected to exhibit a decreased level of performance 

in Al-g and Vl-g following practice in V0-g. 

Although not of central concern, there was the possibility that a participants age, sex, 

handedness, VR experience, or experience with tasks that resembled the current 'aim 

and fire' task (e.g. firing cannons or guns), could impact on the performance and 

learning exhibited. Therefore, demographic data was collected to account for this 

eventuality. In addition, given that the risk of SS and postural instability is an ethical 

consideration, and can impact on a participant's performance both in the virtual and 

actual environment (Kennedy, Lane, Berbaum & Lilienthal, 1993b; Kennedy, 

Lanham, Drexler, Massey & Lilienthal, 1997; Kennedy, Fowlkes & Lilienthal, 1993a; 

Kennedy & Stanney, 1996; Offord, 1999), the Kennedy and Lilienthal (1993) 

Simulator Sickness Questionnaire (SSQ) and an adapted version of the Kennedy et al. 

( 1993a) and Kennedy and Stanney (1996) postural stability test were also 

administered both pre- and post-YR exposure. 
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Experiment 1 

Experiment 1 was concerned with the effects practicing the 'aim and fire' task in 

either the Al -g, Vl-g or V0-g task environments had on performance. As described 

earlier, practice can be depicted as a search for task solutions (Newell, 1991), and is 

fundamental to learning. Practice in this sense, is viewed as repeatedly performing a 

task in divergent and exploratory way, rather than repeatedly performing a task in the 

same way (Newell, 1991; Owen, 1990). It is by performing a task in an exploratory 

way that the different kinematic transf01mations, and, in tum, dynamical constraints 

that specify action in relation to the task demands are attuned too. For the present task, 

hitting the appropriate target required learning the angle the cannons barrel should be 

at when firing the tennis ball. Therefore, it was reasonable to expect that with practice 

participants would refine their aiming behaviour in each gravitational environment 

based on the balls kinematic trajectory until the correct angle was discovered. 

Consequently, participants were tested over four sessions with the expectation that 

task performance would improve across each session. 

This assumption, that significant improvement with practice would occur as the 

relevant information about the constraints on action were discovered, also has 

implications for what the learning and practice effects in each of the three different 

task environments (i.e. Al -g, Vl -g and V0-g) would be. It is obvious that 

improvement in skill is only possible if the information and constraints that direct this 

improvement are consistently perceivable (Flach, Lintem & Larish, 1990; Michaels & 

Carello, 1981). That is, practice in a task environment that does not make action 

constraints reliably perceivable will not result in improved skill. This is consistent 
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with Schneider's (1985) notion that practice does not always result in improved skill, 

but that practice with consistent task components will generally lead to improved skill 

( cited in Flach, Lintem & Larish, 1990). Hence, because the task information and 

constraints in VR, as in the actual world, are argued to be perceivable, then task 

improvement was expected to occur to the same extent in each of the virtual task 

environments as in the actual task environment. This expectation was based on the 

extent to which the relevant action dynamics and perceptual information for each 

virtual environment, although different, remain consistent and perceivable throughout 

practice. This result was seen as particularly important for further establishing VR as 

an effective training tool, one which is capable of attuning people to the dynamic and 

informational constraints intrinsic to task performance in the corresponding actual 

environment. 

Method 

Design 

Experiment 1 employed a mixed model 3 (Environment: Al-g, Vl-g, and VO-g) X 4 

(Session: 1 to 4) X 3 (Target: bottom, middle, and top) factorial transfer of training 

design, with repeated measures on the second and third factor. Participants were 

randomly assigned to either the Al-g, Vl-g or VO-g environment. Each of the 4 

sessions consisted of 15 trials, with the participant firing 5 shots at each target. In the 

first session, the participant was required to fire the 5 shots at each target in a row, 

thereby enabling the participant to become familiar with how the cannon worked, the 

force the ball was fired at, the experimental procedure used during testing, and the 

angle that afforded hitting each target. The remaining three sessions consisted of 15 

trials (5 shots for each target) with the participant firing at a different target for each 



trial and no target more than once in a sequence. Target order and sequence for all 

sessions was randomised both between and within subjects. 

Participants 

Nineteen males and 11 females aged between 18 and 48 years (M = 25, SD= 6.8) 
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were recruited from the University of Canterbury as pa1iicipants in Experiment 1. 

Participants were not informed about the true purpose of the study until after they had 

completed their sessions. However, they were made aware that they would have to 

complete an 'aim and fire' task in either the actual environment, the virtual 

environment and/or both. Demographic data on each participant was collected via a 

self-report questionnaire recording sex, age, handedness, computer/video/simulator 

experience and exposure, and cannon/gun experience (see Appendix A). 

Materials and Apparatus 

Hardware. The pneumatic cannon was a computer readable, self-standing, single-shot 

unit, 1.35m tall with a base 65cm x 45cm wide (see Figure 4). Compressed air was 

pumped into an air tank fixed to the base of the cannon through an adjustable 

regulator valve, both of which had a maximum pressure of 150psi. A 1.2-m-long 

piece of flexible high-pressure hose ran from the top of the air tank to the barrel 

assembly, which was attached to an iron pipe that ran from the center of the base up 

behind the air tank. The barrel assembly consisted of an Sp367 DC solenoid value 

with a maximum pressure rating of 127psi and a 35-cm-long by 6-cm-diameter PVC 

barrel held together in a steel frame with an 18-cm-high 'U' -shaped handle fixed on 

top. The handle had padded vinyl handgrips on each side with a 5-mm-diameter 
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plastic trigger button attached to the top of the right handgrip. The ban·el assembly 

had 50 degrees of vertical movement in total, +40 degrees up from a horizontal 

position and -10 degrees down, coming to rest at -10 degrees. A potentiometer 

attached to the left-hand side of the bruTel assembly allowed a continuous recording of 

the barrel's angle. The cannon fired a 50-gm tennis ball at an operating pressure of 

25psi, which resulted in a consistent firing distance of 4.8m when horizontal to the 

ground in the actual environment. The ball was loaded through the front end of the 

ban-el and came to rest 10mm from the point of exit. 

The balls were fired at a 60cm x 95cm target boru·d that contained three 25-cm x 50-

cm tru·gets, one above the other with a 5-cm space between each tru·get. Each of the 

three tru·gets was split into three rectangular coloured rings in a fashion similar to a 

standru·d drut boru·d, with hitting the center rectangle (black) being w01th 100 points, 

the middle rectangle (red) worth 50 points, and the outer rectangle (yellow) worth 25 
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points (see Figure 5). Each target had a red Light Emitting Diode (LED) positioned at 

either side of the target and when illuminated indicated which target the participant 

was to fire at. The mean change in the angular projection required to successfully hit 

the center of each target was 4.45 degrees (SD= 0.141) in Al-g and Vl-g, and 3.95 

degrees (SD = 0.000) in V0-g. The difference in the angular projection required to hit 

the center of the bottom, middle and top targets between Al-g/Vl-g and V0-g was 

15.3, 14.7 and 14.3 degrees respectively. 
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Figure S. A view of the target board with the LEDs for the center target illuminated. 

All testing was conducted in the Department of Psychology Simulation Laboratory at 

the University of Canterbury. A Pentium 550 MMXTM PC and an Evans & 

Sutherland Tornado 3000 high performance 3D graphics accelerator card with a 
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maximum refresh rate of 120hz and a maximum stereo resolution of 1280 x 1024 

pixels generated the virtual environment. The virtual environment was viewed in 

stereo through a Virtual Research Systems V8 Head Mounted Display (HMD) that 

contained two full-colour 3.3cm x 640 x 480 pixel active matrix liquid crystal 

displays with a maximum display rate of 60 frames per second, presenting a 60-deg 

field of view to each eye with 100% stereo overlap. The system included a 6-degree

of-freedom head tracker (Ascension Technology, Model #600201 Flock of Birds) 

with an orientation and position sample rate of 25 times per second. Image updates to 

the HMD including the position of the user, the ball and the target display were made 

25 time per second. Similarly, the position and orientation of the tracker was sampled 

at 25 times per second. 

Environment. Dimensions, colours and textures of the virtual and actual environments 

were as similar as possible (see Figures 6 and 7). They consisted of a room 3 .5m x 

3.75m, with blue walls, a gray and brown carpeted floor and a white ceiling. A 1.4-m

long florescent light was fixed to the ceiling in the center of the room running parallel 

to the line of fire. The cannon was positioned in the southwest corner of the room, 

50cm from the two corner walls with the barrel directly facing the target fixed 1.5m 

(to the center of the bottom target) above the floor in the opposite northeast corner. 

The distance between the end of the barrel (at a horizontal position) and the target was 

3.6m. A 40cm x 30cm x 135cm rectangular stand was positioned against the south 

wall with the 29-cm score monitor fixed on top (the score was updated after every 

shot and was reset at the beginning of each test). Directly in front of the monitor and 

stand was a green curtain extending 1.45m out from the west wall and 1.35m from the 

north wall. A hole was cut into the curtain so that only the pa1iicipant could see the 



screen of the monitor display. The computer and the experimenter were positioned 

behind this curtain during each trial. 
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Figure 6. A side-on and cannon-to-target view of the virtual environment. The left panel shows a side
on view taken from the southeast corner of the room, displaying the cannon and its relationship to the 
target and score display. The right panel shows the cannon-to-target view of the participant when 
performing the 'aim and fire' tas1c in 1-g and 0-g virtual environments-:-

Figure 7. A side-on and cannon-to-target view of the actual environment. The left panel shows a side
on view taken from the southeast corner of the room, displaying the cannon and its relationship to the 
target and score display. The right panel shows the cannon-to-target view of the participant when 
performing the 'aim and fire' task in the actual environment. 

Questionnaires. A computerised version of the SSQ (see Appendix B) was 

administered pre- and post-participation in the virtual environment. An additional 

printed version (see Appendix C) was given to each participant to complete 3 to 12 

hours after exposure (a procedure adapted from Kennedy, Lane, Berbaum & 

Lilienthal, 1993; Kennedy, Lanham, Drexler, Massey & Lilienthal, 1997; Offord, 

1999). 
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Postural stability test. The postural stability test (a procedure adapted from Kennedy, 

' 
Fowlkes & Lilienthal, 1993; Kennedy & Stanney, 1996) required the participant to 

stand on their non-preferred leg with eyes closed and arms crossed while remaining 

stationary for a maximum of 30s. Loss of balance was deemed to have occurred if the 

paiiicipant opened their eyes, unfolded their arms, or touched the ground with their 

raised leg. In addition, the HMD fitted with the head tracker was worn by the 

participant to measure body sway by recording the head tracker's position in the x-, y

and z-axes. These recordings were used to calculate the average vector velocity 

(Vectorvei) which Kennedy and Stanney (1996) identify as the optimal measure of 

postural stability. 

As maintaining postural stability is more difficult than most participants anticipate 

(Offord, 1999; Kennedy & Stanney, 1996) and there is a practice effect over several 

attempts (Kennedy & Stanney, 1996), the experimenter demonstrated the posture to 

be taken and then gave the participant a maximum of three attempts to obtain the 

requisite posture and perform the test. The posture was successfully obtained if the 

participant maintained their balance for the first 5sec of the test. Each attempt was 

recorded, however only the first successful attempt was retained, with the remainder 

of the tests either not conducted or discarded. For those participants who were unable 

to successfully obtain the posture for more than 5s in all three attempts their final 

attempt was retained. 

Procedure 

Each paiiicipant read an information sheet giving a brief outline of the experiment's 

purpose and procedure (see Appendix D) and signed an informed consent f01m (see 
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Appendix E). The participant stood directly behind the cannon in the actual 

environment and was given a detailed description of how the cannon worked and how 

to operate it. The actual target board was then presented to the participant, who was 

instructed to attempt to hit the target specified by the LEDs positioned on either side 

of each target. Following this, the scoring procedure was explained and the score 

display presented. The participant was instructed to complete the task at their own 

pace and that they were to attempt to perform to the best of their ability in all four 

sessions. 

For virtual environment participants the HMD was fitted, adjusted and focused to the 

participant's and experimenter's satisfaction immediately prior to task performance. It 

was made clear to paiiicipants who were to perform the task in the Vl-g environment 

that the virtual environment was identical to the actual environment and that 

everything operated in the same manner, For the participants who were to perform the 

task in the VO-g environment, it was made clear that the virtual environment was 

identical to the actual environment except that there was no gravity. The HMD was 

removed directly after the third session (S3) and refitted immediately prior to the forth 

session (S4) so the SSQ and postural stability test could be completed (the reason for 

running the SSQ and postural stability tests between S3 and S4 was to match the 

testing procedures used in subsequent experiments). 

The experimenter initiated trials in all sessions once the participant was ready and had 

returned the cannon to its rest position. No trial could be initiated, even by the 

experimenter, until the cam1on was in the rest position. By requiring participants to 

return the cannon to its rest position between each trial the adjustment required to hit 



each target was standardised. The beginning of each trial was indicated to the 

participant by the LEDs lighted on either side of the target to be fired at. 
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The SSQ and the postural stability test were administered three times, first directly 

prior to the first session, second directly after the third session, and third immediately 

after forth session. Participants were also given a third printed copy of the SSQ to 

complete 3 to 12 hours after finishing the experiment to examine any delayed 

simulator sickness affects, as well as their duration. 

The participant was permitted to ask questions about the task and scoring procedures 

during the first session if they were unclear about any aspect of performing the task. 

In addition, due to the nature of the task, some participants had trouble initially seeing 

exactly where the ball hit the target and were therefore allowed to ask where the exact 

point of contact was after each trial during the first session (participants could also 

determine this from the score). This difficulty was experienced by a small number of 

participants in each of the three environments, however, after 4 or 5 trials the majority 

of these participants were able to correctly perceive the point of contact, with the 

remainder being able to successfully perceive the point of contact by the completion 

of the first session. 

Variables recorded 

Perfonnance data recorded for each session trial included initial state data identifying 

trial number (1 to 15), the target to be fired at, elapsed time in seconds from the 

beginning of each trial to firing and cannon angle. The cannon angle at time of fire 

was used to calculate the predicted point of contact and the displayed score for each 

trial. Performance e1mr was also calculated for each trial by subtracting the can..non 
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angle recorded at time of fire from the ideal cannon angle (i.e., the cannon angle 

required to hit the center of each target). In Al-g and Vlg the ideal cannon angle 

(from horizontal) for the bottom, middle and top targets were + 15 .4, + 19. 7 and + 24.2 

degrees respectively and for V0-g, + 1. 1, and +5.0 and +8.9 degrees respectively. 

Faults and problems 

When the pneumatic cannon was fired in the actual environment a small amount of 

variability (1 to 2cm) occasionally occurred between the point of contact predicted by 

the cannon angle at time of firing and where the ball actually hit the target. This was 

mainly due to slight variations in air pressure and the user's movement of the cannon 

(slightly lifting or lowering) at the time of fire. The result was that sometimes the 

angle-based score displayed to the participant differed from their expected score. For 

example, a ball that actually hit a target slightly below the yellow section but was 

predicted to hit directly on the yellow section would result in a score of 20 being 

displayed to the participant rather than 50 (the reverse case also occurred). However, 

given that the impact of this variability on task performance and measurement was 

minimal and the fact that the displayed score was not the performance measure being 

recorded, the participant was simply infom1ed of this slight variability during the 

initial instructions and told not to be too concerned as the score was just a guide and 

would average out in the end. Infmming participants of this variability was seen as 

important for experimental validity, as it ensured that participants who experienced 

variability did not view it as an experimental manipulation and adjust their behaviour 

unnecessarily. To minimise the occurrence of variability, the cannon's angle and air 

pressure were checked between each session, and recalibrated if necessary to ensure 

the ideal angle of projection remained constant across trials and paiticipants. 
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Results and Discussion 

The absolute and sign error for each session was analyses separately using a 3 x 4 x 4 

analyses of variance (Environment x Session x Target), with repeated measures on 

Session and Target. Sign error was calculated by subtracting the cannon angle used 

for each shot from the corresponding ideal angle. Absolute e1rnr equaled the absolute 

value of sign error for each shot. The reason for both types of analyses was that each 

type of error uncovered a different aspect of perception-action learning and 

performance. Absolute error helped identify and display the magnitude of error, 

learning and transfer, whereas sign error helped identify and display the manner in 

which error, learning and transfer occurred. 

Absolute error 

Figure 8 shows the non-significant 3-way interaction between Environment, Session 

and Target, F (12, 162) = 0.937, p > 0.05, 11 2 = 0.065. Each point on the graph is the 

average absolute error score over the 10 participants for each environment CNtotaI = 

30). It should be noted that although there was a large amount of variance across 

participants, the general pattern of results seen in Figure 8 is consistent with the 

pattern of data for each participant and, except for the Top1arget in S lAI -g, is not a result 

of averaging. The means and standard deviations for each Environment, Session and 

Target are displayed in Table 1. In respect to the Top1arget in S lAI-g, one participant's 

performance was substantially better than the others' (M = 0.94), and unduly pulls the 

overall mean for that session and target down from 2.45 to 1.95. The data was 

retained however, due to their performance on the remaining sessions being consistent 

with the general pattern ofresults for the Al-g environment. 
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Figure 8. The non-significant three-way interaction for absolute error between Environment, Session 
and Target, F (12,162) = 0.937, p > 0.511, 112 = 0.065. * Blocked practice. 

Table 1. 
Mean Absolute Error (deg) and Standard Deviation for each Target (Top, Middle, Bottom) 

and Session (Sl -S4) in the Three Task Environments (V0-g, Vl-g, Al-g). 

VO-g Vl-g Al-g 

SJ* S2 S3 S4 S1* S2 S3 S4 S1 * S2 S3 

Top 1.69 1.63 1.45 1.49 2.50 2.12 1.34 1.72 1.95 2.02 1.49 

(1 .59) (1.18) ( 1.09) (1.19) (2.3 I) (1.69) (1.03) (1.12) ( 1.95) (1.45) (1.19) 

Middle 2.21 1.54 1.06 1.08 2.74 2.37 1.97 1.77 2.99 2.36 1.68 

(1.92) (0.89) (0.76) (0.86) (2.36) ( 1.82) (1.45) (1.19) (2.47) (1.60) (1.46) 

Bottom 2.49 1.45 1.29 1.56 2.98 2.38 2.06 1.55 2.85 2.09 1.51 

S4 

1.59 

(1.19) 

1.75 

(1.43) 

1.52 

(2.34) (1.09) (0.81) (1.42) (2.35) ( 1.91) (1.45) (1.23) (1.32) (1.55) (1 .29) (1.15) 

Overall 2.13 1.54 1.27 1.38 2.74 2.29 1.79 1.68 2.60 2.16 1.56 1.62 

The SD for each target and session is reported in brackets (). * Blocked practice. 

It is clear from the learning cures in Figure 8, that, as expected, perfo1mance 

improved with practice in each task environment across the four sessions. It can be 

concluded that participants in each environment learnt the appropriate gravitational 

dynamics and, in tum the approximate angle at which the ball needed to be fired at in 

order to hit each target. There was however, a small negative perfonnance trend for 
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some of the targets in Al -g, Vl-g and V0-g between S3 and S4, and most noticeably 

occurs for the TOP1arge1 in Vl-g and the Middle1arget in V0-g. This may have been due to 

the larger time interval between performing S3 and S4, than between S 1 and S2, and 

S2 and S3, as participants were required to complete the SSQ and Postural stability 

test. Post hoc analysis using the Tukey HSD test, however, found neither of these 

differences to be significant (p > 0.05). 

There was no interaction effect for Environment and Target, F ( 4, 54) = 1.002, p > 

0.414, 112 = 0.069, nor a main effect for target, F (2, 54) = 2.263, p > 0.113, 112 = 

0.077, which indicated, as can be seen in Figure 8, that participants performed at a 

consistent level across targets. Nevertheless, initial perf01mance and learning does 

appear to be slightly different for the top target, with participants in each environment 

performing better on the top target than for the middle and bottom targets. This was 

highlighted by the significant 2-way interaction for Target and Session, F (6, 162) = 

2.519, p < 0.05, 112 = 0.085 and seemed to indicate a small anchoring effect. One 

possible explanation for this may be that participants quickly perceived what angle 

was "too high" and, in tum, more quickly learnt the appropriate angle for the top 

target. However, there was no real evidence of this, given that the difference was very 

small, and in Al-g, as noted above, was strongly effected by a single participant. 

Figure 9 shows the non-significant 2-way interaction between Environment and 

Session, F (6, 81) = 0.749, p > 0.691, 112 = 0.053. Each point on the graph equals the 

mean absolute error score across the three targets and 10 participants tested in each 

environment. The expected effects of practice are clearly reflected in the three distinct 

learning curves and in conjunction with the significant main effect for session, F (3, 



81) = 31.021, p < 0.00001, 112 = 0.53 , show how performance improved in each task 

environment across the four sessions. 
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Figure 9. The non-significant two-way interaction for absolute error between Environment and 
Session, F (6, 81) = 0.749, p > 0.691, 11 2 = 0.053 . 
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However, a significant main effect for Environment, F (2, 27) = 4.268, p < 0.05, 112 = 

0.24, indicated that although learning progresses at the same rate across environments, 

the 'aim and fire' task was significantly easier in V0-g than in Al-g or Vl-g. This 

effect is also evident in Figure 8. One possible explanation may be that in the 1-g 

environments (Vl-g and Al-g) participants were required to project along parabolic 

curves when identifying the correct angle of fire. In V0-g however, participants were 

only required to perceptually project along straight lines when identifying the correct 

angle of fire (see Figure 3). It may be the case that paiiicipants found it harder to 

project along parabolas than straight lines and as a result perfo1med better in V0-g 

than in either of the two 1-g enviromnents. However, given that the participants would 

have had just as much, if not more, experience with aiming tasks that required 
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projecting along parabolas, the advantages of an aiming task that required projecting 

along straight lines seems minimal. Indeed, the majority of participants tested in Al-g 

indicated verbally ( either by sighing, cursing or verbally stating the colour they 

expected to hit), even for shots fired at the beginning of Sl, that they could tell where 

the ball was going to hit the target shortly after the ball was fired, that is, before the 

ball even hit the target. For participants tested in Vl-g and VO-g however, this level of 

sensitivity was only indicated near the end of S2. The work of Todd (1981), which 

demonstrated how people are very sensitive to the optic variables that specify the 

angle of approach, velocity, and acceleration of a baseball moving through a parabolic 

trajectory also raises doubts about the validity of such an argument. 

Another, and perhaps more valid reason for the performance differences between VO

g and the two 1-g environments, was that in VO-g ( as in actual 0-g environments) 

there was a constant angular step between targets, whereas in the 1-g environments 

the angular step between targets increased exponentially the higher the target. Indeed, 

the step difference between the center of each target in VO-g was 3 .95 degrees, 

whereas in Al-g and Vl -g the step difference was 4.3 degrees between the center of 

the bottom and middle targets, and 4.5 degrees between the center of the middle and 

top targets. Therefore, it seems reasonable to assume that, although in both instances 

the optical variables that specify the correct angle of fue exist, learning the constant 

difference between targets in VO-g was easier than learning the exponential difference 

between targets in Al-g and Vl -g. The fact that participants performed the aiming 

task significantly better in VO-g may well be evidence of this. In addition, the angular 

steps, as well as the angles required for successful perfo1mance in VO-g, were 

considerably smaller than those required in Al-g and Vl-g. This could also have had 
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a significant effect on the speed of learning, as an increase in angular difference is 

directly proportional to an increase in the variability between targets. Consequently, 

second moment analysis showed that the distribution of en-or for each task 

environment was consistently larger for Al-g and Vl-g than for V0-g. (SDvo-g = 1.94, 

Skewvo-g = 0.149; SDv1-g= 2.66, Skewv1-g = 0.029; SDA1 -g = 2.26, SkewAI-g = -0.09). 

This argument lies well with ecological approach to learning offered by E. J. Gibson 

(1953, 1963, 1969) who along with J.J Gibson (1963, 1979) suggested that practice 

results in a finer level of perceptual attunement or differentiation to a dimensional 

con-espondence between perception and action. In other words, given that there was a 

more complex level of discrimination required to successfully hit the targets in A 1-g 

and Vl-g than in V0-g, it is not surprising that an increased level of practice was 

needed to differentiate between targets in the 1-g environments. 

Sign error 

Figure 10 shows the non-significant 3-way interaction between Environment, Session 

and Target, F (12, 162) = 1.45, p > 0.148, 112 = 0.097. Each point on the graph is the 

average sign en-or score over the 10 paiiicipants in each environment (N101a1 = 30). 

Positive sign en-or reflects a tendency to overshoot the targets, negative sign en-or 

reflects a tendency to undershoot the targets, while zero sign en-or reflects a no 

consistency (a tendency to both under- and overshoot the targets) . Theoretically, zero 

sign en-or also reflects a direct hit tendency, however given the large amount of 

variance, even in S4, this was not considered to be reflected by the data. 
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Figure 10. The non-significant three-way interaction for sign enor between Environment, Session and 
Target, F (12, 162) = 1.45, p > 0.148, 11 2 = 0.097. 

Of central interest was the different pattern of results across the four sessions for each 

environment. In Al-g, participants continually undershot each target at a decreasing 

level across the four sessions. A less extreme and inverse pattern was displayed for 

V0-g, where participants continually overshoot the targets. However, although there 

was a slight decrease in sign error from S 1 to S2, overshooting remained reasonably 

consistent across the remaining three sessions (S2, S3 & S4). Interestingly, the 

overall pattern for Vl-g appeared to be a combination of that shown in Al-g and V0-

g, with participants showing a tendency to both undershoot and overshoot each target. 

The differences in sign error across environments was highlighted by the significant 

main effect for Environment F (1, 27) = 10.08, p < 0.001, ri2 = 0.428. There were no 

interaction effects found for Environment X Session, Environment X Target, Session 

X Target, or main effects for Target, and Session (p > 0.05). This was consistent with 

absolute e1Tor described above, and together with the large amount of variance 
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exhibited across targets and participants, indicated that participants may have 

employed a different exploratory search strategy in learning the optimal angle of fire 

(McDonald, Emmerik & Newell, 1989) depending on the environment they were 

tested in. 

To investigate this further, the sign error across trials (1-15) and sessions (S1 - S4) 

for each participant was examined. Three basic search strategies emerged from the 

data and are displayed in Figure 11. Graphs A2, B2 and C2 are stylised examples of 

the three emergent strategies, whereas graphs Al, Bl and Cl are actual examples of 

the three emergent strategies. It is important to note that the data displayed in graphs 

Al, Bl and Cl are the actual angles recorded for three separate participants and are 

not an average across participants (the actual angle is either+ or- the ideal angle and 

simply equals the sign error for that participant). 

Graphs Al and A2 provide examples of the strategy that was used least often by 

participants (Npos-dwn = 7). Essentially, it shows how at the beginning of each session 

participants overshot each target and then over the course of the remaining trials 

within that session moved downwards so that each shot progressively got closer to the 

ideal angle. This form of positive-down pattern was reasonably consistent across 

targets, however, the initial shot in each session become less extreme as participants 

moved from session to session. It is not surprising then, that this strategy only 

appeared for participants tested in VO-g as one would expect paiiicipants to initially 

aim too high based on their experience with firing and throwing tasks in the real 

world. 
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Figure 11. The three basic search strategies used by participants to learn the ' aim and fire' task. 
Graph Al displays actual angles used by a single participant tested in VO-g and depicts the positive
down strategy. Graph A2 is a stylised version of the pattern evident in Al. Graph B 1 displays the actual 
angles used by a single participant tested in Vl-g and depicts the oscillating strategy. Graph B2 
displays a stylised version of the pattern evident in B 1. Graph Cl displays actual angles used by a 
single participant tested in Al-g and depicts the negative-up strategy. Graph C2 is a stylised version of 
the pattern evident in Cl. The dashed lines on each graph represent the target zone, i.e. the set of angles 
that would result in hitting the target. 

The inverse strategy was also evident, although far more prominently, and is 

displayed in Cl and C2 CNneg-up = 11). Here participants undershot each target and 

then over the course of the remaining trials moved upwards with each shot getting 

progressively closer to the ideal angle. As for the positive-down strategy, this form of 

negative-up strategy become less extreme as participants moved from session to 

session. Again, it is not surprising that negative-up strategy was exhibited most often 



by participants tested in Al-g and indicates how participants expected the ball to be 

fired with more force. Indeed, many participants actually mentioned this after firing 

the ball for the first time, stating that the term 'cannon' implied a strong force . 
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B 1 and B2 show the other predominately used strategy (Npos-dwn = 12). In this strategy, 

participants zeroed in on the correct angle of fire by under or overshooting the target 

at a diminishing level until the center of the target was hit. This is referred to as the 

oscillating strategy and again becomes less extreme from session to session. Unlike 

the other two strategies participants from each environment exhibited the oscillating 

strategy, although it mainly appeared in Vl-g and VO-g. Furthermore, there were a 

number of participants tested in Vl-g that regressed to the negative-up strategy across 

S3 and S4. It should be noted at this point, that due to the noise created by the use of 

three targets not all of the participants tested in the present study show data that 

perfectly fit any of the patterns displayed in Figure 13A2, B2 or C2. However, there is 

a general tendency for the pattern of data of each participant to resemble one of the 

three strategies displayed in Figure 11. 

The fact that the frequency of each strategy was not evenly distributed across task 

environments is consistent with the patterns observed in Figure 11 and seems to imply 

that prior environmental experience or knowledge of the underlying dynamic 

constraints on action may well affect the way people learn. Hence, a participant's first 

shot provided information about the environn1ental dynamics at different levels of 

specificity depending on what environment a particular paiiicipant was tested in. For 

participants in Al-g, the constant impact of gravity was well known, having been 

specified through performing a number of throwing tasks within the actual world. 
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Therefore, the information provided by the first shot was highly specific to the force 

at which the ball is fired. The fact the people aimed too low initially, as indicated 

above, reflected the expectation that the ball would be fired with more force. As a 

result, participants immediately proceeded to increase the angle of fire by a small 

amount on each subsequent shot until the correct angle is reached. For participants 

tested in Vl-g neither the force at which the ball is fired or the effects of gravity are 

known. Indeed, despite being told prior to entering the virtual environment that it was 

an exact replication of the real world, it appeared that paiiicipants were still unsure as 

to whether this was truly the case. Alternatively, simply being in a VR system for the 

first time provided a whole new environment that needed to be explored. As a result, 

the information provided by the first shot was ambiguous as to whether it specified 

the force at which the ball was fired or the force at which gravity had been simulated. 

Consequently, larger and more extreme changes in angle provided more information 

about the dynamic constraints on action and may account for the tendency to oscillate 

between overshooting and undershooting. 

In VO-g, both scenarios are true. Those participants who had a better understanding of 

the effects of a 0-g environment on a firing task would most likely learn the correct 

angle using the positive-down strategy. However, those that were not aware of the 

effects 0-g would have on a firing task would tend towards an oscillating strategy in 

learning. Indeed, the difference in the sign of error between the negative-up and 

positive-down strategies may simply reflect the gross attunement of participants prior 

to firing the cannon for the first time. Consequently, the negative-up and positive

down strategies may actually manifest the same learning strategy. This also suggests a 

kind of learning to learn phenomenon, in which participants learn an effective 



perception-action search strategy that can then be used to learn the correct angle of 

fire. Furthermore, it appears that it was the search or learning strategy that was 

transferred from session to session rather than solely the approximate angle of fire. 
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This kind of 'learning to learn' explanation is not novel and simply reflects the way in 

which people search the perception-action environment in order to ' solve' the 

problem of how effective skill can be fine tuned (Newell, 1991). Indeed, the presence 

of different search strategies for the acquisition or learning of skilled action in the 

different task environments fits well with the perception-action framework of learning 

expressed by Fowler and Turvey (1978), Gibson (1966, 1979), Gibson (1969, 1991), 

Kugler and Turvey (1984), McDonald, Emmerik and Newell (1989), Newell (1991), 

Newell and McDonald (1992) and Shaw and Alley (1985). Within this framework, 

information is perceived as the means by which a learner channels the mapping of 

dynamical constraints on perception-action in a way consistent with the task demands. 

In this sense, a natural learner-generated search of the perception-action environment 

can be supplemented with various forms of augmented information to facilitate 

learning (Newell, 1991). In the present study, this augmentation appears to come in 

the form of previous attunement to the optical transformations that specify parabolic 

trajectories. And, although many agree that self-discovery does not always progress or 

attune a learner to the optimal information and action, in the present case each 

strategy appears to result in the same level of perfmmance. 

Nevertheless, it is hard to say precisely what may or may not be in effect with regards 

to the differing search strategies, as the methodology used does not provide for a 

rigorous tests of such phenomenon. However, the present experiment does provide 
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solid evidence in support of the hypothesis that performance would improve across 

sessions. This then provides an effective base on which to test the transfer effects 

between Al-g and VO-g. However, before this could be confidently investigated it 

was necessary to investigate whether any negative transfer is experienced between 

Al-g and Vl-g in order to ensure that participants did not experience any negative 

perfonnance changes when transferring between the actual to the virtual envirom11ent. 

Experiment 2 

Experiment 2 was concerned with the transfer effects between the Al-g and Vl-g. 

Transfer between the actual and virtual enviromnent has largely resulted in positive 

transfer (Regian, Shebilske & Monk 1992, 1993; Witmer, Bailey, Knerr & Parsosns, 

1996). However, the results of Waller et al. (1998) and Kozack et al. (1993) do raise a 

number of concerns about the direction of transfer (positive or negative) that need to 

be considered before transfer between Alg and VOg can be addressed. Essentially, it 

was important to ascertain the direction and magnitude of transfer between Al-g and 

Vl -g in order to help validate any transfer effects identified between Al -g and VO-g 

in the subsequent experiment. To this end, participants were required to complete 2 

sets of 4 sessions (8 session in total) one week apart. Each set of four sessions 

contained 3 practice sessions and one transfer session. The 3 practice sessions were 

completed in the same task enviromnent, which for the first set was in Al-g and for 

the second set in Vl-g. The forth session was completed in the opposite task 

enviromnent, which for the first set was in Vl-g and for the second in Al-g. 
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The guiding principle in ensuring effective transfer between the virtual and actual 

environment is that the actor must be able to detect and learn about the dynamical 

constraints on action that are intrinsic to optimal performance (Owen, 1990). 

Therefore, given that the dynamic constraints on action (i.e. gravity and firing force) 

between Al-g and Vl-g remain invariant and perceivable, positive transfer was 

expected in both directions (i.e. from Al-g to Vl-g and from Vl-g to Al-g). Indeed, 

the results of Experiment 1 that demonstrate a similar level of performance between 

Al-g and Vl -g appear to support this hypothesis. This will not only establish VR as 

an effective training tool for the learning and practice of perception-action cycles, .but 

will also go part of the way in establishing VR as an effective medium for readapting 

astronauts to life with gravity prior to leaving space. 

Method 

Design 

Experiment 2 employed a within groups 8 (Session: S 1 to S8) X 3 (Target: top, 

middle, and bottom) factorial transfer of training design, with repeated measures of 

both factors . The 8 sessions were structured so that task performance took place in the 

Al-g environment for the first three sessions (S1 to S3), in the Vl-g environment for 

the next four sessions (S4 to S7) and then back in the Al-g environment for the last 

session (S8). There was a one-week delay between session 4 and session 5 that 

enabled the transfer between Al-g and Vl -g to be examined in both directions (the 

one week delay was also used so that the current design matched that use in 

Experiments 3 and 4, and therefore allowed for comparisons across experiments). As 

in Experiment 1, each session consisted of 15 trials (shots), with the paiiicipant firing 

5 shots at each target. In S 1, the participant was required to fire the 5 shots at each 
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target in a row. The remaining seven sessions (S2 to S8) consisted of 15 trials (5 shots 

for each target) with the participant firing at a different target for each trial and no 

target more than once in a sequence. Target order and sequence for all sessions was 

counterbalanced both between and within subjects. 

Participants 

Six males and 4 females aged between 18 and 48 years (M = 24.3, SD= 7.9) were 

recruited from the University of Canterbury as participants in Experiment 2. 

Participants were not informed about the true purpose of the study until after they had 

completed all sessions. However, they were made aware that they would have to 

complete the 'aim and fire' task in the actual and virtual environment. 

rviateriais, apparatus and procedure 

The same materials, apparatus and procedure used in Experiment 1 were employed. 

However, due to there being 8 sessions split by a one week delay into two sets of 4 

sessions, the procedure was administered twice, once for Sl to S4 and once for S5 to 

S8. 

Results and Discussion 

As in Experiment 1, the absolute and sign e1rnr was calculated from the angle 

recorded at the moment of fire for each shot. They were then analysed separately 

using a 3 x 8 repeated measures analyses of variance (Session X Target) . The data 

from one male participant was dropped, as he did not return to complete S5 to S8. 

This reduced the total number of participants used for analyses from 10 to 9. 
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Table 2. 
Mean Absolute Error ( deg) and Standard Deviation for each 

Target (Top, Middle, Bottom) and Session (SI - S8) 

S1* S2 S3 S4 (trs) S5* S6 S7 S8(trs) 

Top 2.47 (2.09) 2. 12 (1.38) 1.93 (1.52) 1.92 (1.69) 1.87 (1.49) 1.73 (1.50) 1.88 (1.37) 1.96 (1.46) 

Middle 2.93 (2.19) 1.75 (1.3 I) 1.93 (1.73) 1.54 (0.89) 2.29 (1.92) 1.71 (1.22) 1.63 (1.01) 1.32 (1.13) 

Bottom 3.89 (2.89) 2.07 (1.80) 1.99 (1.30) 1.67 (0.99) 2.24 (1.69) 1.85 ( 1.29) 1.64 (1.01) 1.80 (1.20) 

Overall 3.10 1.98 1.95 1.71 2.14 1.76 1.72 1.70 

The SD for each target and session is reported in brackets Q. * Blocked practice. (trs) Transfer session. 

Absolute error 

Figure 12 shows the non-significant 2-way interaction between Target and Session, F 

(14, 112) = 1.04, p > 0.416, 172 =0.115 . Each point on the graph is the average 

absolute error score over the 9 participants. The means and standard deviations for 

each Target and Session are shown in Table 2. As expected the pattern ofresults 

clearly show that performance improved for each target over the eight sessions. This 

improvement remained reasonably consistent across the three targets and 

consequently no effect for Target was found, F (2, 16) = 1. 76, p > 0.203 172 = 0.181. 
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Figure 12. The non-significant 2-way interaction for absolute etTor between Target and Session, F (14, 
11 2) = 1.04, p > 0.416, T] 2 = 0.115 . *Blocked practice session. (trs) Transfer session. 
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Figure 13 shows the significant main effect for Session, F(7, 56) = 8.716, p < 

0.00001, 172 = 0.521, and, as expected resembled a standard learning curve. There was 

a slight decrease in perfo1mance between S4 and S5, however this was not significant 

(Tukey HSD, p > 0.05), and appears to a result of the one week delay between testing 

S4 and S5. It is clear from the graph that the transfer from Al-g to Vl-g (S3 to S4) 

and conversely from Vl-g to Al-g (S7 to S8) was not negative. In both instances, the 

average absolute error between the pre- and post-transfer sessions decreased from 

1.95 (S3) to 1.71 (S4), and from 1.72 (S7) to 1.71 (S8) respectively. In addition, when 

the average absolute error for S4 and S8 were compared to average absolute error 

obtained for the equivalent sessions in Experiment 1, S4v1-g Exp! (M = 1.68) and S4A1-g 

Exp! (M = 1.62) respectively, no significant difference was found (p > 0.05), and 

indicates that skill learned in Al-g was effectively transferred to Vl-g and vice versa. 
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Figure 13. The significant main effect of absolute error for Session, F(7, 56) = 8.716, p < 0.00001 , 112 

= 0.521. *Blocked practice. (trs) Transfer session. 

This supports the hypothesis of positive transfer between Al -g and Vl-g, and clearly 

demonstrates the ability of participants to detect the invariant mappings across Al-g 
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and Vl-g. This echoes the research ofRegian, Shebilske and Monk (1992, 1993), 

Witmer, Bailey, Knerr and Parsosns (1996), who have also shown how VR systems 

can be used to effectively capture the perceptual information that specify a tasks 

intrinsic dynamics and as a result provide an effective medium for the practice and 

fine tuning of skilled action. This has important implications for the training of 

astronauts prior to returning to earth. Essentially, by training astronauts in a VR 

system that models the gravitational environment of Earth, readaptation can be 

hastened as many essential perceptually coupled actions can be relearned prior to their 

return. 

Sign error 

Figure 14 shows the non-significant 2-way interaction between Target and Session, 

F(14, 112) = 1.116, p > 0.352, Y]2 = 0.12. The pattern ofresults (across the 15 trials) 

for the first four sessions (S 1 - S4) was consistent with the negative-up strategy 

identified in Exp 1. For S5 to S6 on the other hand, participants appeared to alternate 

between undershooting and overshooting each target more consistent the oscillating 

strategy identified in Exp 1. For S7 and S8 however, participants again showed a 

tendency to undershoot each target employing a strategy more consistent with session 

S3 and S4. These differences were reflected in the significant main effect for session, 

F(7, 56) = 5.269, p < 0.001, YJ 2 = 0.40 and although there was a slight degree of 

variability across targets, this was not significant, F(2,16) = 0.399, p > 0.677, Yj 2 = 

0.048. 

Upon closer examination of the sign error for each individual participant, the trend 

described above was clearly evident, with the majority of participant's employing the 
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same negative-up learning strategy across the 15 trials in S1-S4, S7 and S8, and a less 

extreme oscillating strategy across the 15 trials for S5 and S6. One interesting feature 

ofthis trend was that for both transfer sessions (S4 and S8), a similar negative-up 

performance pattern was displayed across the 15 trials, as found for S4Ai-gin Exp 1. 

This indicates that participants who practiced the task in the actual environment prior 

to entering Vl-g, transferred and use the same search strategy learned in Al-g. This 

seems highly probable given that even if participant's were unsure as to whether Vl-g 

accurately models actual environment, by practicing the task, the invariant constrains 

on action were immediately specified. 
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Figure 14. The non-significant two-way interaction effect for sign error between Session and Target, 
F(14, 112) = 1.116, p > 0.352, 11 2 = 0.12. *Blocked practice. (trs) Transfer session. 

This also explains the regression within S5 and S6 to the less extreme oscillating 

strategy and then the return to the negative-up strategy in S7 and S8. Basically, 

participant uncertainty about task consistency in Vl-g after a weeks delay would have 
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increased. As a result, participants employed a more exploratory search action within 

these two sessions in order to detect and relearn the dynamical constraints on action. 

Once the dynamics were identified as invariant and consistent with the actual 

environment and the previous weeks task, the participants returned to the strategy 

used in Al-g, and subsequently transfers this back to Al-gin S8. 

It is important to note that although this fits nicely with the framework outlined by 

Fowler and Turvey (1978), Gibson (1979), Kugler and Turvey (1984), McDonald, 

Emmerik and Newell (1989), Newell (1991), Newell and McDonald (1992) and Shaw 

and Alley (1985), the present experiment as well as Experiment 1 only implies this 

form of search strategy phenomenon and in no way provides concrete evidence in 

support of such claims. Nevertheless, the present experiment does raise a number of 

questions with respect to retention and transfer of skill across environments and may 

well explain some of the negative transfer exhibited by participants in the 'pick and 

place' study conducted by Kozack et al. (1993). Furthermore, the data does provided 

clear evidence in support of the hypothesis that participants are able to perceive that 

the dynamic constraints on action remain invariant across the actual and virtual 

environment. This not only establishes VR as an effective training tool for the 

learning and practice of perception-action cycles, but also goes a long way in support 

ofVR as an effective vehicle for readapting astronauts to life with gravity prior to 

leaving space. Clearly, the relearning of the negative-up search strategy across S5 to 

S6 highlights this notion. 
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Experiment 3 

Experiment 3 investigated the transfer effects between the Al-g and VO-g 

environments. The results and observations reported by Berger, Mescheriakov, 

Molokanova, Steinleitner, Seguer, and Kozlovoskaya (1997), Cooper (1976), 

Garethewohl, Strugholg, and Stallings (1957), Harland (1997), Manzey, Lorenz, 

Schiewe, Finell, and Thiele (1995), Tafforin, Thon, Guell, and Campan (1989), and 

Watt (1997) demonstrated how human performance in 0-g was initially poorer relative 

to perfo1mance in 1-g. As noted earlier, this was due to either misperceiving the 

dynamic and informational constraints on action in Og, and/or transferring the actions 

learnt in the 1-g environment to the 0-g environment. Consequently, achieving a high 

level of performance in 0-g means concurrently re-attuning ones perceptual systems to 

the dynamic constraints on action that specify the approximate angle required to 

hitting each target. In addition, the results of Manzey, Lorenz, Schiewe, Finell, and 

Thiele (1995) and Eberts (1987) demonstrated how task performance on Earth was 

poorer (relative to both the level of performance achieved in 0-g and the level 

achieved in 1-g prior to practice in 0-g), after practice in the actual 0-g environment. 

Again, as with 1-g to 0-g transfer, this can be explained in terms of people having to 

relearn the relevant action dynamics and perceptual inf01mation that specify 

successful performance. 

Experiments 1 and 2 successfully showed how task performance and skill improves 

with practice in each environment and can be transferred between the virtual and 

actual 1-g environments. Therefore, if the VO-g environment is an effective tool for 0-

g training, because it successfully models the actual 0-g environment, then the same 
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levels of transfer performance found between 1-g and the actual 0-g environment will 

be produced. In other words, no positive transfer will be recorded between performing 

the 'aim and fire' task in the Al-g and VO-g environments, as the actions transferred 

from lg to Og and vice versa will result in poor performance. More specifically, it was 

expected that poorer performance in VO-g would be experienced after practice takes 

place in A 1 g. Conversely, it was expected that poorer perfonnance in Alg would be 

experienced after practice takes place in VO-g. 

Method 

Design 

Experiment 3 employed a within groups 8 (Session: S 1 to S8) X 3 (Target: bottom, 

middle, and top) factorial transfer of training design, with repeated measure on both 

factors. The 8 sessions were structured so that task performance took place in the Al 

g environment for the first three sessions (SI to S3), in the VO-g environment for the 

next four sessions (S4 to S7) and then back in the Al-g environment for the last 

session (S8). There was also a one-week delay between S4 and S5 that enabled the 

transfer between Al-g and VO-g to be examined in both directions. Furthem1ore, this 

mimicked an actual space flight scenario whereby participants perform the task in a l

g environment first, then in a 0-g environment and then back in the 1-g environment 

again. The same session procedure used in Experiment 2 was employed. 

Participants 

Five males and 7 females aged between 21 and 34 years (M = 26.2, SD = 4.6) were 

recruited from the University of Canterbury as participants in Experiment 3. 

Participants were not informed about the true purpose of the study until after they had 



completed all sessions. However, they were made aware that they would have to 

complete an 'aim and fire' task in the Al-g and V0-g environment. 

Materials, apparatus and procedure 

The same materials and apparatus used in Experiment 1 were employed. The same 

procedure used in Experiment 2 was employed. 

Results and Discussion 

The absolute and sign error for each participant was calculated as in Experiment 1. 
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One participant failed to return to complete S5 to S8 and was therefore dropped from 

analysis, making Ntotal = 11. Both types of error were analysed separately using an 8 x 

3 repeated measures analyses of variance (Session X Target). Given that Experiment 

1 and 2 had shown how performance remains relatively consistent across targets, 

planned linear comparisons that average over targets were conducted between S3 and 

S4, and S7 and S8 in order to determine the significance of the changes in 

performance when transferring between Al-g and V0-g. 

Absolute error 

Figure 15 shows the significant 2-way interaction between Target and Session, F(l4, 

140) = 1.97, p < 0.05, 172 = 0.17. The graph shows the average absolute error for each 

Target and Session over the 11 participants retained for analysis. As expected, the 

pattern of results show how absolute error for each target decreased across sessions S 1 

to S3 while participants remain in Al -g, but increased in the transfer session S4 when 

participants move to V0-g. Similarly, a decrease in error can be seen for sessions S5 

to S7 when practice remained in V0-g, but increases dramatically in S8 when 



participants transfe1Ted back to Al-g. Table 3 shows the mean absolute e1Tor and 

standard deviation for each Session and Target. 
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Figure 15. The significant two-way interaction for absolute error between Target and Session, F(l4, 

140) = 1.97, p < 0.05, 112 = 0.17 * Blocked practice. (trs) Transfer session. 

Table 3. 
Mean Absolute Error (deg) and Standard Deviation for each 

Target (Top, Middle, Bottom) and Session (S 1 - S8) 
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S1* S2 S3 S4 (trs) S5* S6 S7 S8(trs) 

T 2.30 2.21 1.69 2.09 1.86 1.77 1.29 2.71 

op 
(J.73) (1.50) (1.46) (1.43) ( 1.4 7) (1.32) (0 .95) (1 .98) 

Middle 2.79 1.75 1.75 2.42 2.01 1.47 1.18 2.28 
(2.29) (1 .26) (1.44) (2.17) (2.05) (1.09) (1.17) ( 1.85) 

Bottom 3.75 1.89 1.52 3.95 2.29 2.03 1.37 3.09 
(2.76) (1.80) ( 1.21) (2.31) (2.31) (I .47) (1.20) (2.05) 

Overall 2.95 1.95 1.65 2.82 2.05 1.76 1.28 2.69 

The SD for each target and session is reported in brackets (). * Blocked practice. (trs) Transfer session. 

In contrast to Experiment 1 and 2, there was a significant main effect for Target, F(2, 

20) = 8.13, p < 0.01 , 172 = 0.45, with the pattern ofresults for the bottom target 

demonstrating slightly higher absolute error for Sl and S4. However, the overall trend 
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for each target remained consistent over the eight sessions (Mtop = 2.00, SDiop = 0.41; 

Mmiddle = 1.95, SDmiddle = 0.49; Mbottom = 2.45, SDbottom = 0.93) and post hoc analysis 

using the Tukey HSD test showed that the only significant difference was between the 

bottom and top targets in S4 (p < 0.025). This difference appeared to reflect the 

anchoring effect explained in Experiment 1. However, on closer examination a 

confounding problem with the randomisation process was found to be at fault. 

Essentially, the number of shots fired at each of the three targets across the first three 

trials was not evenly distributed (there were 11 participants tested, resulting in a total 

of 11 shots for each trial and an overall total across the first 3 trials of Nshots trial 1 _ 3 = 

33). 
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Figure 16. (a) The total number of shots fired at each target across the first three trials of S4. (b) The 
total number of shots fired at each target across the first three trials of S8. 

Figure 16a shows the number of shots fired at each target across the first three trials 

for S4. The graph shows that 6 shots were fired at the bottom target in the first trial, 

compared to only 4 for the middle target and 1 for the bottom target. A similar trend, 

although less extreme, is evident for trial 2. It is clear from the findings in Experiment 

1, that performance improves across trials and was significantly worse for trial one 

than for subsequent trials. For this reason, it appears that the difference between the 
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bottom and top targets was largely due to the latency shown in 16a. A good contrast is 

made in Figure 16b, which shows the distribution of trials across targets for S8. In this 

case, there was little difference in absolute error between the three targets and 

correspondingly the number of shots fired at each target was also similar. This effect 

may well explain some of the variance found between targets in the previous and 

subsequent experiments, especially for the blocked practice sessions, and suggests 

that future research (beyond the present study) should incorporate a matching process 

in order to counteract the confounds that may arise as a consequence ( e.g., employ a 

Latin square procedure). 
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Figure 17. The significant main effect of absolute error for Session, F(7,70) = 10.25, p < 0.00001, 11 2 = 
0.51. * Blocked practice. (trs) Transfer session. 

Figure 17 shows the significant main effect for Session, F(7, 70) = 10.25, p < 

0.00001, ri2 = 0.51, and more clearly highlights the transfer effects that appear in 

Figure 15. Each point on the graph displays the mean absolute error for each session 

over the 11 participants and three targets. As expected, the linear comparison 
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conducted on the difference in absolute error between S3 (M = 1.65) and S4(M = 

2.82) was found to be significant, F(l, 10) = 8.81, p < 0.05, 172 = 0.47, with 

participants performing at a level in S4 equivalent to that exhibited in S1 (M = 2.95) . 

Similarly, the linear comparison between S7 (M =1.28) and S8 (M = 2.68) was also 

found to be significant F(l, 10) = 8.02, p < 0.001, 172 = 0.78, with participants again 

perfmming at a level equivalent to that exhibited in S 1. This confirms the 

hypothesised effects by indicating that practice in Al-g exhibited zero transfer to task 

performance in V0-g. Moreover, that practice in V0-g had a large negative effect on 

performance in Al -g, whereby the skill developed in Al-g prior to entering V0-g was 

completely reversed. This negative transfer effect was highlighted further, by the fact 

that the absolute error for S4 and S8 was larger than the error exhibited by participants 

in S1 for the corresponding environment in Experiment 1 (V0-g Ms, Exp!= 2.13, Al-g 

Ms1 Exp! = 2.66). 

Interestingly, a large number of participants initially indicated that they perceived the 

ball's trajectory in V0-g to be rising rather than following a straight line. Indeed, a 

few participants even questioned whether the experimenter was trying to trick them 

into aiming too low by making gravity negative for the first few trials. However, the 

cause of this seemed to be the same thing that causes baseball pitchers, batters and 

catches to perceive what is commonly referred to as a ' rising fastball'. Basically, after 

looking at countless baseball pitches and throws an experienced player begins to see 

the gravity-induced curvature of the ball's trajectory as straight (Brancazio, 1984; 

Carello & Turvey, 1991). As a result, when a ball is actually thrown with enough 

force and backspin to counteract the effects of gravity and therefore move along a 

straight traj ectory, it is perceived as 'rising' (Carello & Turvey, 1991). The same 



effect appears of have occurred here. Participants, having fired the ball many times 

during the first 3 sessions of practice in Al-g, began to see the ball's parabolic 

trajectory as straight. Consequently, when the same participants fired their first few 

shots in V0-g, many of them perceived the ball's trajectory to be rising. The effect 

was not long lasting however, with most participants re-attuning their perceptual 

system within the first 3 or 4 shots. 

Sign error 
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Figure 18 shows the significant 2-way interaction between Target and Session, F(l 4, 

140) = 4.69, p < 0.0001, 172 = 0.32. It is clear from the graph there was a significant 

difference across Sessions, F(7, 70) = 13.15, p < 0.00001, 172 = 0.57. Specifically, the 

pattern of results for the first three sessions was consistent with the negative-up 

strategy identified in Experiment 1, and shows how participants exhibit a large 

tendency to undershoot each target and then regress at a diminishing rate towards zero 

across SI to S3. The opposite was true for the V0-g practice sessions, S5 to S7, with 

participants tending to overshoot each target more consistent with the positive-down 

strategy. Interestingly, none of the participants tested in the current experiment 

appeared to employ the oscillating strategy, which in Experiment 1, was commonly 

associated with practice in V0-g. This follows on from the findings in Experiment 2, 

which suggest that participants are transferring search strategies across sessions and 

environments rather than simply the approximate angle of fire. Indeed, the pattern of 

results for both transfer sessions reflected this notion, with the pattern of sign error for 

S4 reflecting the positive-down strategy, while the pattern of sign error for S8 

reflected the negative-up strategy. 
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Figure 18. The significant two-way interaction for sign error between Target and Session, F(l4, 140) = 
4.69, p < 0.00001, ri 2 = 0.32. * Blocked practice. (trs) Transfer session. 

Clearly, the present findings show that task performance was negatively effected by 

transferring between Al-g and VO-g, therefore validating the effectiveness ofVR as a 

training tool for space. Indeed, by effectively modeling the 0-g environment in VR, it 

appears that actors are able to experience the same negative transfer effects as Berger, 

Mescheriakov, Molokanova, Steinleitner, Seguer, and Kozlovoskaya (1997), 

Garethewohl, Strugholg, and Stallings (1957), Manzey, Lorenz, Schiewe, Finell, and 

Thiele (1995), Tafforin, Thon, Guell, and Campan (1989) and Watt (1997) found 

between the actual 0-g environment and Earth. Consequently, the benefits of training 

astronauts with a VR system that simulates the perception and action cycles of space 

are self-evident. 

In addition, the emergent learning and search strategies, indicative of the 'learning to 

learn' phenomenon implied by Kugler and Turvey (1984), McDonald, Emmerik and 

Newell, (1989) Newell (1989, 1991) and Wallace and Newell (1983), again, as in 
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Experiment 1 and 2, prove to be an interesting and predominate effect over practice in 

Al-g and VO-g. Moreover, they beg the question of whether participants were in fact 

transferring the correct angle for each target or simply the search strategy learned. 

Certainly, participants did seem to take a 'best guess' approach for the first shot of 

each session followed by an improving progression of shots (across the 15 trials) 

which project back to the strategy used previously. Furthermore, this suggests the 

negative-up and positive-down strategies are the same search strategy and only appear 

different because the sign of error was directly related to the different gravitational 

dynamics of Al-g and VO-g. Moreover, the commonalty that exists between the 

negative-up and positive-down strategies denotes the adaptation of search strategies 

rather than the adaptation of isolated action. Indeed, this may explain the low level of 

performance exhibited in transfer, as the learning strategies employed in Al-g may be 

less effective in determining the intrinsic task dynamics and ones 'best guess( es)' in 

the new VO-g environment. 

Experiment 4 

Experiment 3 clearly showed how participants we're unable to transfer the skill from 

Al-g to VO-g. Moreover, how performance in Al-g was inversely effected by practice 

in VO-g. This implied that the VO-g environment was an effective simulation of the 

actual zero-g environment, given that the same transfer effects were found between 

other 1-g task environments and the actual zero-g environment (Berger, 

Mescheriakov, Molokanova, Steinleitner, Seguer, & Kozlovoskaya, 1997; 

Garethewohl, Strugholg, & Stallings, 1957; Manzey, Lorenz, Schiewe, Finell, & 

Thiele, 1995; Tafforin, Thon, Guell, and Campan, 1989; and Watt, 1997), and 
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supports the proposal of VR is an effective zero-g training tool. In addition, the results 

of Experiment 2, which indicated that skill could be transferred between Al-g and 

Vl-g, highlighted this notion by demonstrating that the negative transfer effects found 

between Al-g and VO-g were not simply caused by transferring to the virtual 

environment. Despite these findings , it was still important to replicate Experiment 3 

with Vl-g in place of Al-g, to further validate that the transfer effects exhibited 

between Al -g and VO-g were not simply caused by transferring from the actual to 

virtual enviromnent. Consequently, Experiment 4 was concerned with the transfer 

effects between the Vl-g and VO-g environments. 

It was expected that because there was a direct one to one mapping of the dynamic 

constraints on action between Vl-g and Al-g, the same levels of performance would 

be exhibited by participants in Experiment 3. Basically, participants were expected to 

improve with practice across S1 to S3 and S5 to S7, but perform at a significantly 

worse level in both transfer sessions, S4 and S8. Therefore, not only was absolute and 

sign error for Experiment 4 analysed in isolation, but it was also directly compared to 

the results obtained in Experiment 3. The results of Experiments 1, 2 and 3 in respect 

to the different search strategies employed and transferred by participants in learning 

the task were also investigated further. 

Method 

Design 

Experiment 4 employed the same design as Experiment 3, except Vl -g was used in 

place of Al-g. 
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Participants 

Six males and 6 females aged between 20 and 45 years (M = 26.4, SD= 9.0) were 

recruited from the University of Canterbury as participants in Experiment 4. 

Participants were not informed about the true purpose of the study until after they had 

completed all sessions. However, they were made aware that they would have to 

complete an 'aim and fire' task in the Vl-g and V0-g environment. 

Materials, apparatus and procedure 

The same materials, apparatus and procedure used in Experiment 1 was employed. 

Results and Discussion 

The absolute and sign error was calculated and analysed using an 8 x 3 repeated 

measures analyses of variance (Session X Target). Again, one participant was dropped 

from analysis because they failed to return and complete S5 to S8, which made the 

total number of participants retained for analysis equal 11. 

Absolute error_ 

Figure 19 shows the non-significant 2-way interaction between Target and Session, 

F(l4, 140) = 1.038, p > 0.419, 172 = 0.094. The graph shows the average absolute error 

score for each Target (Top, Middle and Bottom) and Session (S 1 to S8) over the 11 

participants retained for analysis. Table 3 shows the mean absolute error and standard 

deviation for each Session and Target. As expected, the pattern of results were 

consistent with the absolute error found in Experiment 3, with performance on each 

target improving across S 1 to S3 and S5 to S7 but decreasing in the transfer sessions, 

S4 and S8. Consequently, there was no effect for Target, F(2, 20) = 0.785, p > 0.469, 
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112 = 0.072, and a significant main effect for Session, F(7, 70) = 5.156, p < 0.0001, 112 

= 0.34, which indicated that participants were unable to transfer the level of skill 

obtained in Vl-g to V0-g. 

Table 4. 
Mean Absolute Error (deg) and Standard Deviation for each 

Target {To~, Middle, Bottom} and Session {Sl - S8} 

S1* S2 S3 S4 (trs) S5* S6 S7 S8(trs) 

Top 2.77 (2.28) 2.75 (2.46) 2.1 I (1.58) 2.87 (1.55) 1.79 (1.18) 1.32 (1.08) 1.22 (1.00) 2.40 (1.77) 

Middle 2.85 (2.43) 1.93 (1.58) 1.69 (1.11) 2.00 (1.58) 1.95 (2.28) 1.58 (1.28) 1.45 (1.33) 2.47 (1.81) 

Bottom 2.97 (2.22) 2.25 (1.88) 1.67 (1.11) 2.29 (2.14) 1.79 (1.35) 1.59 (1.30) 1.43 (1.13) 2.67 (2.65) 

Overall 2.86 2.32 1.76 2.38 1.84 1.59 1.37 2.51 

The SD for each target and session is reported in brackets (). * Blocked practice. (trs) Transfer session. 
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Figure 19. The non-significant two-way interaction for absolute error between Session and Target, 
F(l4,140) = 1.038, p > 0.419, 11 2 = 0.094. * Blocked practice. (trs) Transfer session. 

However, the linear comparisons between the pre- and post-transfer sessions only 

found the difference between S7 to S8 to be significant at p < .05, F(l, 10) = 13.91, 112 

= 0.58, with the difference between S3 to S4 only demonstrating marginal 

significance, F(l, 10) = 3.475, p < 0.1, 112 = 0.26. However, the fact that the difference 
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between S3 and S4 had a medium effect size and was in line with expectations 

denotes that this was not a critical issue. To verify this, the absolute error obtained in 

Experiment 3 was compared to the absolute error obtained in the present experiment 

using a 2 (Transfer: Al-g-to-V0-g and Vl -g-to-V0-g) X 4 (Session: Sl to S8) mixed 

model analysis of variance. As Figure 20 shows, there was no effect between Transfer 

and Session, F(7, 140) = 0.681, p > 0.687, 172 = 0.03 with participants performing to 

the same level in each session irrespective of which Transfer condition they were 

tested in. Consequently, there was a main effect for Session, F(7, 140) = 13.83, p < 

0.00001, 172 = 0.41, and no effect for Transfer, F(l, 20) = 0.082, p > 0.775, 17 2 = 0.004. 
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Figure 20. The non-significant two-way interaction for absolute error between Transfer and Session, 
F(7, 140) = 0.681, p > 0.689, 172 = 0.03 . * Blocked practice. (trs) Transfer session. 

Furthermore, the difference between the transfer perfonnance exhibited in S4 between 

Vl -g and V0-g (M = 2.81), and that identified in Experiment 3 between the Al-g and 

V0-g (M = 2.38), was not found to be significant (Tukey HSD p > 0.025). 
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Sign error 

Figure 21 shows the significant 2-way interaction between Target and Session, F(l4, 

140) = 2.78, p < 0.005, 172 = 0.22. Interestingly, the pattern ofresults was not 

consistent with the sign error found in Experiment 3 and was reflected in the fact that 

there was no significant difference across sessions, F(7, 70) = 8.57, p > 0.21, 172 = 

0.12. Moreover, there was a main effect for Target, F(2, 20) = 4.69, p < 0.05, 112 = 

0.32, which was also inconsistent with the findings in Experiment 3. It appears tpat 

participants were exhibiting the same sign error shown by participants tested in Vl-g 

in Experiment 1, with participants more often employing an oscillating strategy across 

the 15 trials in each session to learn the ideal angle of fire. Although, it should be 

noted, that several participants revert back to the negative-up strategy during the 15 

trials in S2 and S3, demonstrating a search transition to that described in Experiments 

1 and 2. To test the differences in sign error between Experiments 3 and 4, the sign 
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Figure 21. The significant two-way interaction for sign error between Session and Target, F(l4, 140) = 
2. 78, p < 0.005, 17 2 = 0.22. * Blocked practice. (trs) Transfer session. 
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error obtained in Experiment 3 was compared to the sign error obtained in the present 

experiment using a 2 (Transfer: Al-g-to-V0-g and Vl -g-to-V0-g) X 4 (Session: Sl to 

S8) mixed model analysis of variance. 

It is clear from the significant 2-way interaction between Transfer and Session 

displayed in Figure 22, F(7, 140) = 5.26, p < 0.0001, ri2 = 0.21, that a difference in 

sign error existed between the present experiment and Experiment 3. When 

considered in conjunction with Experiment! and 2 however, this finding should have 

been expected. As discussed earlier, participants seem to be transferring search 

strategies from session to session and from environment to environment. Therefore, 

because none of the paiticipants had experience in Al-g prior to completing the 'aim 

and fire' task in Vlg, there was every reason to expect participants would be more 

inclined to learn and transfer the oscillating strategy from Vl-g to V0-g. This also 
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offers a more robust explanation of why participants did not perform significantly 

worse in S4 compared to S3 when transferring from Vl-g to VO-g (see above). 

Basically, despite the findings in Experiment 1, which showed the oscillating strategy 

to be no more effective in learning the ideal angle than the positive-down or negative

up strategies. The present results appear to imply that under transfer conditions the 

oscillating strategy was more effective for learning the ideal angle of fire. In other 

words, it appears that people learn the intrinsic dynamics and consequently the correct 

angle of fire, for each target more rapidly by transferring the oscillating strategy 

between gravitational environments than the negative-up or positive down strategy. 

The cause of this would appear to be due to the more elaborate nature of the 

oscillating search strategy (large changes in cannon angle across successive shots) by 

promoting a faster understanding and attunement to the dynamic constraints on action 

within an environment. This notion has been put forward by E. J. Gibson et ai., 

( 1987) who in examining the development of exploratory activities in children 

identified the use of more elaborate search strategies to learn actions capabilities of a 

novel situation. It was observed that toddlers used more elaborate exploratory 

activities than crawlers in dete1mining whether a surface is sufficiently rigid enough 

to support walking. Essentially, they were able to show that as the biodynamics of the 

child change, more diverse and elaborate actions are required in order to learn the new 

action capabilities. Mark, Balliett, Craver, Douglas and Fox (1990) provided similar 

evidence by showing how people with 10cm blocks attached to their feet found it 

easier to learn what constitutes a sitable height when more elaborate search strategies 

were used. 

Although both of these studies demonstrate the benefits of elaborate search strategies 

for learning under altered biodynamics, it seems safe to assume that changes in 
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environmental dynamics would result in the same effect. Indeed, not only would 

participants learn more about the impact of 0-g on a balls trajectory by aiming well 

above and below the target, the small and constant change in angle that differentiates 

each target would be more highly specified. This potential finding is exciting as it 

suggests that VR is not only effective for training astronauts on perception-action 

tasks in zero-g, but also provides a medium by which they can learn the most 

appropriate perception-action search strategies when adapting to life in zero-g. 

Indeed, this possibility surpasses the benefits of simply training astronauts on 

individual perception-action cycles given the wide spread generalisability of such 

learning. 

However, a question remains as to why the same difference is not exhibited in S8 

when participants were transferred back to Vl-g or Al-g. Basically, if the oscillating 

strategy was more effective when transferring to V0-g from Vl-g, one would also 

expect performance to be less effected when transferring from V0-g to Vl-g. This was 

not the case however, with paiticipants exhibiting the same level of error when 

transferring from V0-g to Vl-g as participants in Experiment 3 when transferring 

from V0-g to Al-g (see Figure 20). One explanation for this is that the previous 

experience gained by participants in S 1 to S3 may have been enough to counteract 

any benefits gained by using the oscillating search strategy. It is hard to verify this 

claim with existing research however, and does call for a more extensive and centered 

investigation into how different learning and search strategies facilitates or impedes 

human adaptation and learning. Nevertheless, the clear decrease in performance when 

transferring between Vl-g and V0-g does strengthen the arguments offered in support 



83 

of VR as an effective training tool for human adaptation to space, and for perception 

and action cycles in general. 

Experiment 5 

Experiments 3 and 4 showed that participants initially perform worse in VO-g, relative 

to the final level of performance achieved in Al-g or Vl -g, after practice in Al-g or 

Vl-g. However, although both experiments also showed how practice in VO-g 

negatively effects performance in Al-g and Vl-g, it was difficult to gauge the exact 

impact practice in VO-g had on task performance in either of the two 1-g 

environments. Basically, given that participants in Experiments 3 and 4 had previous 

experience at performing the task in Al-g and Vl-g prior to transfer, it was hard to 

identify to what degree practice in VO-g interferes with learning and task performance 

in Al-g and Vl-g. Consequently, Experiment 5 was concerned with the transfer from 

VO-g to Al-g and VO-g to Vl-g and was simply an experimental control for S5 to S8 

of Experiment 3 and 4, wherein participants were expected to perform significantly 

worse in Al-g and Vl -g, relative to the final perfom1ance exhibited in VO-g, after 

practice in VO-g. 

In addition, the differences in sign error between Experiment 3 and 4 raise a number 

of questions about the impact of the differing search strategies on task performance 

and learning after transfer. In particular, whether employing the oscillating strategy 

decreases the negative impacts of transferring between VO-g and the two 1-g 

environments. Furthermore, to what degree does the virtual environment facilitate the 

learning, transfer, and use of the different search strategies. Therefore, the present 



experiment was also used to investigate these questions further by examining the 

differences in post-transfer performance and error between Vl-g and Al-g. 

Method 

Design 
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Experiment 5 employed a mixed model 2 (Transfer: Al-g to VO-g, Vl-g to VO-g) X 4 

(Session: 1 to 4) X 3 (Target: bottom, middle, top) factorial transfer of training design, 

with repeated measures on the second and third factor. The Transfer conditions, Al-g 

to VO-g and Vl-g to VO-g, were the same as S5 to S8 of Experiments 3 and 4 

respectively. Participants were randomly assigned to either the VO-g to Vl-g Transfer 

condition or the VO-g to Al-g Transfer condition. The session procedure used in 

Experiment 1 was employed. 

Participants 

Ten males and 8 females aged between 18 and 34 years (M = 23, SD= 4.8) were 

recruited from the University of Canterbury as participants in Experiment 5. 

Participants were not informed about the true purpose of the study until after they had 

completed all sessions. However, they were made aware that they would have to 

complete an 'aim and fire' task in VO-g followed by either Al-g or Vl-g. 

Materials, Apparatus and Procedure 

The same materials, apparatus and procedure used in Experiment 1 was employed. 
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Results and Discussion 

The absolute and sign error was calculated for all participant tested in V0-g to Al-g 

(N = 9) and V0-g to Vl-g (N = 9) and analysed using a 2 (Transfer: V0-g to Al -g, 

V0-g to Vl-g) X 4 (Session: Sl to S4) X 3 (Target: Top, Middle & Bottom) analysis 

of variance, with repeated measures on Session and Target. 

Absolute error 

As expected, there was a the large effect for Session, F(3, 48) = 48.34, p < 0.000001, 

112 = 0.75, with the amount of error exhibited in both Transfer conditions decreasing 

across Sl, S2 and S3 and increasing in S4. This can be seen in Figure 23, which 

shows the significant 3-way interaction for absolute error between Transfer, Session 

and Target, F(6, 96) = 3.40, p < 0.05, 112 = 0.175. The means and standard deviations 

are displayed in Table 5. However, as expected, transfer performance in Vl-g and Al

g was considerably worse than the transfer performance found in Experiments 3 and 

4. Specifically, the transfer performance found for Vl-g (M = 3.04) was notably 

poorer than the transfer performance exhibited for Vl-g in Experiment 4 (M = 2.51 ). 

Similarly the transfer performance found for Al-g (M = 3 .48) was notably worse than 

the transfer performance for Al-gin Experiment 3 (M = 2.69),. This indicates that 

previous experience in Al-g and Vl-g decreased the negative transfer effects caused 

by practice in V0-g. Furthermore, this provides more evidence that the 'aim and fire' 

task was easier in V0-g, as the transfer perfmmance in Al-g and Vl-g was much 

greater than the transfer performance found for V0-g in Experiments 3 and 4. 

There was no interaction effect for Session and Target, F(6, 96) = 0.95, p > 0.396, 112 

= 0.09, or Transfer and Target, F(2, 32) = 0.95, p > 0.454, 112 = 0.06, and Target, F(2, 
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32) = 0.18, p > 0.832, 112 = 0.01, which indicates that participants performed 

consistently across targets. The consistent performance trend across the two Transfer 

conditions was also highlighted by the non-significant interaction effect between 

Transfer and Session F(3, 48) = 0.89, p > 0.453, 112 = 0.05. However, it is important to 

note that there was a medium effect for Transfer, F(l, 16) = 3.24, p < 0.075, 112 = 

0 .1 7, which suggested an overall difference in the level of performance exhibited 

between Transfer conditions. 

Table 5. 
Mean Absolute Error ( deg) and Standard Deviation for each 

Target {ToQ, Middle, Bottom} and Session {Sl - S8} 
VO-g to Al-g VO-g to Vl-g 

SF S2 S3 S4 (trs) S1* S2 S3 S4 (trs) 

Top 1.99 (1.44) 2.36 (1.52) 1.52 (1.28) 2.99 (2.49) 1.72 (1.45) 1.51 (1.22) 1.47 (1.08) 3.25 (2.54) 

Middle 2.94 (2.14) 1.66 (I.I 9) 1.33 (0.90) 3.56 (2.53) 1.67 (1.60) 1.18 (1.03) 1.30 (1.23) 3.21 (2.22) 

Bottom 1.81 (1.58) 1.74 (1.21) 1.16 (0.92) 3.89 (1.80) 2.65 (1.63) 1.33 (0.86) 1.07 (0.80) 2.65 (1.82) 

Overall 2.25 1.92 1.34 3.48 2.01 1.34 1.28 3.03 

The SD for each target and session is reported in brackets(}. * Blocked practice. (trs) Transfer session. 
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It was clear that the inconsistent variability across targets within each Transfer 

condition was at play here, particularly for the Top1arget S2. However, there was also a 

sizable performance difference across targets in S4, with participants performing 

worse in Al -g (M = 3.48) than in Vl -g (M = 3.03). Although only significant at p < 

0.1, this asymmetry indicates that practice in V0-g had less effect on task 

performance in Vl-g than Al-g. 

Sign error 

The 3-way interaction between Transfer condition, Session and Target was not 

significant, F(6, 96) = 0.64, p > 0.697, 112 = 0.04. Neither were the 2-way interactions 

between Transfer condition and Target, F(2, 32) = 0.92, p > 0.410, 112 = 0.05, and 

Session and Target, F(6,96) = 1.5, p > 0.185, 112 = 0.09, which together with the 

insignificant effect for Target, F(2,32) = 0.496, p > 0.613, 112 = 0.03 , indicated a 

uniform pattern of sign error across targets within both Transfer conditions. 
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Figure 24. The significant two-way interaction for sign error between Transfer and Session, F(3 , 48) = 

03.72, p < 0.01 , 11" = 0.1 9. * Blocked practice. (trs) Transfer session. 
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Figure 24 shows the significant interaction effect between Transfer and Session, F(3, 

48) = 3.71, p < 0.01, 172 = 0.19. The pattern of sign error exhibited for Sl to S3 

indicates that participants used the oscillating search strategy to learning the correct 

angle of fire in V0-g and reflects the results of Experiment 1 and 4, by suggesting that 

the oscillating strategy was more likely to be used in V0-g when participants have not 

had any experience in Al-g. 

Interestingly, although the pattern of sign error across the 15 trials for S4 indicated 

that the negative-up strategy was used in both Vl-g and Al-g. It was also clear that 

the degree of negative error exhibited by participants who transferred to Vl-g was 

considerably less than that exhibited by participants who transferred to A 1-g. Indeed, 

post hoc analysis showed that this difference was significant (Tukey HSD, p < 0.025) 

and explains the significant main effect for Session, F(3,48) = 35.89, p < 0.000001, 172 

= 0.69, as well as the significant main effect for Transfer, F(l, 16) = 7.63, p < 0.05, 172 

= 0.32. Upon closer examination of the sign en-or for each participant, it was found 

that 5 of9 participants who transferred to Vl-g exhibited a pattern (across the 15 

tlials of S4) more consistent with the oscillating search strategy rather than negative

up search strategy, which was predominately exhibited by participants who 

transferred to Al-g. This was consistent with the search strategies exhibited in 

Experiments 3 and 4 and suggests that the oscillating strategy was more readily 

transferred to Vl-g than to Al-g. Furthermore, when taken in conjunction with the 

difference in absolute error exhibited between Vl-g and Al-gas described above, 

indicates, yet again, that by transfen-ing the oscillating search strategy between 

gravitational environments pa1iicipants were more apt in learning the dynamics 

intrinsic to task perfom1ance. 
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In order to test whether the oscillating strategy actually resulted in better transfer 

performance than the negative up strategy, the absolute error scores for participants 

who employed the oscillating strategy when transferred to Vl-g (N = 5, M = 2.68) 

were compared to the absolute error scores for participants who employed the 

negative-up strategy when transferred to Vl-g (N = 4, M = 3.49). The difference was 

found to be significant, t (7) = -2.928, p < 0.05, d = 0.75, and provides a clear 

indication that the oscillating strategy resulted in better transfer performance between 

V0-g and Vl -g than the negative-up strategy. 

In summary, Experiment 5 provides another clear indication that V0-g is an effective 

simulation of the actual 0-g environment by showing how participants perform 

significantly worse in Al-g and Vl-g following practice in V0-g. This adds to the 

evidence already presented in Experiments 1, 3 and 4, and further highlights the value 

ofVR as an astronaut training tool. In addition, the present study indicates that the 

oscillating strategy was more effective for learning the dynamic constraints on action 

when transferring between the V0-g and Vl-g environments. This follows on from the 

findings made in Experiment 4 and suggests that the VR system itself, may effectively 

facilitate the learning and use of such a strategy. 

Demographic data and VR aftereffects 

Exploratory data analysis was conducted on the demographic data recorded for the 

participants tested in each experiment (see Appendix A). No significant differences or 

effects were found for any of the personal demographics, with performance across 

Transfer conditions, Sessions and Targets remaining consistent irrespective of sex, 
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age or handedness. Furthermore, there were no performance effects in relation to VR 

experience, with experienced VR participants performing at the same level as 

participants who had never experience VR before. Similarly, there were no effects in 

relation to video game or cannon/gun experience, with initial and final performance 

levels for experienced and inexperience participants being consistent across all five 

experiments. 

There was no relationship between previous VR exposure and SS or between previous 

video game discomfort and SS. Only 3 female participants out of the 79 male and 

female pa1iicipants tested experienced any real degree of SS. Of these, two 

experienced symptoms while performing the task in VR (the first in Vl-g Experiment 

1, and the second in Experiment 3), while the other participant only indicating the 

onset of symptoms on the Take Home SSQ after completing S 1 to S4 in Experiment 

4. However, all appeared to recover from SS reasonable quickly, with neither of them 

performing any worse on the 'aim and fire' task than non-suffering participants. There 

were also no effects for postural stability test, with participants exhibiting the same 

level of stability pre- and post-YR exposure. 

General Discussion and Conclusions 

The aims of the present study were threefold. Firstly, to validate that the virtual 

environment provides a one-to-one mapping of the actual task environments, whereby 

the dynamic and informational constraints on action are perceived to be invariant, 

secondly, to provide empirical evidence in support of VO-gas an effective training 

environment for pre-adapting humans to the perception-action cycles of space, and 
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lastly, to provide empirical evidence in support ofVl -g as an effective training 

environment for re-adapting humans to the perception-action cycles of Earth. While 

the results obtained from the five experiments clearly support these aims, with 

participants consistently demonstrating improvement or deterioration in terms of the 

task criterion ( a decreased in absolute error when tested in the same gravitational 

environment and an increase in absolute error when transferred across the two 

gravitational environments), the measures of error tendency (sign error) reflect 

asymmetric inconsistencies in relation to the perception-action search strategies used 

within and across the three task environments and raise a number of questions about 

the transfer efficiency of more elaborate search strategies in relation to adaptation and 

learning. Therefore, the following discussion initially examines the practice and 

transfer effects that pertain to the three central aims identified above and then 

progresses to examine the different search strategies exhibited by participants, as well 

as the asymmetric performance relationships that exist between them. 

Virtual environments and transfer 

The consistent performance improvements across practice in Al-g, Vl-g and VO-g 

indicate that VR systems preserve the perceptual information needed to learn the 

dynamic constraints on action intrinsic to the present 'aim and fire' task. This was 

clearly demonstrated in Experiment 1, where participants from each environment 

exhibited a pattern of task performance that equates to the standard learning curves 

that divulge skill acquisition and development. This validates the belief asserted by 

Kalawsky, (1997), Kozak, Hancock, Arthur and Chrysler (1993), and Psotka (1995) 

that virtual environments can be used to facilitate perception-action learning and 

adaptation by retaining the interactive linkage between an individual 's actions and the 
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resulting perceptual effects (all be they simulated effects). Indeed, this manifest the 

work on perceptual and behavioural learning conducted by E. J. Gibson (1969) and J. 

J. Gibson (1979), which maintains that skill development can only be achieved by 

ones attunement to the perceptual structure that specifies the appropriate action. It was 

not surprising then, that participants were able to effectively transfer skill between the 

Al-g and Vl-g environments in Experiment 2. 

The equivalence established between Al-g and Vl-g in relation to both absolute and 

sign e1Tor clearly reaffirms the argument that people are sensitive to the invariant 

relationship that maps across corresponding virtual and actual task environments. The 

empirical studies conducted by Regian, Shebilske and Monk (1992, 1993), that found 

console operators could enhance console operations by practicing operations in VR 

prior to operations with the real system, and by Goldberg (1994) and Witmer, Bailey, 

Knerr and Parsosns (1996) that demonstrated the benefits of spatial navigation 

training in VR, preempt this. Furthermore, the transfer of search strategies between 

Al-g and Vl-g in Experiment 2, signals the ability of individuals to actively perceive 

the relevant and invariant individual-environment potentials (which result in effective 

perceptual motor learning, adaptation and transfer), while practicing a perception

action cycle in VR. 

From this, the value of VR for re-adapting astronauts to the terrestrial environment of 

Earth appears to be unquestionable. Granted, the re-adaptation benefits of simulating 

the intrinsic dynamics of 1-g in space are negligible when compared to the pre

adaptation benefits of simulating the intrinsic dynamics of 0-g on Earth. Especially, 

given the short tem1 nature of present day spaceflight. However, with the advent of 
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new spaceflight technologies, including the new international spacestation, the 

opportunity for long term expeditions in space may become a definite reality. In tum, 

the value of a VR system that aids the re-adaptation process becomes increasingly 

important. Furthermore, given the versatility and dynamic mutability ofVR systems, 

their inclusion within any of these new spaceflight technologies is a necessity. Indeed, 

not only can unanticipated maintenance or navigational problems be addressed in VR 

prior to actual performance, but an ongoing process of adaptation and training can 

take place during long term spaceflights in preparation for work and activity on other 

terrestrial environments . 

Virtual zero-g and transfer 

The positive improvement that accompanied successive practice in VO-g indicates that 

individuals are able to attune to the perceptual information needed to learn what 

impact the dynamic constraints on action in a zero-g environment have on perception

action cycles. Granted, the performance improvement in VO-g can not be compared 

directly to data that corresponds to task performance produced in the actual zero-g 

environment. However, given that humans do adapt to life in space, as shown by the 

many astronauts that have worked, played and lived in space, it seems safe to assume 

that the performance improvements exhibited in VO-g reflect the same process. 

Furthermore, the results imply that the perceptual information needed to learn the 

dynamic and infomrntional constraints of space are preserved in VO-g, and as a 

consequence can be identified, and attuned to. 

However, notwithstanding the consistent relations between task perfmmance and 

practice in each task environment, performance was significantly better in VO-g than 
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in the two 1-g environments. However, as discussed early, although performance was 

slightly better at each stage of practice (for each session) the rate of improvement was 

consistent with that exhibited by participants tested in Al -g and Vl-g. Therefore, the 

consistent verses exponential change in angle required to successfully hit each target 

in the two different gravitational environments appears to be at play here. This 

argument lies well with differentiation approach to learning offered by E. J. Gibson 

(1969, 1991) who along with J.J Gibson (1955) suggested that practice results in a 

finer level of perceptual attunement or differentiation to the dimensional 

correspondence between perception and action. In other words, given that there was a 

more complex level of discrimination required to successfully hit the targets in Al-g 

and Vl -g, it was not surprising that an increased level of practice was needed to 

differentiate between targets. 

The results obtained in Experiments 3, 4 and 5 that demonstrate a clear degradation in 

performance when transferring between VO-g and Al-g would appear to validate the 

proposal ofVO-g as an effective training environment for pre-adapting astronauts for 

the perception-actions cycles of space. Indeed, by effectively producing the same 

negative transfer effects found between actual zero-g and Earth, the VO-g 

environment would seem to be effective in pre-adapting behaviour for all manner of 

perception-action cycles, not least of all velcro dart th.rowing. Moreover, although the 

present ' aim and fire ' task only required participants to adjust and control a single

degree-of-freedom, because the cmTent task retains the reciprocal individual

environment relationship that is the intrinsic to behavioural learning and adaptation, 

and are substantive to all perception action cycles, there is no reason to assume that 

the current results will not generalise to other more complex perception-action cycles. 
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Learning, adaptation and transfer 

Overall, the learning, adaptation and transfer of skill fonn trial to trial, session to 

session and environment to environment was in line with expectations. Participants 

c)early showed improvement across trials and sessions when successive practice took 

place in the same gravitational environment. Indeed, the prevalent and recuperate 

changes in error from trial to trial demonstrated how the rate of learning was rapid 

enough to cause significant changes in target error based on order of presentation. 

This was highlighted in S4 of Experiment 3, but was also highly visible for the 

majority of blocked practice sessions in all five experiments. Fmthennore, just as the 

Skylab astronauts inappropriately transferred the aiming skill learnt in the 1-g 

enviromnent of Earth to the zero-g environment of space and vice versa, participants 

in the present study also appear to inappropriately transfer aiming skill between the l

g and V0-g environments. The resemblance between the behaviour of the Skylab 

astronauts and the present participants was highlighted further by the fact that 

participants clearly showed an ability to adapt and relearn the new dynamic 

constraints on action post-gravitational transfer and, in tum, the set of cannon angles 

that constitute appropriate task action. 

However, on closer examination of the average sign error across participants, as well 

as the pattern of results for individual participants, it was clear that the product of 

learning and transfer (from sessions to sessions and environment to enviromnent) was 

not one-dimensional. Rather, it was shown across all five experiments to be two

dimensional, in that, both the approximate angles found to hit each target on previous 

trials and the process (i.e. search strategy) by which these approximate angles were 

discovered was transferred across sessions and environments. This was clearly seen in 
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Figure 13 A2, B2 and C2, whereby the pattern of sign error for each participant can be 

exponentially mapped across successive sessions. Furthermore, the differences 

between the pattern of sign error exhibited in both virtual environments following 

practice in Al-g and the patterns exhibited in Vl-g and VO-g without task practice in 

Al-g openly support this claim. 

It seems obvious then, that the process of learning is just as important, if not more 

important, than the product of learning when trying to understand how people transfer 

and adapt skill to new task environments. This very point has been made on numerous 

occasions by Newell and McDonald (1989, 1989, 1991, 1995) and suggests that both 

the product and process of learning and adaptation stem from the conflicts that arise 

between the information provided by action and the intrinsic dynamics that specify 

suitable changes in action. Furthermore, that the intrinsic dynamics not only place 

constraints on what is learnt, but also on what search strategies are used to accomplish 

this learning (Zanone & Kelso, 1991). 

The observed disparity in the direction and variance of sign error across all five 

experiments clearly indicated that the search strategies used in learning the 

appropriate angle for achieving the task goal (hitting the targets), differed depending 

on the environment(s) practice or transfer was tested in. As outlined in Experiment 1, 

three central search strategies emerged: (1) a negative-up strategy, in which 

participants exhibited a retreating level of negative sign error across trials and 

sessions; (2) a positive-down strategy, which simply reflected the inverse of the 

negative-up strategy; and (3) an oscillating strategy, whereby participants gradually 

got closer to the appropriate angle by changing the sign of error from trial to trial. 
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This discovery is not new and fits well with the ecological approach to perception

action, were the process of acquiring skill is viewed as a search for task solutions. In 

other words, it is argued that perception-action cycles are continuously mapped into 

task solutions by the confluence of constraints on behaviour that arise from practice 

(Fowler & Turvey, 1978; Kugler & Turvey 1984; Newell & McDonald, 1991; Shaw 

& Alley, 1985; Turvey & Carello, 1988). However, there has been little research 

conducted on the nature and importance of search strategies with respect to learning, 

adaptation and transfer. However, there have been a number of previous studies that 

demonstrated (although in the most part unintentionally) how learners can and do 

employ differing search strategies in the acquisition of skilled action (see Newell, 

1991; and Newell & McDonald, 1991 for a more exhaustive review of this literature). 

Of particular relevance, is the work of Ellis and Wade (1968), who identified two 

distinct search strategies when examining the trial to trial error of subjects in a 

discrete timing task. The first of these was what they refereed to as a 'creeping' 

strategy, whereby perfonnance was successfully improved by approaching the correct 

target time without changing the sign of error. In contrast to this, a second 

'bracketing' strategy was also identified, in which subjects improved performance by 

changing the sign of error from trial to trial. Interestingly, the error bounds that define 

these strategies closely resemble the error bounds that define the search strategies 

identified in the present study. More specifically, the oscillating and bracketing 

strategy clearly reflect the same learning process, whereby people produce action that 

both under and overshoots the intended goal. Likewise, the negative-up and positive

down strategies both closely resemble the creeping strategy, in that, all three of these 

strategies retain the same sign of error across trials and sessions. This would seem to 
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suggest that the strategies identified in current experiments are not specific to either 

the 'aim and fire' task or environments used presently and may generalise across may 

different tasks, environments and perception-action cycles. Moreover, that the 

differences in the pattern of sign en-or are not simply caused by the methodology 

used, or by any unforeseen differences that may have existed between the virtual and 

actual environments. 

In addition, the commonalties that exists between the creeping strategy identified by 

Ellis and Wade and the negative-up and positive-down strategies identified presently, 

support the argument made in Experiment 1 and 3 that the negative up and positive 

down strategies are in fact the same search strategy. Indeed, one could easily argue 

that the sign of error exhibited by people using any form of creeping strategy would 

be inversely dependant on the gravitational environment they were being tested in. In 

other words, as hypothesised, one would expect positive enor in 0-g and negative 

enor in 1-g. 

The work of Gel 'fand and Tsetlin (1962) also identified a number of search strategies 

that closely resemble the strategies found presently. They refer to these as local and 

global search strategies and although the general characteristics of what constitutes a 

local or global search is not well defined, it appears that a local search is one where 

the gradient or process of action is uniform across trials and seems to reflect Ellis and 

Wade's creeping strategy, and the negative-up and positive down strategies identified 

in the present research. Similarly, the oscillating and bracketing strategies reflects the 

notion of a global search, in which movements or action are not uniform (McDonald, 

Oliver & Newell, 1995). Interestingly, Gel ' fand and Tsetlin go on to suggest that 



these search strategies are the ones most commonly used by biological systems. 

Clearly, the findings of the present study could be used as evidence for this claim, 

and, as noted above, may reflect at generalised set of search strategies that can be 

employed across may different tasks, environments and perception-action cycles. 

Actually, in regards to the 'aim and fire' task used in the present study, the three 

search strategies identified appear to be the only possible strategies available to 

participants. 
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A similar notion was offered by Krinskii and Shik (1964). However, in addition to the 

statements made by Gel 'fand and Tsetlin, they go onto suggest that people switch 

from a global to a local search strategy as they approach the 'minimization of the 

positional evaluation function' ( cited in Macdonald et al., 1995, p.131 ). Again a 

strong definition of what this transition phase equates to is unclear, but it appears to 

reflect an actor's attunement to the dynamic constraints on action that determine how 

a task goal is to be achieved. This would help explain the transition from the 

oscillating strategy to the negative-up strategy exhibited by participants in 

Experiments 1, 2, and 4. That is, the more global nature of the oscillating strategy may 

help participants rediscover or reattune to the intrinsic dynamic constraints on action 

and then lead to the local negative-up strategy that would have been well specified in 

previous aiming and throwing tasks. 

This would also help to explain why in Experiment 5, paiiicipants who transfer the 

oscillating strategy between gravitational environments were more apt in learning the 

dynamics intrinsic to task performance. Indeed, it seems obvious that shooting below 

and above each target provides more information about the exponential relation 
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between angle and target height. It could be argued then, that it is the global nature of 

the oscillating strategy that more effectively channels the information provided by 

inappropriate action. Furthermore, that it specifies a simplistic yet effective 

perception-action mapping that helps the performer explore a task environment in the 

face of uncertainty. 

McDonald, Oliver and Newell (1995) make a similar suggestion when discussing the 

relevance of their 'retracing strategy' to learning and transfer, which they likened to 

the Ellis and Wades bracketing strategy. However, they also suggest that the global 

nature of the retracing (bracketing) strategy defines it as an elementary search strategy 

and one that forms the basis for the process of adaptation and learning, as it exhibits a 

more elaborate and expeditious perception-action mapping of the environmental 

context. This statement is echoed in results of Experiment 4 and 5, where participants 

learn the task intrinsic dynamics and consequently the correct angle of fire for each 

target more quickly by transferring the oscillating strategy to 0-g than if the negative

up strategy is transferred. 

Therefore, although the present investigation does not identify what perceptual 

info1mation people use to identify the dynamic constrains on action in a vi1tual or 

actual environment, it does suggest the possibility that the oscillating strategy may be 

an effective elementary search strategy for exploring a new gravitational environment. 

The cause of this would appear to be due to the more elaborate nature of the 

oscillating search strategy (large changes in cannon angle across successive shots), 

which promotes a faster understanding and attunement to the dynamic constraints on 

action within the VO-g environment. 
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As mentioned previously, this notion reflects the arguments put forward by E. J. 

Gibson et al., (1987) and Mark et al. (1990). There is also a clear relationship between 

the elaborate nature of the oscillating search strategy and the notion of task variety 

presented earlier when elaborating on the transfer literature (see p.20). In a similar 

fashion, the distinction between guided and discovery learning made by researchers in 

the 1960s and 70s also seems to fit nicely here. Essentially, it was argued that using 

discovery rather than guided strategies was more effective when the purpose of 

learning is transfer (Barry, Prather & Bermudez, 1973; Bruner, 1960; Prather, 1971; 

Singer & Gaines, 1975; Singer & Pease, 1976). Indeed, the advocates of discovery 

learning believed that a 'problem solving environment' should actively involve many 

divergent and elaborate solutions throughout the learning process, as this provides the 

learner greater opportunity to uncover the more intrinsic relationships between 

alternative perception action mappings (Edwards & Lee, 1984). 

In a study conducted by Edwards and Lee (1984), which examined the effects of 

instructional strategies on learning and transfer of a motor skill, a similar suggestion 

was made, as subjects more effectively transferred skilled action to a new task 

situation when discovery learning was employed. They suggested that it is the variety 

of actions made by learners during discovery learning that promotes more proficiency 

in transfer and that this increases even more if discovery learning is used both pre

and post-transfer. A study by Wulf ( 1991) that looked at the effects of variability of 

practice on children's learning in a throwing task also found that the more random or 

divergent the nature of practice trials the more effectively the learner transfer the skill 

to other throwing tasks. Clearly, the more elaborate nature of the oscillating strategy 

reflects the benefits shown with discovery learning and would seem to give more 
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weight to the suggestion that astronauts should be encouraged to used a bracketing or 

oscillating process when transferring between the 1-g and 0-g environments. 

Looking beyond the effectiveness of the oscillating strategy for zero-g adaptation 

however, the present findings also suggest that the learning, adaptation and transfer of 

perception-action cycles in general may be more effectively achieved by using global 

search strategies. What is more, it appears that VR may facilitate the learning and 

transfer of global search strategies. This is based on the fact that participants in the 

present study were more inclined to learn and transfer the oscillating strategy when 

practice took place in Vl-g or V0-g. Indeed, actually training astronauts in both Vl-g 

and V0-g may facilitate transfer and adaptation even more effectively than simply 

training astronauts in V0-g alone. 

However, this is not to say that once the dynamics and inforn1ational constraints on 

action are detected and attuned to, that local search strategies, such as the negative-up 

and positive-down strategies, should not be used. On the contrary, the current study 

clearly demonstrated that the local search strategies are just as effective in learning the 

task once the dynamic constrains are known. Indeed, they may yet prove to be more 

effective for turning proficiency into expe1tise as well as for transfer across similar 

environments or tasks. However, it does appear that global strategies, such as the 

oscillating or bracketing strategy, are more effective in the initial stages of learning, 

adaptation and transfer by specifying the dynamic and inf01mational constraints on 

action more rapidly. 
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Future directions and research 

The current study effectively provides a base for future research on the benefits of 

virtual reality for training astronauts for work and activity in space. As noted in the 

introduction, a simply transfer of training study which compares the task performance 

of astronauts in space who undergo pre-zero-g task training in VO-g against the task 

performance of astronauts who do not undergo pre-zero-g training is now required to 

fully validate the effectiveness of VO-gas a zero-g training tool. Similarly, the value 

ofVl-g as a readaptation tool can be investigated with the reverse scenario, whereby 

astronauts are trained on a task in V 1-g prior to returning to Earth so that their task 

performance once back on earth can be compared against the task performance of 

untrained astronauts. The necessity for a set of follow-up studies like these is clearly 

paramount, as they would provide indisputable evidence about the value ofVR 

systems for 0-g and 1-g adaptation and readaptation, as well as providing the 

mathematical baseline by which the empirical value of pre-adaptation training in VR 

can be calculated. 

In conjunction with this, a continued analysis of human adaptation and learning in 

VO-g is also necessary. If the results of the present study show anything, it is that 

adapting to environments that encompass different dynamic and informational 

constraints on action cannot be understanding by simply looking at the product of 

learning and transfer alone. Therefore, given the cost and difficulties involved with 

conducting highly intricate and balanced research within the actual space 

environment, VO-g would prove to be an attractive and mutable setting for further 

investigations of human adaptation to zero-gravity. An initial starting point for this 

would be an extension of the present study, whereby, three groups of participants 
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would be required to perform the same 'aim and fire' task, but rather transfer from 

Vl-g to Al -g to Vl-g, Al-g to VO-g to Vl-g or from Vl-g to VO-g to Al-g. This 

would seek to explore the transfer effectiveness as well as the transitional nature of 

the search strategies identified presently more thoroughly. 

However, it is also important to investigate the learning and transfer effects of other 

perceptual coupled activities in VO-g in order to validate whether the global or local 

nature of search strategies presented here can be generalised beyond the present task. 

Indeed, with the use of VO-g, many different activities and perception-action cycles 

can be investigated to determine what learning process or search strategy is most 

effective for adapting to other gravitational environments. In addition, there is no 

reason why future research should simply investigate the transfer and learning effects 

ofVl-g and VO-g. An important aspect ofVR is the ease with which the dynamic and 

information constrains of gravity, or lack of gravity, can be controlled, and as the 

present findings show, perceived, learnt and attuned too. Therefore it seems obvious 

that the learning, adaptation and transfer of all kinds of perception-action cycles, 

under all manner of dynamic constraints, and at all levels of complexity, can be 

explored with the use ofVR. 

Conclusions 

In summary, the present study provides a clear indication that VR and VE systems are 

a highly versatile and valuable training tool, capable of pre-adapting people for work 

and activity not only on Earth, but also in Space. Specifically, VO-g was shown to be 

an ideal environment for both evaluating and optimising an astronaut's adaptive and 

operant perception-action functions . Furthermore, by effectively incorporating the 
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dynamic and informational constraints intrinsic to the actual zero-g environment, it 

appears that VO-g not only facilitates the learning and transfer of space-environment 

interactions prior to spaceflight, but also pre-adapts astronauts for perception-action 

learning once in zero-g. Indeed the local and global search strategies identified in the 

present study may prove to be a valuable instrument for astronauts when adapting to 

the zero-g environment, or any extraterrestrial environment for that matter. 

Indeed, the unexpected investigation into the process of learning and adaptation to 

VO-g indicates the necessity for moving beyond task outcomes alone. This is in line 

with the contention made by McDonald and Newell (1991, 1995) and Newell, (1991), 

that the process by which task solutions are identified is essential in informing us of 

how and what people learn. Clearly, a fuller understanding and appreciation of the 

role of exploratory behavour in skill acquisition and adaptation is required in order to 

understand the generality and specificity of search strategies across organism, 

environment and task constraints. 

The five experiments described here also provide a discernable amount of evidence in 

support ofVl -g as a re-adaptation tool, in which astronauts can relearn the 

perception-action mappings intrinsic to life on Earth, prior to leaving space. This was 

revealed by the ability of participants to perceive the invariant mapping between the 

actual and virtual task environments. Subsequently, the potential ofVR and VE for 

the training of perception-action cycles in general was also highlighted and provides a 

clear indication about the versatility and value of VR for training and transfer. 

Furthermore, it emphasises the potential ofVR as an investigative tool that scientists, 
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researchers and trainers can employ to gain a more intricate understanding of human 

perception-action, adaptation and learning. 
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Appendix A. General demographics 

Please circle the appropriate answer or fill in the spaces provided. 

1. Sex: M I F 

2. Age __ _ 

3. Handedness: R / L 

4. Have you ever used a virtual reality system before? 

• If No, go to QS 

• If Yes, - What did it entail ( e.g. Flight simulator)? _________ _ 

5. How often do you play computer or video games: 

• Never (go to Q7) 

• Daily- hrs per day 

• Weeldy- hrs per week 

• Fortnightly - hrs per fortnight 

• Monthly- hrs per month 

• Yearly- hrs per year 

6. Do you or have you ever experienced discomfort while playing computer or video 

games? _________________________ _ 

7. Do any of the computer/video games you play involve some form of aim and fire 

task (e.g. does the game entail firing a gun, cannon, lasers etc)? _____ _ 

8. Have you ever used an actual gun or cannon before? 

• If yes - In what manner (sp01t, military)? ___________ _ 



Appendix B. Computer based Simulator Sickness 
Questionnaire 

Please indicate how much each symptom is affecting you right now. 

General discomfort None Slight Moderate Severe 

Fatigue None Slight Moderate Severe 

Headache None Slight Moderate Severe 

Eyestrain None Slight Moderate Severe 

Difficulty focusing None Slight Moderate Severe 

Increased salivation None Slight Moderate Severe 

Sweating None Slight Moderate Severe 

Nausea None Slight Moderate Severe 

Difficulty concentrating None Slight Moderate Severe 

Fullness ofhead1 None Slight Moderate Severe 

Blurred vision None Slight Moderate Severe 

Dizzy ( eyes open) None Slight Moderate Severe 

Dizzy ( eyes closed) None Slight Moderate Severe 

Vertigo2 None Slight Moderate Severe 

Stomach awareness None Slight Moderate Severe 

Burping None Slight Moderate Severe 

1Fullness of head refers to an awareness of pressure within the head. 

2Vertigo refers to a loss of orientation with respect to vertical or upright. 
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Appendix C. Take-home Simulator Sickness Questionnaire 

Take-Home 
Simulator Sickness Questionnaire 

Please complete the following questionnaire between 3 and 12 hours after your 
participation in the experiment. Either return this form to the secretary's office on Level 
2 of the Depattment of Psychology building, or drop it into a post box. 

Indicate how much each symptom is affecting you right 110w by circling the appropriate 
item. 

General discomfort None Slight Moderate Severe 

Fatigue None Slight Moderate Severe 

Headache None Slight Moderate Severe 

Eyestrain None Slight Moderate Severe 

Difficulty focusing None Slight Moderate Severe 

Increased salivation None Slight Moderate Severe 

Sweating None Slight Moderate Severe 

Nausea None Slight Moderate Severe 

Difficulty concentrating None Slight Moderate Severe 

Fullness of head 1 None Slight Moderate Severe 

Blurred vision None Slight Moderate Severe 

Dizzy ( eyes open) None Slight Moderate Severe 

Dizzy ( eyes closed) None Slight Moderate Severe 

Vertigo2 None Slight Moderate Severe 

Stomach awareness None Slight Moderate Severe 

Burping None Slight Moderate Severe 

1Fullness of head refers to an awareness of pressure within the head. 
2Vertigo refers to a loss of orientation with respect to vertical or upright. 

Number of hours since completing the experiment? 

Have you taken part in any activity since completing the experiment that may account 
for any of the symptoms you may be experiencing now - e.g. biking, mnning, video 
games etc? If YES please describe: _________________ _ 

Thank you for your participation and cooperation. 

Michael Richardson 
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Appendix D. Information sheet 

This experiment is part of a wider study examining the effects of virtual reality on 

task performance. In particular, I am interested in the effect that operating in the 

virtual environment has on performing the same operation within the real world. 

Therefore, you will be required to an complete a simple "aim and fire" task in the 

virtual environment, and/or the actual environment, which entails firing tennis balls 

at six 40cm x 60cm targets with the use of a compressed air cannon. 

Important: Simulator sickness is of growing concern within the area of virtual reality 

research and training and is similar to motion sickness. Its symptoms can include 

general discomfort, fatigue, headaches, eyestrain, nausea, blurred vision, and 

dizziness. Although this does not effect everyone, it does occur. However it varies 

with differences in simulations, as well as the tasks and situations simulated. 

Therefore the following study will also assess the effects of virtual reality exposure. 

If you do begin to feel discomfort while you are in the virtual environment, please 

inform me but attempt to continue. However if you do feel you can no longer 

continue, please tell me, and I will stop the experiment. 

Your participation in this study is confidential and optional and you may at anytime 

withdraw your participation, including the withdrawal of any information you may 

have provided. However, by signing the consent form attached, it is understood that 

you have consented to participate in this project and to any publication of the results, 

with the understanding that anonymity will be preserved. 

If you have questions related to the study itself or the results obtained from your 

paiiicipation, please feel free to contact Michael Richardson at the University of 

Canterbury Department of Psychology in Rm.316c Psychology Annex Ext.7708,or 

preferably send me an email at: mjr8 l@student.canterbruy.ac.nz. 

This research has been reviewed and approved by the University of Canterbury Human Ethics 

Committee. 
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Appendix E. Consent form 

I have read the information sheet provided and understand the description of the 

above-named project. On this wsis I agree to participate as a subject in the project, 

and I consent to publication of the results of the project with the understanding that 

anonymity will be preserved. I understand also that I may at any time withdraw from 

the project, including withdrawal of any information I have provided. 

Signed.................................................................... Date.,,,,, .. ,,,,,,,,,,,,, ,,,,,,,,,,,,,,, ,, 
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