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CHAPTER I 

INTRODUCTION 

Literature Review 

Among the many attributes which distinguish man from other species 

is his ability to make rapid, precise movements involving an aiming 

component. These types of movements pervade our everyday life—from 

the simple movement of reaching for a switch to turn on a light to the 

more complex aiming movements involved in handwriting (Meyer, Smith, 

and Wright, 1982). Because of the importance of movement in our lives, 

psychologists have studied it almost as long as psychology has been a 

formal discipline. 

Woodworth (1899) was one of the first investigators to study 

rapid arm movements by measuring their time and precision. Woodworth's 

goal in investigating the speed-accuracy trade-off of rapid movement 

was to develop a psychophysical theory of movement control similar to 

those developed for sensory processes. His primary method involved 

having subjects rapidly draw lines of specific length across paper and 

measuring the time, mean absolute error, and standard deviation of the 

error. Through this method, Woodworth was able to discover several 

important processes involved in rapid movement control. First, he 

found that aimed movement consists of two separate components, an 

initial impulse phase and a current control phase. Second, the current 

control phase relies on visual feedback to make error corrections. 



Third, movements with a stronger initial impulse component are faster 

and less precise than movements with a weaker initial impulse. Amaz

ingly, all of these results were confirmed by subsequent research 

performed some 50 years or more later. 

Fitts' Law 

Movement research after Woodworth provided increased understanding 

of the operation of the human motor system, but did not produce any 

startling insights until the 1950's. Fitts (1954) proposed a new way 

of looking at the speed-accuracy trade-off in human movement based on 

Information Theory, which at that time was being applied to sensory, 

perceptual, and perceptual-motor functions. Using concepts from 

Information Theory, Fitts developed an equation which posed a logarith

mic relationship between movement difficulty and the ratio of the 

distance and precision of a movement. This relationship took the form 

(1) ID = log(base 2) 2A/W bits per response 

where ID was an Index of Movement Difficulty in bits of information, 

A was the amplitude or distance of the movement, and W was the width 

or diameter of the target. 

Fitts confirmed this relationship for movements involving IDs 

between about 2 and 7 bits of information in three experiments using a 

reciprocal tapping task, a disk transfer task, and a pin transfer task. 

In a subsequent series of five experiments, Fitts and Peterson 

(1964) sought to determine (a) whether the relationship postulated by 

Fitts' Law extended to discrete movements in a 2-choice reaction time 

task and (b) whether RT and MI were affected in the same way by varia

tions in the task parameters. Subjects held a lightweight metal 



stylus on a start point midway between two identical targets and 

fixated on a point between two signal lights. When a signal light 

came on, the subject attempted to hit the associated target as quickly 

as possible. Target widths and distance from the starting plate could 

be varied. Reaction time, movement time and total time were automat

ically recorded on timers. Undershoot and overshoot errors were 

recorded when the subject hit one of the metal plates on either side of 

the targets. Subjects were given knowledge of their undershoot and 

overshoot errors via a set of feedback lights above and to the left of 

the targets. Twelve combinations of movement amplitude (A) and target 

width (W) were provided with the associated IDs ranging from 2.58 to 

7.58. The results of the experiments indicated that the times for 

discrete movements are predicted by the same type of law (i.e., Fitts' 

Law) which describes serial, repetitive movements. Vlt was also dis

covered that changes in the required amplitude (A) and/or the required 

precision (W) of a movement had a large, systematic effect on MT and 

only a small effect on RT.yi Specifically, only a decrease in target 

precision caused a slight, but significant, increase in RT/7 Fitts and 

Peterson interpret these results (i.e. the relative independence of MT 

and RT) as evidence for the serial and independent nature of perceptual 

and motor processes. 

Fitts and Peterson proposed the following equation to predict 

movement time (MT) 

(2) MT = a + b(ID) 

where a and b are empirically determined constants and ID is the Index 

of Movement Difficulty. Keele (1981) describes the constant b as an 



index of efficiency of movement as a function of complexity on MT. 

This equation accounted for 99 % of the variation in the Fitts and 

Peterson movement time data. 

Even though the equation of Fitts provides a very good approxima

tion of the data, some investigators have tried to improve upon it. 

Welford (1968, 1969) proposed two changes in the formula to increase its 

predictive validity. First, he recommended measuring the amplitude of 

movement to the far edge of the target rather than to the center. 

Second, Welford, Norris, and Shock (1969) suggested separately calcu

lating the slopes relating MT to distance and precision respectively. 

Neither of these changes improved the fit of the data to the equation 

and have been dismissed, for the most part, as not worth the effort by 

subsequent investigators (Keele, 1981). 

Theories of Movement Control 

To gain a full appreciation of the complexity of understanding 

movement, a brief discussion of each of the major theories of movement 

control will be provided. For a more detailed discussion of these the

ories and their implications for movement control, the interested reader 

is referred to an excellent review by Keele (1981). 

Crossman-Goodeve and Keele Theory 

Grossman and Goodeve (1963) and Keele (1968) proposed a visually-

based model of error correction in movement. Their model is iterative 

in nature in that movements to a target consist of a series of correct

ive submovements based on visual feedback. Each of these submovements 



is of the same duration and relative accuracy and occurs at approxi

mately half the distance remaining to the target. Thus, more precise 

movements require more corrective submovements. 

This model makes two basic assumptions: (1) The initial movement 

made before the visually-based correction covers most of the distance 

to the target and its duration is not dependent on the distance moved. 

(2) Movement time of the initial segment of the movement is independent 

of the target accuracy required. Terminal accuracy affects the number 

of corrections and not the duration of each one which is relatively 

stable at 0.2 to 0.3 seconds (Keele, 1981). 

The Crossman-Goodeve and Keele Model provides a good fit for the 

data of Fitts and Peterson (1964), but it does have its problems. 

First, according to the model, greater precision requires more visual

ly based corrections. However, for the range of movements in the Fitts 

and Peterson data the MT systematically varied from 150 to 500 ms; at 

this latter distance only enough time is allowed for two or three 

corrections and this is not enough to account for the range of MT 

change in the data. A related problem is that a number of movements 

take only 200-350 ms which does not provide enough time to process 

visual feedback and make a series of corrections (Keele, 1981). 

Second, after careful observation of movement trajectories, some 

investigators (Vince, 1948; Langolf, Chaffin, and Foulke, 1976) have 

concluded that individual movements toward a target exhibit only one 

correction. Langolf et al. (1976) also note that as the hand 

approaches the target it slows down. This violates the assumption of 

the visual feedback theorv that the hand covers a constant portion 



(i.e., 93 %) of the remaining distance to the target during a set time 

before a new correction is made. 

Single-Correction Model 

Other studies have also found that when total MT was increased 

subjects slowed down the entire movement rather than adding additional 

time to the final correction (Howarth, Beggs, and Bowden, 1971; Beggs 

and Howarth, 1972). Howarth et al. (1971) suggested that terminal 

accuracy was controlled primarily by a single correction which is 

based on visual feedback and takes about 200-300 ms. If greater 

accuracy is necessary, the subjects slow sown the entire sequence of 

the movement so that they are closer to the target when enough time 

is left for a final adjustment to be made. The closer to the target 

the hand is when the final adjustment is made, the less the final error, 

This final error, according to Howarth et al., is proportional to the 

remaining distance at the time of correction plus error resulting from 

hand tremor. 

Even though Howarth et al. found that the Single-Correction Model 

accounted for over 98 % of the variability in movement time in their 

data, it remains an incomplete model. Keele (1981) criticizes it since 

it does not predict the effect of distance moved on total MT and 

accuracy. 

Theory of Programmed Movement 

Although visual feedback does play an important part in controll

ing some movements, other movements (i.e., those too short in duration 

to be affected by visual feedback) might be controlled by adjusting 

parameters of movement programs. This idea of programmed movements 



could explain the movement times obtained by Fitts and Peterson which 

did not allow sufficient time to make visually-based corrections. 

Two basic questions in programmed movement research involve (a) 

the movement parameters which could be preset and would affect accuracy 

and (b) the amount of assembly time required for the program before the 

movement takes place. It is possible that more assembly time is 

required for more parameters of a movement to be set and/or for more 

accuracy to be specified. Indeed, Rosenbaum (1980) has found the latter 

idea to be true. By using a pre-cuing technique he was able to determine 

the amount of time necessary to specify which arm was to be used, 

direction to be moved and distance to be moved. 

In order to validate the theory of programmed movement, one must 

remove the possibility that visual feedback can be used. Klapp (1975) 

did this in a novel way by arranging for the onset of movement to turn 

off the lights in the experimental setting. The results of Klapp's 

study indicated that visual feedback has no effect on short movements 

(2 mm), but a large effect on long movements (336 mm), when both used 

a 2 mm target. iKlapp also found that short movements had increased RTy 

as well as increased MT [as the specified accuracy was increased/7^ Such 

was not the case for the RT of long movements. 

Based on these results, Klapp suggested that the variance in 

movement accuracy can be accounted for by the changes in program 

accuracy, at least within limits. This applied only to shorter move

ments, since longer movements to narrow targets exceed the accuracv 

limits of the movement program. Thus, the same movement prOi;ram. is 

used regardless of final accuracy. 
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<^ Keele (1981) notes two basic problems with Klapp's theory. First, 

Klapp and Griem (1979) found that target size had no effect on prepar

ation time in a choice RT paradigm when an auditory signal was used 

instead of a visual signal. This is contrary to earlier results 

obtained using a visual signal. Klapp and Griem (1979) suggest that 

the auditory signal allows the subjects additional preparation time 

since they can look at the targets rather than the signal lights. A 

second problem is that Klapp and Griem do not specify exactly which 

movement parameters are preset./ 

Location Programming 

Another explanation of Fitts' Law hypothesizes the pre-program-

ming of location by the subject. Location programming involves the 

subject hitting the target without knowing the location of the starting 

point. Evidence for this theory comes from studies by Kelso (1977, 

1980) and Bizzi, Polit, and Morasso (1976). 

Kelso (1977), using blindfolded human subjects, found that after 

practice in movement reproduction of a specified distance, subjects 

reproduced distances accurately after having their forefingers passivel; 

moved to new start locations. Since these results could have been 

caused by kinesthetic feedback, Kelso deprived subjects of this feed

back by anesthetizing their fingers using blood deprivation. Under 

this condition accuracy decreased only slightly in distance and loca

tion reproduction. 

In an extension of this study, Kelso and Holt (1980) used a torque 

motor to briefly retard subjects' movement toward the tarcet after it 

was initiated. Little difference was noted in the accuracy oi the 
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perturbed or unperturbed movements even though the subjects were both 

blindfolded and deprived of kinesthetic feedback. Keele (1981) 

explains these results in terms of a follow-up servo mechanism in 

which sensors in the muscle spindles in the forearm are "set" for a 

desired location. 

Further support for location programming is provided by Bizzi, 

Polit, and Morasso (1976) who, working with head-turning in monkeys, 

found evidence that efferent signals are sent to synergistic pairs of 

muscles (i.e.,the agonists that turn the head and the antagonists that 

resist the movement). As the head turns, the antagonists stretch until 

their forces counteract those of the agonists. Thus, a location is 

programmed in the muscles producing the movement. 

Impulse Variability Models 

Two theories of movement postulate that force and duration of that 

force are the determinants of accuracy in movement. The first of these 

models was proposed by Schmidt, Zelaznik, Hawkins, Frank, and Quinn 

(1979). Based on a simple fact of physics, they stated that a faster 

movement over a fixed distance requires a greater amount of force to 

start and stop that movement. Schmidt et al. (1979) found that the 

size of the error in producing this force is dependent on the absolute 

value of the force produced, i.e., the greater the force, the greater its 

variability. (This is somewhat analogous to Weber's Law regarding per

ception except that it applies to movement.) It follows that the ::roat-

er the variability in force, the greater the variability in the ten-.inal 

accuracy of the movement produced by that force. 

Keele (1^81) notes a complication with this reasoning, in that the 
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faster a movement is performed, the shorter is the time interval be

tween the onset of the accelerative and decelerative forces. Schmidt 

et al. (1979) found that timing of movements improved with shortened 

intervals. One might think that this timing improvement would balance 

out the decreased accuracy caused by the increased variability in force, 

however, this is not true. Keele (1981) points out that when MT is 

cut in half for the same distance, the force must quadruple due to 

elementary laws governing force, acceleration, time, and distance 

covered. 

Based on their theory, Schmidt et al. (1979) postulate the follow

ing formula to explain movement 

(3) We = a + bD/MT 

where We is variation in the end point in standard deviation units, D 

is movement distance, MT is movement time, and a and b are empirically 

derived constants. 

This equation fits the data quite well for MTs which are too fast 

for visual feedback (i.e., less than 300 ms). Keele and Posner (1968) 

have found that accuracy improved at MTs slower than 300 ms if the 

movements were without visual feedback. They postulated that this was 

because humans use kinesthetic feedback to correct slow movements, 

however Schmidt et al. conclude that it is simply because smaller 

forces are involved which have less variability. 

Recently, another impulse-variability theory has been introduced 

by Meyer, Smith, and Wright (1982). In it they label the Schmidt et al. 

model as the asymetric impulse-variability model and attack it on the 

basis of violations of fundamental principles of probability theorv and 
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physics. Meyer et al. have labeled their new model of movement as 

the symmetric impulse-variability model because, unlike the asymmetric 

model, it has "equally strong opposing acceleration and deceleration 

phases." 

Fitts' Law Underwater 

Although the Fitts' Law relationship has been investigated in 

many different situations using different movement parameters, only 

two studies have assessed the validity of Fitts' Law in the underwater 

environment. Kerr (1973) studied the effect of the underwater environ

ment on human motor capacity using a reciprocal tapping task both on 

land and underwater. Results indicated that movement time was signifi

cantly slower underwater (as might be expected) than on land. Kerr 

also found that underwater the amplitude of movement influenced MT to 

a greater extent than the precision required of the movement, whereas 

the opposite was true on land with movement precision having a greater 

influence on MT. 

In a second study, Kerr (1978) assessed Welford's dual controlling 

factor (cf Welford, Norris, and Shock, 1969) interpretation of Fitts' 

Law using a reciprocal tapping task similar to the one used in his first 

study. Results indicated, in agreement with Welford's theory, that on 

land the contributions of movement amplitude and precision were basic

ally the same. However, underwater the two factors did not contribute 

equally to MT, with movement amplitude affecting MT more than movement 

precision. 

Dixon and Halcomb (1978), in a study similar to Kerr's studies, 

confirmed Kerr's (1973) results that MT underwater was slower than MT 
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on the surface. The results of Dixon and Halcomb also supported the 

assertion of Kerr that underwater the amplitude of movement influenced 

MT to a greater degree than did precision. In addition to supporting 

the results of Kerr, Dixon and Halcomb found that females had slower 

MTs than males both on land and underwater. They also discovered that 

the slope of the regression equation for MT underwater was signifi

cantly steeper than that of the regression equation for MT on land. 

Finally, results indicated that for targets greater than 5.8 cm in 

diameter, movement distance is the major determinant of MT. 

Statement of Purpose 

The basic purpose of the present study is to develop a better 

understanding of underwater movement. Toward this end a discussion of 

various methodological problems and variables not previously addressed 

in underwater movement research will be presented. 

In looking at how the underwater environment affects motor control, 

Kerr (1973, 1978) used a reciprocal tapping task. Several problems with 

this reciprocal tapping paradigm should be noted. First, a reciprocal 

tapping task does not give a realistic view of motor behavior in the 

real world. Very few tasks require back and forth movements in the 

same plane. Schmidt et al. (1979) consider a single movement paradigm 

to be a more realistic approximation of tasks such as hitting a baseball 

with a bat or reaching for a switch on a control panel. Second, in 

using a reciprocal tapping task, Kerr was unable to analyze RT and MT 

since his dependent variable consisted of an average of the total time 

to complete a movement (RT plus MT). Thus, he could not determine 

whether any pre-programming of the movements was involved or ir a 
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difference occurred in RTs for the same movements on the surface and 

underwater. Third, in performing a motor task, it is quite likely 

that a warm-up effect and practice effect are present. Kerr (1978) 

noted that a slight improvement in "movement time" (RT and MT combined) 

occurred from one set of trials to another, both on the surface task 

and on the underwater task. This was only for a reciprocal tapping 

task and so the actual amount and point of improvement (i.e., amount of 

practice necessary) could not be determined. Third, Kerr (1978) noted 

a short-term facilitating effect (3-5 minutes) on performance when 

subjects went from underwater trials to surface trials. This was 

attributed to an adaptive effect from water to land. No mention was 

made of facilitation or degradation of performance from land to water. 

Finally, Kerr (1973, 1978) did not mention the effect of gender on 

task performance. Dixon and Halcomb (1978), using a task similar to 

Kerr's, found that males performed significantly better than females 

both on land and underwater in terms of movement time. Hudgens and 

Billingsley (1978) have stated that it is important to include the 

effects of gender in studies which have human factors implications, 

but that only 19 % of the studies in Human Factors between 1965 and 

1976 did so. Considering (a) the increasing number of women moving 

into career fields which were traditionally reserved for men and (b) 

the results of Dixon and Halcomb, it would seem important to include 

gender as a variable in studies of movement. 

Because of the methodological and experimental concerns stated 

above, the purpose of the present study is four-fold. 

(1) To assess the effect of the underwater environment on both 
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RT and MT in a discrete rapid movement task. 

(2) To determine the effects of practice on a movement task 

in both environments and compare learning curves. 

(3) To determine the adaptation effects of performing the task 

in one environment and then performing it in the other 

environment. 

(4) To determine whether performance differences exist between 

males and females on a simple motor task both on the sur

face and underwater. 

Hypotheses 

Based on the findings in the literature, specifically those 

supporting the Impulse-Variability Theory and the Theory of Programmed 

Movement, the following hypotheses were tested. The logical support 

for each hypothesis is given after the hypothesis is stated followed 

by its basis in theory and/or fact. 

(1) \ Reaction Time (RT) will exhibit no significant difference 

between levels of difficulty (ID) on the surface. Under-

water, however, RT will increase as a function of ID/ Move

ment Time (MT) will increase as a function of ID both on the 

surface and underwater. Underwater MT will be significantly 

greater than surface MT. 

The independence of RT and MT on the surface has been 

demonstrated numerous times (Henry, 1952, 1960, 1961; Fitts 

and Peterson, 1964; Lotter, 1960; Mendryk, 1960; Younger, 

1959). Underwater, however, the independence of these 



15 

variables has not been investigated. The expected increase 

in RT as a function of movement difficulty is based on the 

Impulse-Variability Theory (Schmidt, 1980). According to 

Schmidt, movement from one place to another requires the 

specification of certain physical parameters involved in 

the production of the movement. These parameters consist 

primarily of the amount of force exerted to move the limb 

mass and the amount of time that the force is exerted upon 

the limb mass. These force-time patterns, or impulses, 

determine the trajectory and speed of the movement according 

to certain principles of physics. Variability in these 

impulses produces variability in the trajectory of the move

ment and thus in the terminal accuracy of the movement. 

Two kinds of variability are involved: (a) variability in 

the force exerted and (b) variability in the time over 

which the force is generated. Schmidt et al. (1978) found 

that variability (within-subject standard deviation) in the 

force produced had a proportional linear relationship with 

the amount of force produced. The same type of linear pro

portional relationship also exists between the variability 

in the length of an accelerative or decelerative impulse 

and its mean duration. In movement on the surface, this 

variability in force and timing of impulses affects the pre

cision of the movement but not the programming of the move

ment that takes place prior to the movement (i.e. during 

the reaction time). Underwater, the amount of force and 
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duration of the impulse, and thus their variability, are 

increased due to the increased density of the water compared 

with air. Due to this increased impulse variability, ter

minal accuracy is decreased. "T To be able to specify the same 

degree of accuracy underwater as on the surface requires 

more motor programming and thus a longer RIV' 

On the surface, RT does not increase significantly as 

a function of movement difficulty. This fact has been dem

onstrated repeatedly in discrete movement tasks (e.g.,Fitts 

and Peterson, 1964). Keele (1981) points out that Klapp's 

(1977) idea of increased RT for the programming of more ac

curate movements could be linked to Schmidt's assertation 

that slower movements are more accurate solely because of 

the dynamics of the movement (i.e., impulse force and time 

specifications). Klapp (1977) found that for very short 

movements, broader targets yield both shorter MTs and RTs. v/ 

In addition, Klapp, Wyatt, and Lingo (1974) reported that 

the choice RT to begin the longer lasting "dah" response in 

Morse code is longer than that needed to generate the short

er "dit" response. Further support comes from Klapp and 

Erwin (1976), who found that RT increased when subjects were 

asked to slow down their movements over a specified distance/?-

The hypothesized increase in MT underwater as com.pared 

to surface task MT has been reported in all studies of 

underwater movement using reciprocal tapping tasks (Kerr. 

1973, 1978; Dixon and Halcomb, 1978; Hancock and Milner, 
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1982). Such consistency of results provides strong support 

for the hypothesis that underwater MT on a discrete movement 

task will be significantly greater than surface MT. 

(2) Learning curves of underwater performance will have steeper 

slopes than those of the surface task. This difference will 

be due to the relative lack of practice on underwater motor 

tasks that most subjects have, compared to surface practice 

on motor tasks. Kerr (1978) found results to lend support 

to this hypothesis. His results indicated that subjects 

showed a slight, but non-significant, decrease in MT over 

four trials of the task performed on the surface. This 

indicates that subjects are well-practiced in aiming tasks 

on the surface and thus are near the asymptote of the 

learning curve for such tasks. However, when the task is 

changed by placing it in a different environment, i.e. under

water, subjects have to re-adapt to the task and essentially 

learn it again. Thus, their initial performance underwater 

would be lower on the learning curve than on land and they 

would have more room for improvement; hence the steeper slope 

of the underwater learning curve. 

(3) A significant negative transfer of training effect will be 

exhibited when subjects move from surface performance of the 

motor task to underwater performance. A slight, temporary 

facilitation in performance (positive transfer of training) 

will be exhibited when subjects move from the underwater task 

to the surface task. This improvement will be due to a 
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strengthened recognition schema of the task. 

According to Schmidt (1975), schema learning involves 

developing a rule for selecting parameters of a generalized 

motor program. As subjects practice the task on the surface 

they will develop a strengthened recognition schema for the 

parameters of the task on the surface which will initially 

hinder them when they perform the task underwater. In ad

dition, the Impulse-Variability Model would predict negative 

transfer of training going from the surface to underwater 

task performance due to the necessary increases in the force 

and time parameters. This situation is similar to one in 

which performance suffers after moving from an easy, well-

learned task to a difficult, somewhat unfamiliar task. 

A temporary facilitation of performance on the surface 

after underwater task performance is to be expected. Kerr 

(1978) found a temporary improvement in performance when 

subjects moved from underwater to surface task performance. 

He attributed the improvement to a greater focus of attention 

on the sensory consequences of each movement. This increase 

in the focus of attention was caused by the increase in the 

application of force necessary to produce the movements 

underwater. Kerr hypothesizes that this strengthened recog

nition schema could have caused a temporary improvement in 

surface performance. Such a situation is analogous to base

ball players swinging a weighted bat prior to stepping into 

the batter's box. 
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(4) Males will demonstrate significantly faster movement times 

than females both on the surface and underwater. Males will 

have faster RTs than females both on the surface and under

water . 

The traditional finding concerning gender differences 

in movement studies was that males were significantly faster 

than females on both RT and MT (Hodgkins, 1963). Researchers 

speculated that a cultural expectation of male superiority 

in physical performance and/or a more strongly developed 

sense of competition provided males with stronger motivation 

and thus faster RT scores than females. The reason for male 

superiority in MT was suggested by Henry (1960) and Stitt 

(1961). Their studies indicated a positive relationship be

tween static strength and speed of movement. Since males 

are, in general, stronger than females, it is reasonable to 

expect males to have faster MTs than females. 

Recently, however, evidence has been presented contra

dicting these views. Yandell and Spirduso (1981) investi

gated the effects of gender and athletic status on both RT 

and MT. Their results did not support the classic finding of 

male superiority over females in RT and MT or the assumed 

superiority of athletes over non-athletes on the same vari

ables. 

The present hypothesis of male superiority over females 

in RT and MT is also supported by the Impulse-Variabilitv 

Model. Since more force yields faster (but more variable and 
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thus less accurate) movements, males should logically have 

faster MTs than females, but with reduced terminal accuracy. 

Schmidt et al. (1979) would predict this due to their as

sertation that slower movements are more accurate movements. 

If females are more accurate than males, then female RTs 

could be expected to be longer than male RTs due to the Klapp 

finding on increased accuracy requiring more programming and 

thus longer RTs. 



CHAPTER II 

METHOD 

Subjects 

Thirty-two subjects (16 males and 16 females) solicited from SCUBA 

diving classes at Texas Tech University, a local dive club, and the 

general diver population in the Lubbock area served as subjects in this 

experiment. Each subject performed all 9 conditions of the experiment 

both on land and underwater, for a total of 18 conditions. 

Task 

The movement task used was similar to that of Kerr (1973, 1978) 

except that it involved a discrete movement paradigm instead of a re

petitive tapping task. The subject, when given the start signal by the 

experimenter, moved a stylus a fixed distance and attempted to hit a 

circular target of specified diameter. The distances employed included 

75, 150, and 250 mm (approximately 3, 6, and 10 inches). The target 

widths included 6, 13, and 25 mm (approximately .25, .50, and 1 inch in 

diameter). These parameters yielded an Index of Movement Difficulty 

(ID) which ranged from 2.58 to 6.38 bits. This ID range was comparable 

to that achieved by Fitts and Peterson (1964) (i.e., 2.58 to 7.58) using 

discrete movements and to that achieved by Kerr (1973, 1978) (i.e. 3.58 

to 7.17 and 1.92 to 7.01 respectively) using a reciprocal tapping task. 

Targets were drawn onto white bond paper using black ink and then 

were photocopied onto clear mylar sheets which were mounted on white 

plexiglass to provide good contrast (see Figure 1). 

When ready, the subject, using their preferred hand, placed the 
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FIGURE 1: TARGET DIAMETERS .-VXD MOVEMENT DIST.-\.\-CES USED IN THE 

AIMING TASK. 
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point of the stylus on the starting point, directly in front of the 

midline of his body. At the start signal, the subject moved the stylus 

as quickly as possible to hit the target with the tip of the stylus. 

Each trial was repeated 15 times in each environment for a total of 

270 trials per subject. 

Apparatus 

The equipment used in this experiment consisted of the clear mylar 

target sheets, the white plexiglass board which was attached to a 

bench by c-clamps, and the stylus. The stylus was specially designed 

so that both reaction time and movement time could be measured. It 

consisted of a sharp dart-like tip which was spring-loaded so that 

when depressed it activated a microswitch in the body of the stylus 

(see Figure 2). When the experimenter pressed the start button, a 

buzzer sounded and a liquid crystal display (LCD) digital timer on the 

surface started. When the microswitch in the stylus was activated it 

caused the lap timer (i.e., reaction time) to be displayed. Thus, the 

microswitch acted as a "dead man's" switch so that when the pressure 

on the tip of the stylus was released the timer recorded the subject's 

reaction time. When the tip of the stylus was depressed again as it 

hit the target, the timer stopped, giving the total time since the 

start signal. 

Movement time was computed by subtracting the reaction time from 

the total time. 
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Experimental Design 

A Split Plot Factorial 2 x 2 x 3 x 3 Analysis of Variance (Kirk, 

1968) was used to determine if significant differences between gender, 

environment, movement distance, and target size existed in movement 

times and reaction times (see Figure 3). Appropriate individual com

parisons were performed as necessary to determine at which levels of 

these variables the significant differences occurred. This SPF ANOVA 

was performed on the data collapsed across trials for each combination 

of movement distance and target size. 

An additional analysis was performed to determine differences in 

learning curves across environments. A Split Plot Factorial 2 x 2 x 2 

X 5 Analysis of Variance (Kirk, 1968) was performed to determine whether 

significant differences existed between learning curves on the surface 

task and underwater task (see Figure 4). This analysis also was used 

to determine whether practice on the task on the surface had any effect 

on the subsequent performance of the task underwater and vice versa. 

Variables included in this analysis were Gender (Male/Female), Pre

sentation Order (Surface Task First or Underwater Task First), and 

Trials (Blocks of 3, i.e., 1-3, 4-6, etc.). Appropriate individual com

parisons were performed to determine where significant differences 

occurred. 

Procedure 

\;hen a subject arrived at the natatorium of the men's gym, s/he was 

welcomed by the experimenter and asked to read and sign a subject con

sent form if s/he still desired to participate in the experiment. The 

task was explained and demonstrated by the experimenter to the subject 
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and s/he was asked whether they had any questions. After any questions 

had been answered, the subject was instructed to practice the task 

on the surface 5 times on a practice target sheet with the following 

parameters: movement distance of 175 mm, target diameter of 21 mm and 

an Index of Movement Difficulty of 4.06 (midway in the ID range used 

in this experiment). 

The subject then began the task either kneeling in the pool in 

4 feet of water or sitting on land. Height of the task was adjusted 

to remain the same on the surface and underwater relative to the sub

ject. Presentation order was counterbalanced to compensate for the 

effects of practice and fatigue. During the testing the intertrial 

interviews were approximately 10 seconds and the interval between each 

series of trials at a different ID level was approximately 30 seconds. 

Subjects performing the underwater sequence of trials first received 

counterbalanced rest periods of either 3 or 7 minutes before beginning 

the surface trials. This procedure was used to prevent confounding 

the learning curve effect with the expected transfer of training effect. 

Subjects performing the surface task first received the same counter

balanced 3 or 7 minute rest period before beginning the underwater 

series of trials. 



CHAPTER III 

RESULTS 

Main Analysis 

Reaction Time 

The reaction time (RT) data for each of the nine combinations of 

precision and movement distance were collapsed across trials to yield 

a mean RT. Each subject had nine RT scores for surface performance and 

nine RT scores for underwater performance. Descriptive statistics for 

the main effects for RT are presented in Table 1-. 

The results of the analysis of variance of RT are presented in 

Table 2. Gender of the subject had no significant effect on RT per

formance. Type of environment in which the task was performed had a 

highly significant effect on RT performance. A Tukey HSD procedure 

performed on the means indicated that RT was significantly longer under

water than on the surface. The level of precision required in the aim

ing movement also had a significant effect on the RT of subjects. 

Tukey's procedure indicated that the significant differences in RT 

were present for all three levels of precision, with the 25 mm target 

yielding the fastest RT, the 6 mm target the slowest RT and the 13 mm 

target RT in between these two. Movement distance also yielded sig

nificant differences between its various levels. Using Tukey's pro

cedure, individual comparisons were computed which indicated signifi

cant differences between RTs for all three levels of movement distance. 

The longest movement distance, 250 mm, yielded the slowest RT. The 

shortest movement distance of 75 mm produced the fastest RT, and the 
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TABLE 1 

Descriptive Statistics for Main Effects 
(in hundredths of a second) 

B (Environment) 

bl (Surface) 
b2 (Underwater) 

48.72 
62.02 

8.75 
13.87 

45.82 
58.12 

14.45 
21.:*7 

C (Precision) 

cl (6 mm) 
c2 (13 mm) 
c3 (25 mm) 

61.09 
54.52 
50.50 

13.51 
12.56 
11.82 

63.90 
50.46 
41.54 

19.08 
16.94 
14.66 

D (Distance) 

30 

Variable 

A (Gender) 

al (Male) 
a2 (Female) 

RT Mean 

55.80 
54.94 

RT SD 

15.06 
11.43 

MT Mean 

50.09 
53.84 

MT SD 

21.15 
17.07 

dl 
d2 
d3 

(75 mm) 
(150 
(250 

mm) 
mm) 

51, 
54, 
59, 

.33 

.82 

.96 

11, 
12, 
14, 

.98 

.25 

.35 

44, 
50, 
61, 

.18 

.66 

.06 

16, 
17, 
20, 

,A4 
,06 
.32 



TABLE 2 

Analysis of Variance Summary Table 
For Reaction Time—Main Analysis 
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S o u r c e 

Between S u b j e c t s 
A (Gender ) 
S(A) 

W i t h i n S u b j e c t s 
B ( E n v i r o n m e n t ) 
A X B 
B X S(A) 
C ( P r e c i s i o n ) 
A X C 
C X S(A) 
D ( D i s t a n c e ) 
A X D 
D X S(A) 
B X C 
A X B X C 
BC X S(A) 
B X D 
A X B X D 
BD X S(A) 
C X D 
A X C X D 
CD X S(A) 
B X C X D 
A X B X C X D 
BCD X S(A) 

T o t a l 

* p < . 0 5 
** p < . 0 1 

df 

31 
1 

30 

544 
1 
1 

30 
2 
2 

60 
2 
2 

60 
2 
2 

60 
2 
2 

60 
4 
4 

120 
4 
4 

120 

575 

SS 

42373.81 
105.27 

42268.54 

60273.68 
25447.13 

6.89 
6341.57 

10980.06 
113.36 

1995.99 
7229.87 

0.14 
1919.91 

63.07 
87.60 

933.47 
712.58 

15.24 
900.73 
207.13 

39.37 
1933.06 

19.11 
8.95 

1318.45 

102647.49 

MS 

105.27 
1408.95 

25447.13 
6.89 

211.39 
5490.03 

56.68 
33.27 

3614.94 
0.07 

32.00 
31.54 
43.80 
15.56 

356.29 
7.62 

15.01 
51.78 

9.84 
16.11 
4.78 
2.24 

10.99 

F 

0.07 

120.38 ** 
0.03 

165.03 ** 
1.70 

112.97 ** 
0.00 

2.03 
2.82 

23.73 ** 
0.51 

3.21 * 
0.61 

0.43 
0.20 
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intermediate distance of 150 mm yielded a RT between these two. 

Thus, RT increased as movement distance increased. 

The interaction between environment and movement distance was 

found to be significant for RT. This interaction was broken into its 

simple main effects using procedures described in Kirk (1968). The 

analysis of variance for these simple main effects is presented in 

Table 3. Significant differences between the three movement distances 

are present in both the surface condition and the underwater condition. 

This environment by movement distance interaction is displayed in Fig

ure 5. As the movement distance increases, the RT becomes slower. 

This effect is more pronounced underwater than on the surface. 

A significant interaction between precision and movement distance 

was also found. The simple main effects analysis of variance for this 

interaction is presented in Table 4. Significant differences between 

the three precision levels are evident at all three levels of movement 

distance. The movement precision by movement distance interaction is 

presented in Figure 6. As movement precision is decreased, RTs become 

faster. Also, as movement distance increases, RTs tend to become 

slower. 

Movement Time 

Movement time (MT) was computed by subtracting RT from the total 

time of the movement. MT was collapsed across trials in a manner simi

lar to that used for RT. Descriptive statistics for movement time are 

presented in Table 1. The analysis of variance results for MT are pre

sented in Table 5. 
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TABLE 3 

Simple Main Effects Analysis of Variance Summary Table 
For Reaction Time—Main Analysis 

Source 

B (Environment) 

B a t d ( l ) 
B a t d(2) 
B a t d(3) 

B X S(A) 

D (Dis tance) 

D a t b ( l ) 
D a t b(2) 

D X S(A) 

B X D 

BD X S(A) 

Tota l 

* p < . 0 5 
** p < . 0 1 

SS 

25447.13 

5814.07 
7580.82 

12764.81 

6341.57 

7229.87 

6290.49 
6223.55 

1919.91 

712.58 

900.73 

42551.79 

df 

1 

1 
1 
1 

30 

2 

2 
2 

60 

2 

60 

155 

MS 

25447.13 

5814.07 
7580.82 

12764.81 

211.39 

3614.94 

3145.25 
3111.78 

32.00 

356.29 

15.01 

F 

120.38 ** 

27.50 ** 
35.86 ** 
60.39 *•-> 

112.97 '̂̂^̂  

26.86 ** 
97.24 ** 

23.73 ** 
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TABLE 4 

Simple Main Effects Analysis of Variance Summary Table 
For Reaction Time—Main Analysis 

Source 

C (Precision) 

C at d(l) 
C at d(2) 
C at d(3) 

C X S(A) 

D (Distance) 

D at c(l) 
D at c(2) 
D at c(3) 

D X S(A) 

C X D 

CD X S(A) 

Total 

SS 

10980.06 

3575.85 
3688.76 
3922.58 

1995.99 

7229.87 

2195.80 
3553.19 
1688.02 

1919.91 

207.13 

1933.06 

24266.02 

df 

2 

2 
2 
2 

60 

2 

2 
2 
2 

60 

4 

120 

248 

MS 

5490.03 

1787.93 
1844.38 
1961.29 

33.27 

3614.94 

1097.90 
1776.59 
844.01 

32.00 

51.78 

16.11 

F 

165.03 ** 

53.74 ** 
55.44 ** 
58.95 ** 

-

112.97 ** 

34.31 ** 
55.52 ** 
26.38 ** 

3.21 * 

* p<.05 
** p<.01 
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TABLE 5 

Analysis of Variance Summary Table 
For Movement Time—Main Analysis 
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Source 

Between S u b j e c t s 
A (Gender ) 

S(A) 

W i t h i n S u b j e c t s 
B ( E n v i r o n m e n t ) 
A X B 
B X S(A) 
C ( P r e c i s i o n ) 
A X C 
C X S(A) 
D ( D i s t a n c e ) 
A X D 
D X S(A) 
B X C 
A X B X C 
BC X S(A) 
B X D 
A X B X D 
BD X S(A) 
C X D 
A X C X D 
CD X S(A) 
B X C X D 
A X B X C X D 
BCD X S(A) 

T o t a l 

* p < . 0 5 
** p < . 0 1 

df 

31 
1 

30 

544 
1 
1 

30 
2 
2 

60 
2 
2 

60 
2 
2 

60 
2 
2 

60 
4 
4 

120 
4 
4 

120 

575 

SS 

80934.11 
2025.25 

78908.86 

133059.90 
21786.58 

45.38 
10962.53 
48608.75 

456.12 
5294.80 

27865.27 
0.93 

4131.04 
520.08 
151.20 

1892.08 
3011.53 

30.42 
1948.11 
374.19 

87.51 
3201.87 

47.33 
3.56 

2640.62 

213994.01 

MS 

2025.25 
2630.30 

244.60 
21786.58 

45.38 
365.42 

24304.38 
228.06 

88.25 
13932.64 

0.47 
68.85 

260.04 
75.60 
31.53 

1505.77 
15.21 
32.47 
93.55 
21.88 
26.68 
11.83 
0.89 

22.01 

F 

0.77 

59.62 ** 
0.12 

275.41 ** 
2.58 

202.36 ** 
0.01 

8.25 ** 
2.40 

46.38 ** 
0.47 

3.51 ** 
0.82 

0.54 
0.04 
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A significant difference exists between surface MT and underwater 

MT. An individual comparisons test using Tukey's procedure reveals 

that, as might be expected, underwater movement time is substantially 

slower than surface MT. 

Level of precision required also reached significance in the anal

ysis of variance. Tukey's comparison of means for the three levels of 

precision indicates that significant differences exist between all three 

levels. In general, as greater amounts of movement precision were re

quired, MTs became slower. 

Movement distance also posted a significant F ratio. Once again, 

Tukey's mean comparisons indicated that MT performance differed signif

icantly among all three levels of movement distance. MT increased sig

nificantly with each increment in movement distance. 

Three interactions reached the .01 level of significance. A sig

nificant environment by precision interaction was separated into its 

component simple main effects which are analyzed in Table 6. Signif

icant differences between all levels of precision exist for MT perfor

mance in both environments. This comparison is presented graphically 

in Figure 7. The interaction appears to be between the 13 mm and 23 ram 

levels of precision on surface performance. 

The interaction between environment and movement distance was also 

significant. A summary of the analysis of variance of the simple main 

effects is presented in Table 7. Movement time was significantly dif

ferent for all levels of movement distance both on the surface and 

underwater. This relationship is illustrated in Figure 8. In looki:̂ ^ 

at the relationship in the figure, it appears that the interaction is 
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TABLE 6 

Simple Main Effects Analysis of Variance Summary Table 
For Movement Time—Main Analysis 

Source 

B (Environment) 

B a t c ( l ) 
B a t c (2 ) 
B a t c (3) 

B X S(A) 

C ( P r e c i s i o n ) 

C a t b ( l ) 
C a t b (2) 

C X S(A) 

B X C 

BC X S(A) 

Tota l 

* p < . 0 5 
** p < .01 

SS 

21786.58 

9918.75 
7793.65 
4594.25 

10962.53 

48608.75 

19734.08 
29394.74 

5294.80 

520.08 

1892.08 

89064.82 

df 

1 

1 
1 
1 

30 

2 

2 
2 

60 

2 

60 

155 

MS 

21786.58 

9918.75 
7793.65 
4594.25 

365.42 

24304.38 

* 9867.04 
14697.37 

88.25 

260.04 

31.53 

F 

59.62 ** 

27.14 ** 
21.33 ** 
12.57 ** 

275.41 ** 

111.81 ** 
166.54 ** 

8.25 ** 



o o u 

00 

LU Li-

^ ( / ) o b :̂  o 

75-

70-

65-

60-

55-

50-

45-

40-

35' 

0-

^ 

^ 

SURFACE UNO ERWA T E R 

ENVIRONMENT 

LEGEND: PRECISION 0 0 0 6mm 

A—Z^—^- 2 5 mr 

O-O-O 1 3 mm 

FIGURE 7: MOVEMENT PRECISION ACROSS ENVIRONTIENT FOR MOVEMEN'T TIME-
>LAIN AKALYSIS. 



41 

TABLE 7 

Simple Main Effects Analysis of Variance Summary Table 
For Movement Time—Main Analysis 

Source 

B (Environment) 

B a t d ( l ) 
B a t d(2) 
B a t d(3) 

B X S(A) 

D (Dis tance) 

D a t b ( l ) 
D a t b (2) 

D X S(A) 

B X D 

BD X S(A) 

Tota l 

* p < . 0 5 
** p < . 0 1 

SS 

21786.58 

2623.55 
5920.00 

16254.56 

10962.53 

27865.27 

6290.49 
24586.30 

4131.04 

3011.53 

1948.11 

69705.06 

df 

1 

1 
1 
1 

30 

2 

2 
2 

60 

2 

60 

155 

MS 

21786.58 

2623.55 
5920.00 

16254.56 

365.42 

13932.64 

3145.25 
12293.15 

68.85 

1505.77 

32.47 

F 

59.62 ** 

7.18 ** 
16.20 ** 
44.48 ** 

202.36 ** 

45.68 ** 
178.55 ** 

46.38 *-''̂  
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between the 150 mm and the 250 mm levels of movement distance for sur

face performance. The plots of MT for the 75 and 150 mm distances have 

basically the same slopes whereas the 250 mm distance has a much steep

er positive slope. This indicates that the strongest component of the 

interaction is between the 150 mm and 250 mm movement distances although 

an interaction also exists between the 250 mm and 75 mm distances as 

indicated in Table 7. 

The last significant interaction involves levels of precision and 

movement distance. The simple main effects analysis of variance in 

Table 8 indicates that the three levels of precision are all signifi

cantly different from one another at each level of movement distance. 

The interaction between precision and movement distance is presented in 

Figure 9. This interaction appears to involve the 75 mm level of move

ment distance at the 6 and 25 mm levels of movement precision. 

Trial Block Analysis 

Reaction Time 

In order to assess the effects of the underwater environment on 

motor learning curves and to test for inter-environmental transfer of 

training, RT was collapsed across trials in blocks of three trials; 

i.e. Trial Block 1 consisted of the mean of trials 1 to 3, Trial Block 

2 of the mean of trials 4 to 6, etc. Descriptive statistics are pre

sented for RT Trial Blocks in Table 9. 

The Trial Block data for RT were submitted to analysis of variance 

and results are presented in Table 10. As might be expected (since the 

variable is the same as that in the Main Analysis .ANOVA), RT 
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TABLE 8 

Simple Main Effects Analysis of Variance Summary Table 

For Movement Time—Main Analysis 

Source 

C ( P r e c i s i o n ) 

C a t d ( l ) 
C a t d(2) 
C a t d (3) 

C X S(A) 

D (Dis t ance ) 

D a t c ( l ) 
D a t c (2 ) 
D a t c (3 ) 

D X S(A) 

C X D 

CD X S(A) 

T o t a l 

* p < . 0 5 
** p < . 0 1 

SS 

48608.75 

17044.85 
15219.29 
16718.79 

5294.80 

27865.27 

8268.69 
12249.88 

7720.88 

4131.04 

374.19 

3201.87 

89475.92 

df 

2 

2 
2 
2 

60 

2 

2 
2 
2 

60 

4 

120 

248 

MS 

24304.38 

8522.42 
7609.65 
8359.40 

88.25 

13932.64 

4134.34 
6124.94 
3860.44 

68.85 

93.55 

26.68 

F 

275.41 ** 

96.57 ** 
86.23 ** 
94.72 ** 

202.36 ** 

60.05 ** 
88.96 ** 
56.07 ** 

3.51 ** 
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TABLE 9 

Descriptive Statistics for Trial Block Analysis 
(in hundredths of a second) 

46 

Variable RT Mean RT SD MT Mean MT SD 

A (Gender) 

al (Male) 
a2 (Female) 

51.72 
50.55 

14.01 
10.86 

50.90 
53.84 

21.61 
17.71 

B (Environment) 

bl (Surface) 
b2 (Underwater) 

44.96 
57.30 

8.25 
13.07 

45.82 
58.12 

15.00 
22.08 

C (Environmental Order) 

cl (Surface First) 
c2 (Water First) 

D (Trial Blocks) 

dl (Trials 1-3) 
d2 (Trials 4-6) 
d3 (Trials 7-9) 
d4 (Trials 10-12) 
d5 (Trials 13-15) 

49.32 
52.94 

52.84 
50.90 
50.47 
50.70 
50.77 

11.41 
13.36 

12.47 
12.88 
12.59 
12.39 
12.31 

50.25 
53.68 

53.59 
52.40 
51.77 
51.25 
50.83 

18.10 
21.31 

19.66 
20.38 
20.05 
19.58 
19.48 



TABLE 10 

Analysis of Variance Summary Table 
For Reaction Time—Trial Block Analysis 
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Source 

Between Subjects 
A 
C 
A 

(Gender) 
(Environ. Order) 
X C 

S(AC) 

Within Subjects 
B 
A 
B 
A 
B 
D 
A 
C 
A 
D 
B 
A 
B 
A 

(Environment) 
X B 
X C 
X B X C 
X S(AC) 
(Trial Blocks) 
X D 
X D 
X C X D 
X S(AC) 
X D 
X B X D 
X C X D 
X B X C X D 

BD X S(AC) 

Total 

* 

** 
p< .05 
p< .01 

df 

31 
1 
1 
1 
28 

288 
1 
1 
1 
1 
28 
4 
4 
4 
4 

112 
4 
4 
4 
4 

112 

319 

SS 

18893.01 
109.28 
1048.59 
801.87 

16933.27 

15979.22 
12179.03 

0.85 
158.5JB 
135.92 
2675.19 
238.85 
1.72 
6.37 
5.43 

335.87 
11.86 
9.82 
14.72 
7.37 

197.64 

34872.23 

MS 

109.28 
1048.59 
801.47 
604.76 

12179.03 
0.85 

158.58 
135.92 
95.54 
59.71 
0.43 
1.59 
1.36 
2.99 
2.97 
2.46 
3.68 
1.84 
1.76 

F 

0.18 
1.73 
1.33 

127.47 ** 
0.01 
1.66 
1.42 

19.91 ** 
0.14 
0.53 
0.45 

1.68 
1.39 
2.08 
1.04 
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performance underwater was significantly slower than that on the sur

face. 

Order of presentation of environments had no significant effect 

on RT performance which indicates that no transfer of training for RT 

was present. 

A significant difference in RT performance was evident over Trial 

Blocks. Tukey's mean comparison indicated that RT for the first trial 

block was significantly higher than RT for the subsequent four trial 

blocks. The remaining four trial blocks were not significantly differ

ent from one another. Trial Block 2 was slower than Trial Block 5, 

followed by Trial Block 4 and then Trial Block 3, in descending order 

(see Figure 10). 

Movement Time 

The results of the trial block analysis of variance for MT are 

presented in Table 11. The underwater MT was significantly slower than 

the surface MT. A significant difference in MT in the Trial Block vari

able is also apparent. A Tukey HSD test of the trial block means indi

cated that the first trial block has a significantly higher MT than did 

Trial Blocks 3, 4, or 5. The other four trial block MTs were not sig

nificantly different from one another with the exception of Trial Block 

2 and Trial Block 5, the former having a faster MT (see Figure 11). 
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TABLE 11 

Analysis of Variance Summary Table 
For Movement Time—Trial Block Analysis 

50 

Source 

Between S u b j e c t s 
A 
C 
A 

(Gender ) 
( E n v i r o n . O r d e r ) 
x C 

S(AC) 

W i t h i n S u b j e c t s 
B 
A 
B 
A 
B 
D 
A 
C 
A 
D 
B 
A 
B 
A 
BE 

T o t a l 

( E n v i r o n m e n t ) 
X B 

x C 
X B X C 
X S(AC) 

(Tr ia l Blocks) 
X D 
X D 
X C X D 
X S(AC) 
X D 
X B X D 
X C X D 
X B X C X D 
) X S(AC) 

p < . 0 5 
p < .01 

df 

31 
1 
1 
1 

28 

288 
1 
1 
1 
1 

28 
4 
4 
4 
4 

112 
4 
4 
4 
4 

112 

319 

SS 

44963 .39 
1125.14 

940 .10 
1574.82 

41323 .33 

19447.73 
12103.66 

25 .21 
2 1 1 . 3 1 

77 .17 
5801 .81 

299 .59 
1.96 

17.82 
11.34 

476 .50 
16.44 

6 .80 
7 .48 
5 .88 

384 .75 

64411.12 

MS 

1125.14 
940 .10 

1574.82 
1475.83 

12103.66 
25 .21 

211 .31 
77 .17 

207 .21 
74 .90 

0 .49 
4 .46 
2 .84 
4 .25 
4 .11 
1.70 
1.87 
1.47 
3.44 

F 

0 .76 
0 .64 
1.07 

5 8 . 4 1 ** 
0 .12 
1.02 
0 .37 

17.60 ** 
0 .11 
1.05 
0 .67 

1.20 
0 .50 
0 .54 
0 .43 
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CHAPTER IV 

DISCUSSION 

Main Analysis 

Fitts and Peterson (1964) found evidence that in a discrete move

ment task reaction time remains relatively stable as the Index of Move

ment Difficulty (ID) increases (i.e., as either precision or distance or 

both are increased). They did indicate that as movement amplitude was 

increased, a slight but significant (p<.05) increase in RT took place. 

For decreases in target width, there was no such significant increase 

in RT. Movement time, however, increases as a function of the ID. 

Kerr (1973, 1978) compared movement time on the surface and underwater 

and found that it increased significantly underwater. However, Kerr's 

findings were confounded by the type of task used, a reciprocal tapping 

task, which yields an average "movement time" that includes reaction 

time. Kerr also discovered, serendipitously, that performing the tap

ping task underwater caused a slight, temporary facilitation of perfor

mance on the surface immediately after the underwater practice. 

The primary purpose of the present study was to determine whether 

reaction time in a discrete aiming task was significantly different 

underwater compared to RT on the surface. Several secondary objectives 

included the investigation of the positive transfer of training when an 

aiming task was performed on the surface following underwater practice. 

Gender was a collateral variable of interest since recent evidence has 

indicated that male and female performance on aiming tasks is similar 

in terms of reaction and movement times. This finding has gone against 

the preponderence of evidence presented in previous studies. 

52 
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The main analysis of the present study investigated gender differ

ences, the effect of environment, and the effects of various precision 

and movement distance parameters. Reaction time underwater was found 

to be significantly slower than RT on the surface. This finding could 

be explained by several things: the effects of neutral buoyancy under

water, the central motor program or what has been called a "water 

effect." 

The most plausible of these three possible explanations, at least 

from a logical point of view, appears to be the effects of neutral 

buoyancy underwater on the subject's arm. First, the neutral or posi

tive buoyancy of the subject's arm would tend to counteract the effects 

of gravity on it. Thus, the subject, in order to maintain adequate 

pressure on the tip of the stylus to keep the microswitch closed, would 

have to apply a greater downward force than he would apply on the sur

face where gravity would help him. It is conceivable that the addi

tional underwater RT was due to the subject having to first relax the 

muscles of the forearm before making a response. Another factor invol

ved is the fatigue generated by the additional effort of pressing hard

er on the stylus underwater. Several subjects commented about the task 

seeming more fatiguing underwater than on the surface. Pushing against 

the density of the water itself would tend to increase fatigue as well. 

This fatigue could cause a decrease in the speed of the subject's 

response. 

Slower RT underwater could also be due to the subject modifying 

hjs central motor program. As previously stated, the ballistic move

ments required in a rapid aiming task do not allow sufficient tine for 
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the subject to make use of visual feedback in corrections. These move

ments depend upon the preset force and duration parameters which are 

hypothetically stored somewhere in the nervous system. When a subject 

makes a rapid aiming movement on the surface, they call up the central 

motor program which they know from previous experience specifies the 

proper parameters to make an accurate movement. When the subject is 

placed underwater, however, if they used the same motor program as on 

the surface the density of the water would cause the movement to fall 

short because the force and duration parameters used to make the move

ment would be too short. Thus the central motor program must be modi

fied to make an accurate aiming movement underwater (i.e., the force and 

duration parameters increased) and it is this re-programming which takes 

additional time in the form of an increased RT. 

A third factor which probably affects both RT and MT is what Bowen 

(1968) has called a "water effect." This water effect is composed of 

several factors, among them neutral buoyance, viscosity of the water, 

reduced sensation, encumbrance by equipment (including the visual limi

tations imposed by the mask), and attention to diving procedures neces

sary to assure personal safety. The "water effect" could have dis

tracted the subjects so that their level of attention directed toward 

the task underwater was less than on the surface. Bowen (1968) dis

cusses this rationale in his explanation of a performance decrement in 

manual dexterity and psychomotor tasks in cold water. 

Significant differences in RT were caused by the different levels 

of movement precision required. As might be expected, the largest tar

get (25 mm) yielded the fastest RT, the medium target size (13 rr.) havl 
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the next fastest RT, and the smallest target (6 mm) had the slowest 

RT. This differed from the findings of Fitts and Peterson (1964) who 

found a slight but non-significant increase in RT as required precision 

increased. The reasoning for the significant increase in RT in the 

present study probably stems from the design of the apparatus, the 

stylus in particular. The stylus was spring-loaded so that when the 

subject lifted it up to make a response, a microswitch was activated 

which stopped a timer to measure RT. As the required precision was 

increased, the duration of the actual movement increased and since the 

RT included the first .25 inch or so of the movement, it also increased. 

The reason for the RT increase could also be due to the previously 

mentioned increase in re-programming time as the movement precision 

increased, but this does not seem as likely as the former explanation. 

Significant differences in RT were also found for the three levels 

of movement distance. This finding agrees with the results of Fitts 

and Peterson (1964) who also found a significant increase in RT as 

movement distances became longer. The reason for this finding can be 

found in the research of Schmidt et al. (1978) who reported that shorter 

movements are faster movements. Following the same reasoning above 

concerning the spring-loaded stylus, if the overall movement time is 

less for shorter movement distances, then it would be expected that RT 

would be shorter for shorter distances due to the play in the stylus 

switch. It is unfortunate that this problem with the stylus developed 

since it may tend to mask the more interesting findings of this studv. 

A significant interaction was discovered between Environment and 

Movement Distance for RT. It appears that the increase in RT on the 
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surface is a linear function of increases in movement distance while 

underwater the RT increase is logarithmically related to increases in 

movement distance. This can be easily seen in Figure 5 by comparing 

the relative increase in RT on the surface to RT underwater as movement 

distance increases. It is fairly obvious that this relationship de

pends, in some way, on the relationship between the distance moved and 

the density of the water. The resistance to movement offered by the 

water forces the subject to increase both the duration and force of 

the muscle impulse used to make the movement. This makes the movement 

more complex and requires additional RT to program the new parameters 

of the movement. This result could also be due to the neutral buoyancy 

of the subject's arm and its effects in counteracting gravity under

water. 

Precision and movement distance combine in another interaction to 

affect RT. In this interaction the 6 mm and 25 ram levels of precision 

at the 75 mm level of movement distance have longer RTs than their 

counterparts at the other levels of movement distance. The explanation 

for this result probably lies in the power inherent in the experimental 

design used. The Split Plot design using repeated measures is an 

extremely powerful design. Computed power for this interaction is .94 

using Cohen's procedures (1969). In this case the design is so effici

ent that very slight changes in the differences between the simple main 

effects can generate a significant interaction statistically, while no 

practical difference could be observed. 

MT underwater was substantially slower than on the surface as 

would be expected. This result agrees with the results of Kerr (1972, 
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1978) and Dixon and Halcomb (1978), all of whom found MT underwater 

slower. Obviously, the density of the water is the major reason for 

the slower MTs. 

MT was also significantly different for the various levels of 

precision used. Fitts and Peterson (1964), as well as many others, 

have found that the more precision required in aiming at a target the 

longer the MT will be. This is one of the basic tenets of the speed-

accuracy trade-off and was confirmed again in this study. 

The three levels of movement distance made significant differences 

in MT. MT was faster at the shorter distance and slower at the longer 

distance. This finding has been substantiated in Fitts and Peterson 

(1964) as well as others. 

A significant interaction between Environment and Precision for 

MT was noted. Movements requiring greater amounts of precision had 

longer MTs. This effect was exaggerated underwater particularly for 

the smaller targets. The explanation for this lies in the Impulse-

Variability Model. Extrapolating from this model—an aiming movement, 

in order to specify the same amount of accuracy underwater as on land, 

must be slower. The amount of force and the duration of the movement 

underwater are greater than those required by a movement on the surface. 

The variability in these parameters is increased and thus terminal 

accuracy is decreased. To specify the same amount of accuracy under

water, the subject must slow down the movement. This would account for 

a decrease in the movement time of the task underwater (Schmidt et al., 

1978). 

A significant interaction between Environment and Mover.ent 
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Distance also existed. Underwater the longer the movement distance, 

the longer the MT. The increase in MT on the surface as a function of 

an increase in movement distance was almost linear while underwater the 

increase was approximately logarithmic. Again, the density of the 

water was responsible for the increase in MT underwater. 

An interaction between Precision and Movement Distance was also 

significant. At the shortest movement distance, the smallest target 

yielded a significantly longer MT than would be expected. This was due 

to the greater effect of precision on MT than that of movement distance. 

Trial Block Analysis 

Significant differences in RT across trial blocks were detected. 

Individual comparisons tests indicated significant differences between 

the Trial Block 1 RT and all of the other Trial Block RTs. Figure 10 

clearly shows that the greatest drop in RT appears from Trial Block 1 

to Trial Block 2. This decrease in RT would be consistent with a warm-

up effect. 

MTs also show a significant difference across trial blocks. These 

differences are significant for Trial Block 1 and Trial Blocks 3, 4, and 

5. A significant difference between Trial Block 2 MT and Trial Block 5 

MT was also noted. This improvement in performance is indicative of a 

practice effect. 

Summary of Hypotheses 

The results of this study partially supported Hypothesis 1 since 

RT did increase underwater as a function of movement distance. However. 

RT also increased significantly on the surface as a function of 
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increases in movement distance. MT increased both on the surface and 

underwater as a result of increases in movement precision and movement 

distance. Underwater MT was significantly greater than MT on the sur

face. 

. Hypothesis 2 stated that the learning curves of underwater perform

ance would be significantly steeper than those of surface performance. 

This hypothesis was not supported by the data. It appears that other 

than a slight warm-up effect for RT and MT in each environment, no sig

nificant difference existed between performance across trials in terms 

of learning. 

Hypothesis 3 stated that a significant negative transfer of train

ing effect would be shown when subjects moved from surface performance 

to underwater performance. It also stated that a slight, temporary 

facilitation of performance would occur when subjects moved from under

water to surface performance. Neither of these hypotheses was found to 

be true. The reason for this is probably inherent in the type of task 

used. Kerr found a slight non-significant facilitation of performance 

when subjects moved from the underwater task to the surface task. Kerr, 

however, used a reciprocal tapping task, while the present study used a 

discrete movement task. The latter task required vigorous tapping under

water while the former task required much less effort from subjects in 

smaller discrete steps. Thus, the recognition schema which Kerr's sub

jects developed may not have developed in the present subjects due to 

the lack of this vigorous response performance. 

Finally, Hypothesis 4 stated that males would have significantly 

faster RTs and MTs than females in both environments. The results rail 



60 

to support this hypothesis. The vast majority of the literature pre

dicted that this would not be the case, at least on land. The studies 

upon which this conclusion was based were conducted in the early 1960's 

when cultural expectations concerning physical performance of females 

were different from those now held by the majority of people. Females 

today do not seem to have internalized this expectation as strongly and, 

thus may be more highly motivated to perform well on a physical task. 

This lack of an expectation of inferiority to males in a physical task 

may have been the reason this hypothesis was not supported. 

The results of Dixon and Halcomb (1978) would have predicted a 

significant difference between males and females. The task used in the 

present experiment was a discrete movement task as compared to that 

used by Dixon and Halcomb which was a reciprocal tapping task. Such a 

task requires additional upper body strength, particularly underwater, 

because of the rapid starting and stopping movements involved. Males 

clearly have an advantage over females in such a task due to the super

ior upper body strength of males compared to females. An additional 

reason for the failure of this hypothesis may lie in the personality 

characteristics of the female divers taking part in the present study. 

Diving is a strenuous, adventurous sport which seems to attract people 

who are more outgoing and self-confident than the general population. 

Thus, the females participating in this study may not be representative 

of the female population as a whole. 

Recommendations for Further Research 

The present study has answered several of the questions posed at 
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the beginning of this paper, but it has raised many other questions of 

interest. First, it would be helpful to replicate the present study 

with only the hand and arm of the subjects immersed underwater and the 

subject looking through a viewing port. This would provide a study 

without the confounding variable of Bowen's "water effect." It would 

also be possible to use female subjects who had no diving experience 

and thus avoid the problem of dealing with personality characteristics 

of divers. Second, it would be interesting to replicate this study with 

a stylus which was not spring-loaded and did not bias the RT results. 

This would clarify the results on RT. In addition to this, controlling 

for the neutral buoyancy effect underwater could be accomplished by 

reversing the task paradigm. Subjects would be required to make the 

aiming movements while holding the stylus u£ against the target sheet 

from underneath it rather than down against it. This would be difficult 

to accomplish without creating other problems, but would shift the bias 

of the neutral buoyancy underwater to a negative one while giving the 

task on land a positive bias due to the helpful effects of gravity. 

Thus, subjects would have performed the task twice on land and twice 

underwater. The bias introduced by neutral buoyancy could then be con

trolled by either counterbalancing or including the new conditions as 

variables in the experiment. 

A final recommendation for future research would be to attach a 

strain gauge to the arms of subjects to measure the actual force and 

duration of the movements which subjects made. The force and duration 

measures could then be correlated with the RTs and MTs and a model of 

rapid aiming performance could be developed. Such a model would heln 
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refine our understanding of rapid movements in the underwater environ

ment as well as clarify some of the theoretical aspects of movement on 

the surface. 
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3-15. 



66 

Woodworth, R.S. (1899). The accuracy of voluntary movement. Psycho
logical Monographs, 2» (2, Whole No. 13). 

Yandell, K.M. and Spirduso, W.W. (1981). Sex and athletic status as 
factors in reaction latency and movement time. Research Quarterly 
for Exercise and Sport, 52 (_4), 495-504. 

Youngen, L. (1959). A comparison of reaction times and movement tî .es 
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