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This thesis investigates continuwus manual control performance during exposure to z-
axis whole-body vibration at frequencies between 0.5 and 10.0 Hz. The task involved
first-order pursuit tracking with a simultaneous discrete target acquisition task. A
major aim of the work was to determine the mechanisms underlying any vibration-induced
impairment which occurred.

The literature is first reviewed (Chapter 2) and a model is presented sumarising
the mechanisms by which vibration has been suggested to disrupt performance (Chapter
3). Six experiments are then reported. Experiment 1 (Chapter 5) measured vibration-
induced activity at the head, hand and at the output of the system dynamics. The
results are discussed with reference to the mechanisms which could disrupt
performance. Experiment 2 (Chapter 6) investigated performance during exposure to
vibration at frequencies from 0.5 to 5.0 Hz. The magnitude of performance disruption
was approximately constant at vibration frequencies below 2 Hz, and increased with the
frequency of vibration to 5.0 Hz. Fxperiments 3 (Chapter 7) and 4 (Chapter 8) showed
that the disruption at frequencies above 2.0 Hz could be attributed to visual
impairment arising from relative translational movement between subjects’ eyes and the
display: collimating the display removed the impairment. Linear spectral analysis
techniques were used to separate root-mean-square (rms) tracking error into components
linearly and not linearly correlated with movements of the target. Changes in total
ms error were mainly accompanied by changes in the linear components: closed-loop
system transfer functions showed increased phase lags between movements of the target
and the response of the controlled element. In experiment 5 (Chapter 9), three simple
tasks were used to isolate non-visual mechanisms of disruption. The results suggested
that whole-body vibration at 0.5 and 4.0 Hz could interfere with neuro-muscul ar
processes. The results of experiment 5, ard the increased phase lags observed in
experiment 4, indicate changes in the way the task was performed during vibration:
these are described as secondary vibration effects.

Experiment 6 investigated whether the effect of vibration on the system studied
would be time-dependent. One-octave-band random vibration centred on 4 Hz was
presented at a magnitude considerably above the ISO 2631 (1985) ' fatigue-decreased-
proficiency’ limit for 180 minute vibration exposures. Performance declined with
time, but vibration did mot alter the time-dependence. The effect of duration was
reduced when the task was performed over the entire duration on a second occasion.

It is concluded that impairments in continuwus tracking performance during whole-
body vibration exposure were mainly caused by interference with visual ard neuro-
muscular processes. The results also show secondary effects which may represent
adaptive charges in performance during vibration. The behavioural model developed in
Chapter 3 is used to sumarise the mechanisms which were shown to be important, and to
indicate other effects which could occur. Some suggestions for further research are
offered.
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CHAPTER ONE

INTRODUCTION, ATMS AND ORGANISATION

1.0 General Introduction

Many engineering systems include humans as essential
components in monitoring and controlling system behaviour. Humans
are able to detect, store and retrieve information , make complex
decisions, and adaptively respond to changing conditions, goals
and priorities. These abilities provide a degree of flexibility
which cannot be achieved by machinery alone.

Control activities performed by humans range from single
operations, which could be considered to be discrete, to sequences
of operations, which could be considered to be continuous. Turning
a machine on, for example, may involve a discrete operation, such
as pressing a button. Steering a car along a winding road, on the
other hand, involves continuously acting on the steering wheel to
control the heading of the vehicle. This latter type of activity,
in which the human continuocusly acts to control the state of a
system, is often known as 'continuous manual control' (Kelley,
1968; Poulton, 1979). Performance of a continuous manual control
task is the principal subject of study in this thesis, (throughout
the thesis the terms 'manual control' or 'tracking' will refer to
continuous manual control).

Manual control performance has been extensively studied
both as an example of a perceptual-motor skill and as a simulation
of tasks performed in the real world. Tracking tasks have been
used, for example, to investigate the ways in which humans acquire
skills and adopt strategies in skilled performance (eg., Moray,
1978). They have also been applied in studying effects of external




influences, such as sleep deprivation, drugs and envirormental
stresses on skilled behaviour. Powerful mathematical tools
from control theory have been applied to develop quantitative
predictive models of the performance of manual control systeams
(eg., Licklider, 1960; McRuer and Krendel, 1974).

In many systems, and particularly in military systems,
extremely precise and reliable manual control performance can be
required under often severe conditions of environmental stress.
Exposure to heat, noise and vibration are often cited as examples
of environmental stressors which can impair human performance. If
the ways in which envirormental conditions impair performance can
be understood, it may be possible to take steps to minimise their
influence. To achieve this, it .is necessary not only to describe
the effects which can occur, but to understand the ways in which
the stress interferes with the physiological and psychological
processes involved in task performance: ie., it is necessary to
understand the mechanisms by which performance of the task is
disrupted.

2.0 Aims

The major aim of this thesis was to investigate whether
performance of a first-order manual control task (ie. , a task in
which the human has control over the rate at which the state of
the system changes)would be sensitive to disruption by z-axis
(vertical) whole-body vibration. If so, the thesis would try to
determine the mechanisms responsible. In general, previous research
has concentrated on describing the effects which can occur. There




is little clear understanding of the mechanisms producing the
disruption, particularly with first-order control tasks.

Only a few previous studies investigating effects on

" manual control pexrformance have presented vibration at frequencies
below 2 Hz, and none have investigated vibration at frequencies
below 1 Hz. Acknowledging the lack of empirical evidence, the
current International Standard on human response to vibration (ISO
2631, 1985), does not define a 'fatigue-decreased—proficiency'
boundary for the frequency range from 0.5 to 1.0 Hz. The standard
suggests that proficiency may be affected by vertical vibration

if the acceleration magnitude exceeds 1.75 ms=2 mms in this region.
The recently proposed British Standard (BSI, 1986) limits its
guidance for effects on human activities to the frequency range
from 1 to 80 Hz. Both of these standards provide guidance for
motion sickness due to vibration in the frequency range from 0.1
to 0.5 Hz.

There is, therefore, a clear lack of information concerning
effects on manual control performance of vibration at freqtiencies
below 1 Hz. The experimental programme reported in this thesis
investigated the effects of vibration at frequencies from 0.5 to
10 Hz.

ISO 2631 (1985) defines a time-dependent relationship between
exposure to whole-body vibration and performance. The experimental
literature, however, provides little support for any simple time-
dependence. The proposed British Standard does not include a time-
dependence for effects on activities. This thesis describes an
experiment investigating whether vibration exposure would alter any
time-dependence in performance.




3.0 Organisation

The thesis is presented in 11 chapters. Chapter 2 reviews
the literature on effects of translational whole-body vibration on
manual control performance.. Chapter 3 describes some models of
manual control performance both without vibration and during
vibration exposure. This chapter also presents a behavioural model
sumarising the various mechanisms which have been suggested to
mediate effects of vibration. The model provides a basis for the
experimental work described in the remainder of the thesis.

Chapter 4 describes the equipment, tasks and measures used in the
experimental chapters.

The first experiment is reported in chapter 5. The
experiment measured the activity which can be expected at the head,
at the control and at the output of the systemdynamics during
exposure to vibration at freijuencies below 10 Hz. The results are
discussed with reference to the mechanisms which could disrupt
pexrformance. Chapter 6 investigates the effects on performance of
sinusoidal vibration at frequencies from 0.5 to 5.0 Hz. It was
hypothesised that disruption at frequencies above about 2 Hz was
caused by impaired visual ability.

Using a collimating lens, the experiment reported in
Chapter 7 demonstrated that at vibration frequencies from 2.5 to
5.0 Hz, performance disruption could be attributed to impaired
visual ability arising from relative translational movement between
subjects' eyes and the display. Chapter 8 used a collimating lens
at vibration frequencies from 0.5 to 10.0 Hz. Disruption was not
attributed to visual impairment at frequencies below about 2 Hz.
Measurements were made of total tracking error, and the components
attributable to linear and non-linear operations on the target
motion. Closed-loop system transfer functions relating movements
of the target to the response of the system were also obtained.




In Chapter 9, an experiment is reported in which
subjects perfonnéd three simple control tasks with different types
of feedback and with or without vibration at 0.5 or 4.0 Hz. The
results suggested that vibration interfered with neurc-muscular
processes. This Chapter concludes the investigation of the
mechanisms responsible for disrupting performance during vibration
exposure. The experiment reported in Chapter 10 found that
exposure to vibration for 180 minutes did not alter the relation—
ship between performance and task duration.

The results of the experimental programme are sunmarised

in Chapter 11. The main conclusions are sumarised, and scme

suggestions for further research are offered.




CHAPTER TWO

LITERATURE REVIEW: THE EFFECTS OF TRANSLATIONAL .
WHOLE~BODY VIBRATION ON MANUAL CONTROL, PERFORMANCE

1.0 Introduction

This Chapter reviews the published literature on the
effects of translational whole-body vibration on manual control
pexrformance. Forty seven papers are included.

The review is divided into five Sections.. Sections 2,
3 and 4 cover effects assumed to occur instantaneously with the
onset of vibration. Section 2 reviews studies investigating effects
of vibration variables, such as frequency, magnitude and axis.
Section 3 reviews the effect that different system variables, such
as control type or system dynamics can have on performance, and
Section 4 reviews studies investigating the mechanisms by which
vibration affects performance. Each of these sections are arranged
into sub-sections on the basis of single topics or variables. For
example, if an experiment investigated effects of vibration frequency
in two axes with two different controls, the results would be
discussed in Section 2 (frequency and axis) and Section 3 (controls).
Within Section 2, the paper would be cited in separate sub-sections
for effects of frequency and axis. There is therefore necessarily
sane repetition in the description of experiments. However, this
organisation allows effects of single variables to be isolated and
compared across different studies.

Within each sub-section of Section 2, studies are further
divided according to whether subjects performed zero-order or first—
or higher-order tasks. This allows studies which may involve
different mechanisms of disrupfion to be distinguished. Studies




investigating time-dependent effects are reviewed in Section 5.

The axes of vibration are described according
to the convention x (frontto-back through the human), y (right-
to-left), and z (vertical). ‘Appendix A illustrates this convention.
The sensitive axes of the control are described as fore-and-aft
(equivalent to x-axis vibration). and side~to-side (equivalent to
y-axis vibration). The axes of the display are described as
vertical (x-axis vibration) and horizontal (y-axis vibration).
Units of vibration magnitude are-transformed, where necessary, to
either ms=2 root-mean-square (ms) for acceleration or mm ms
for displacement,

Unless othexrwise stated, 'effects' described were
found to be statistically significant. However, the power of a
statistic (ie., its ability to correctly identify a treatment
effect) is dependent upon both the size of the effect and the
mumber of subjects used. Therefore the same 'effect' may be
'significant' in one experiment and 'not significant' in another
experiment simply because the number of subjects used was different
in each case. In very few cases is any indication of the variability
" of the data provided. Care is therefore needed in interpreting
results fram different studies, particularly when results appear
to contradict each other.

Appendix B provides two tables sumarising the literature
reviewed. Appendix Bl summarises studies of instantaneous vibration
effects and Appendix B2 sumarises studies of time-dependent effects.




2.0 Vibration variables

2.1 Vibration Frequency in one Axis

2.1.1 Sinusoidal Vibration

2.1.1.1  Vertical (z) Axis

Effects of sinusoidal vibration frequency in the z-axis
on manual control performance have been investigated in 23 studies.
Twelve of these presented the same root-mean-square (rms) acceleration
magnitude at each frequency and four presented the same rms dis-
placement. In the remaining seven studies magnitude varied with
vibration frequency.

(1) Constant Acceleration

Seven of the studies which pPresented equal acceleration
magnitudes investigated effects on Zero-order tasks. The other five
investigated effects on more complex first~ or higher-order tasks.

Zero-order Tasks

Three studies failed to find a frequency dependence in the
effect of z-axis sinusoidal vibration cn Zero-order tasks. With a
simulated driving task, Hornick (1962) observed similar disruption
at all vibration frequencies between 1.5 ang 5.5 Hz at a magnitude
of 2.5 ms™2 g, In two separate studies Lovesey (1971, a and b)
presented 2, 5 and 7 Hz vibration at 1.4 mg=2 ms, and 2 and 2.7 Hz
vibration at 1.8 mg™2 ms reSpectively. All frequencies degraded
performance with a side-arm control although there was no consistent
frequency dependence. The frequency apparently producing greatest
disruption depended upon whether a restraining harness was worn and
the amount of force required to operate the control.




The remaining four studies using zero-order tasks
demonstrated frequency dependent effects. Shoenberger and Wilburn
(1973) found that 2, 6 and 10 Hz vibration at 2.8 ms™2 rms reduced
performance campared with a static environment.- The frequency
producing greatest disruption depended upon either the location
of the control or the presence of an amm-rest. In both conditions
vibration at 6 Hz produced poor performance. ILewis and Griffin
(1978) found that 5 Hz vibration was more disruptive than 3.15 Hz
vibration at magnitudes up to 2.0 ms™2, In a later study the same
authors (1979) observed disruption at 4.0 Hz but not at 16 Hz.
Lewis (1981) presented vibration at each preferred one-third-octave
centre frequency between 2.5 and 12.5 Hz at 1.5 ms™2 mms. Subjects
operated a side-arm control with no am support. Performance was
most disrupted by 5 Hz vibration and disruption reduced as the
frequency increased or decreased. Trends for the 8 individual
subjects were very similar to the averaged results.

In three of the above studies (Lovesey 1971, a and b;

Lewis, 1981) greatest disruption occurred in the fore-and-aft axis
of the control, corresponding with the vertical axis of the display.

Higher-order Tasks

Of the five studies investigating effects of z-axis
sinusoidal vibration frequency on first- or higher-order tasks,
only Shoenberger (1970) failed to find a frequency dependence.
Shoenberger presented 1, 2, 5, 8 and 11 Hz vibration at both 1.4
and 2.8 ms™2 rms. Vibration at all frequencies disrupted performance
equally at both acceleration magnitudes.

* Lovesey (1971c) investigated effects of 1 and 4 Hz
vibration at 0.7 and 1.4 ms~2 rms on a second-order task using a
miniature side-arm control. At both magnitudes vibration at 4 Hz




was more disruptive than at 1 Hz. At approxi‘mately equal magnitudes
of 1.8 ms™2 ms, Harris and Shoenberger (1966) found that 5 Hz
vibration produced more disruption on a first-order task than 7 Hz
vibration. Both frequencies induced significant disruption, while
11 Hz vibration did not disrupt performance.

Two studies measured both the activity at the output of
the control and overall system performance during vibration exposure.
Allen, Jex and Magdaleno (1973) measured vibration-induced control
activity ('feedthrough') at vibration frequencies of 2, 4, 6, 8 and
10 Hz at 2.8 ms'-2 ImsS.  Performance was measured with vibration
at 2, 6 and 10 Hz at the same magnitude. With two different controls
there was a clear maximum in control feedthrough with 4 Hz vibration.
The authors estimated that, due to the attenuation of high frequency
control activity performed by the system dynamics, display
deflections arising fram the feedthrough were less than 0.1 mm in
amplitude. With two different sets of system dynamics, overall
performance showed greatest disruption during vibration at 10 Hz
followed by 6 and 2 Hz.

In the other study, ILevison (1976) presented vibration at
2, 3.3, 5, 7 and 10 Hz at magnitudes of 1.0 and 2.1 ms™2 mms. The
effect of vibration frequency was not explicitly discussed although
same data were presented. Both control feedthrough and performance
data appeared to show interactions between control type, acceleration
magnitude and vibration frequency.

As with zero-order tasks, the observed effects in the

above studies occurred mainly in the fore-and-aft axis of the ocontrol,
corresponding with the vertical axis of the display.

(ii) Constant Displacement

All four studies investigating effects of vibration
frequency at equal displacements used zero-order tasks. Fraser,
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Hoover and Ashe (1961) found effects of frequency between 2 and
12 Hz depended upon the amplitude. At displacements above about
2.2 mm ms, 7 and 12 Hz were more disruptive than 2 and 4 Hz.
Catterson, Hoover and Ashe (1962) found no effect of vibration
frequency between 2 and 15 Hz at 1 mm rmms displacement. At 2.3 mm
rms however 8 Hz produced greatest disruption and the effect
reduced as the frequency increased or decreased. At displacements
of 4.4 mm ms, Forbes (1960) found significant disruption at 3,

4 and 5 Hz with 4 Hz producing the greatest effect. Wilson (1974)
- presented vibration between 2 and 10 Hz at 6.5 nm rms. More
disruption occurred at 10 Hz than at 4 or 6 Hz followed by 8 Hz,
with 2 Hz producing least effect.

Three of the above studies (Fraser et al, 1961; Forbes,
1960; and Wilson, 1974) again demonstrated greatest effects in
the fore-and-aft axis of the control, corresponding to the vertical
axis of the display.

Other Studies

Seven studies investigating effects of vibration frequency
on manual control performance have presented different magnitudes at
each frequency. Four of these studies investigated effects on
zero-order tasks and the other three used first-order tasks. In
most cases the authors have attempted to equate the vibration
magnitudes presented on the basis of scme predicted equivalence of
effect.

Zero—-order Tasks

Using a zero-order task, Shurmer (1969) found that 2 Hz

vibration at 1.76 ms™2 xms produced the same amount of error as 4 Hz




vibration at 2.47 ms™2 mms with two different side-arm controls.

He points out however that the accelerations were measured on the
vibration rig rather than on the surface of the ejection seat

used. The actual acceleration presented may therefore have been
different at each frequency. Shummer also notes that the vibration
was not purely sinusoidal but included higher frequency camponents.

Coermann, Magid and Lange (1962) asked subjects to
counteract induced rotational motion of their seats mounted on a
platform undergoing translational sinusoidal motion at single
frequencies between 2 and 20 Hz. The magnitudes of translational
motion presented were based on previously detemmined 'short-time-—
tolerances' (Magid and Coexmann, 1960). Accelerations were approx-
imately constant at about 3.5 ms™2 rms between 4 and 8 Hz and
increased with frequency below »4 Hz and above 8 Hz. Results were
presented as the change in anqular error of the seat per ‘'g' of
translational vibration. Comparisons can therefore be made of
the sensitivity of the task per unit acceleration at each frequency.
Maximm sensitivity in both the pitch and roll axes of the chair
occurred with translational vibration at frequencies between 6 and
8 Hz. These effects remained one minute after the vibration ended.
Little effect occurred at frequencies above about 12 Hz.

Lewis (1980) varied acceleration magnitudes at frequencies
from 2.5 Hz to 12.0 Hz in a similar manner to Coermann et al.
Results showed a very similar frequency dependence to those of
Coermann et al, although maximum sensitivity occured at 5 Hz.

Finally, Chaney and Parks (1964) presented vibration in
the frequency range from 1 to 27 Hz at four 'subjective reaction
levels' from 'definitely perceptible' to 'alarming'. Frequencies
between 3 and 8 Hz were only presented at the two lowest magnitudes.
The incomplete results obtained showed no effect of frequency on
performance with a variety of controls.

- 12 -




Highexr—order Tasks

Using a first-order task, Buckhout (1964) presented 5,
7 and 11 Hz vibration at acceleration magnitudes corresponding to
25, 30 and 35% of 'one minute human tolerance levels':.. Magnitudes
ranged from 1.8 to 2.5 ms™2 yms at 5 Hz and from 3.9 to 5.4 ms—2
ms at 11 Hz. Minimm disruption occurred at 7 Hz. Harris and
Shoenberger (1966) investigated the minimum acceleration magnitude
required to produce a significant disruption at 5, 7 and 11 Hz.
Independent groups of ten subjects each were used at each frequency.
Sensitivity was found to decrease (disruption first occurred at
higher acceleration magnitudes) as the frequency decreased. Lewis
(1980) presented vibration from 2.5 to 12.0 Hz and observed maximmm
sensitivity with 5 Hz vibration. With the exception of 2.5 Hz,
which was more disruptive than 3.15 Hz, sensitivity reduced with
increasing or decreasing frequency.

(iv) Summary of Effects of Vertical Vibration Frequency

No single simple relationship exists between the frequency
of z-axis vibration and its effect on tracking performance. Moxre
than one study has demonstrated interactions between effects of
vibration frequency and the vibration magnitude, the type of control
used and whether or not a harness is worn.

While a single relationship may‘not exist, many tasks are
maximally sensitive to z-axis vibration at frequencies between 4 and
8 Hz. Sensitivity reduces outside this range as the frequency either
increases, to at least 20 Hz, or decreases, to at least 2 Hz. The
frequency band from 4 to 8 Hz is also the range in which transmission
of vibration to the shoulders and head is at a maximum (see Chapter 5).
The literature suggests that in any particular study, the frequency




of greatest effect will depend upon the biodynamic characteristics
of the subjects used, the order of the system dynamics and
sensitivity of the control, and the viewing distance to the display
(see Section 4 discussing mechanisms). The most important exception
to the general trend is the study by Shoenberger (1970). There is
no obvious reason why this experiment - which was well designed and
reported - did not produce a frequency dependent effect:between

1 and 8 Hz at 2.8 ms™2 mms. .

Same of the studies which used relatively high
acceleration magnitudes (> 3 ms™2 rms) show a high degree of
sensitivity at frequencies between 10 and 12 Hz. This may reflect
a different mechanism to effects at lower magnitudes.

Finally, z-axis vibration has often been more disruptive
in the fore-and-aft axis of the control (which in all studies
corresponded to the vertical axis of the display) than in the
side-to-side axis. This is true with both zero and first-order
tasks and with a variety of controls. (No study used a control
which was sensitive directly in the vertical axis).

2.1.1.2 Horizontal Axes

Only five studies have investigated effects of vibration
frequency in the horizontal axes. Vibration was presented in the

y-axis alone in all five studies and in the x-axis alone in three.

(1) Constant Acceleration

Al]l five studies presented the same acceleration
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magnitude at each vibration frequency. Three of these investigated
simple zero-order tasks and two used first-order tasks.

Zero—oxrder Tasks

In two separate studies, ILovesey investigated effects of
vibration frequency in the y-axis on zero-order tasks. At an
acceleration magnitude of 1.0 ms ™2 ms, 2 Hz produced éonsistently
poorer performance than 2.7 Hz in various conditions (1971b). In
the other study, 2 Hz vibration at 0.71 ms™2 mms produced more dis-
ruption than 5 or 7 Hz in the fore-and-aft axis of the control
(1971a). In the side-to-side control axis, 5 Hz produced more
effect. The statistical significance of these results however was
not discussed.

Hornick (1962) presented vibration at frequencies from
1.5 to 5.5 Hz individually in both the x~ and y-axes at magnitudes
greater than 1.1 ms™2 ms. The simulated driving task was only
disrupted by ‘1.5 Hz vibration in the y-axis. 'In both axes, dis-
ruption was said to increase with acceleration magnitude, although

changes in frequency dependencies were not discussed.

Higher-order Tasks -

Shoenberger (1970) investigated effects of sinusoidal
vibration at frequencies from 1 to 11 Hz presented individually in
the x- and y-axes on a first-order task. With x—-axis vibration,
greatest disruption occurred in the fore-and-aft control axis.
Most disruption occurred at 1 Hz and least at 11 Hz. In the side-
to-side control axis all frequencies except 11 Hz produced significant
disruption. With y-axis vibration more disruption occurred in the
side-to-side control axis. Vibration at 3 Hz had most effect

followed by 1 and 5 Hz. Performance was not disrupted by 11 Hz
vibration.




The other study which used a first-order task also
investigated effects separately in the x- and y-axes. Allen,
Jex and Magdaleno (1973) presented sinusoidal vibration at
frequencies between 1.3 and 10 Hz at 2.8 ms™2 mms. Both control
activity and overall system performance were measured. With
x-axis vibration, control 'feedthrough' showed different frequency
dependencies with 'stiff' and 'spring' controls. The 'spring'
control showed maximum feedthrough with 3 Hz vibration while the
'stiff' control showed maxima at 1.3 and 4.5 Hz. Performance
disruption reduced with increasing vibration frequency with the
'spring’ stick, and showed greatest disruption at 1.3 and 7 Hz
with the 'stiff' stick. With both controls, maximm feedthrough
during y-axis vibration occurred at 1.3 Hz and reduced as the
vibration frequency increased. System performance showed the
same frequency dependence although feedthrough made only a small
contribution to total error.

Other Studies

Shurmer (1969) investigated differences in the effect
of 2 and 4 Hz vibration in both the x~ and y-axes on performance.
Slightly more disruption arose from 4 Hz vibration at 0.78 ms—2
ms than from 2 Hz vibration at 0.64 ms™2 mms. The significance
of the difference was not reported although the trend was consistent
with two different controls.

(iii) Sumary of Effects of Horizontal Vibration Frequency

Both x- and y-axis vibration are most disruptive to
‘performance at frequencies between about 1 and 3 Hz. The effect
reduces as the vibration frequency increases up to at least 12 Hz.
As with z-axis vibration, the frequency range of maximum sensitivity
corresponds with the range of maximum transmission to the shoulder
and head. Differences between studies may therefore be partly
related to differences in subject characteristics.




Vibration in the y-axis is more disruptive in the
fore-and-aft axis 'of the control than in the side-to-side axis
of the control. With x-axis vibration the sensitivities are
reversed. There is same evidence of interactions between

vibration frequency and control type.

2.1.2 Non-Sinusoidal Vibration

Three studies have investicated effects of vibration
frequency in the z-axis with both sinusoidal and random vibration.
All three studies presented equal acceleration magnitudes at each
frequency.

Zero-order Tasks

Using an isametric-type side-mounted control, Iewis (1981)
campared the effect of sinusoidal and one-third-octave bandwidth
randam vibration '(which may be considered amplitude modulated sine
waves) centred on frequencies between 2.5 and 12.0 Hz at 1.5 ms™2
ms. Frequency dependencies were very similar with both types of
vibration, with greatest disruption occurring at 5 Hz. Randam
vibration, however, produced significantly less 'total disruption
at 5 Hz, and significantly less direct control 'breakthrough' in
the fore-and-aft control axis at 2.5, 5.0, 6.3 and 8.0 Hz. The
random vibration therefore induced less motion at the hand than
the sinusoidal vibration.

Lewis and Griffin (1978) campared three methods of
predicting the effect of dual frequency vibration having camponents
at 3.15 and 5.0 Hz. Good predictions of total mms tracking error
were obtained by weighting the acceleration time-history according
to the sensitivity of the task to each sinusoidal frequency and
taking the mms sum of the weighted components. In the study
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mentioned above, Lewis (1981) extended this technique to predict
effects with one— and two-octave band random motions. Again,
good predictions were obtained by weighting the acceleration
time-history using the formula:

- 2 %
& =& + (;CS (£). v(£). af)

where:
ep is the predicted rms tracking error,
eo is the measured mms error with no vibration,

S(f) 1is the sensitivity of the task to disruption
by vibration at frequency £,

V(f) is the power in the acceleration time-history
at frequency £, and

' is the bandwidth of the vibration.
Slightly better predictions were obtained using weighting

functions based on sinusoidal than one-third octave bandwidth random
vibration.

Higher-order Tasks

Only one study has compared effects of random and sinusoidal
vibration using a first-order task. Weisz, Goddard and Allen (1965)
compared effects of 5 Hz sinusoidal, 5 Hz random amplitude and 4-12
Hz random vibration. At comparable acceleration magnitudes between
0.24 and 1.5 ms™2 ms there were no significant differences in
performance with each type of vibration. However, results suggested
camplex interactions between vibration type, task difficulty and
the duration of task performance.
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Vibration Axis

Comparisons of Single-axis Effects

Five of the studies mentioned in Section 2.1 presented
single axis vibration in more than one translational axis. Most
of these studies did not explicitly compare relative effects
between each axis. However, same information on the relative
effects of each translational axis can be obtained fram the results
provided. (Unless otherwise stated, equal magnitudes - whether
acceleration or displacement - were presented in each axis).

Zero-order Tasks

Results from Hornick (1962) showed that y-axis vibration
produced more disruption at 1.5 Hz than vibration at any frequency
in the x- or z-axes. Hornick used a steering wheel type control
which was sensitive in the side-to-side axis of the body - ie., in
the y-axis. Fraser, Hoover and Ashe (1961) found performance in
the fore-and-aft control axis to be most sensitive to vibration in
the z-axis followed by the y-axis at frequencies between 2 and 12 Hz.
Performance in the side-to-side control axis was most sensitive to
y-axis vibration. Vibration in the x-axis did not disrupt performance.
Effects due to z- and y-axis motion were not statistically different.

With two different side-arm controls, Shurmer (1969)
found that 2 Hz vibration at 1.2 ms™2 mms in the y-axis caused

greater disruption than 2 Hz at 1.76 ms™2 rms in the z-axis.

Similarly, 4 Hz at 0.78 ms™2 ms caused more disruption in the

y—axis than in the z-axis. Shurmer did not analyse the relative
disruption in each axis of the task.

In two studies, Lovesey presented vibration independently
in both the z- and y-axes. The first study (197la), showed that
with 2, 5 and 7 Hz vibration at 1.4 ms™2 rms in the z-axis, more




disruption occurred at each frequency than at 0.7 ms~2 mms in the
y-axis. This difference is probably due to the greater magnitude
in the z-axis. In the other study, (1971,b), 2 and 2.7 Hz z-axis
vibration at 1.76 ms™2 rms tended to disrupt performance in the
fore-and-aft control axis more than the same frequencies of y-axis
vibration at 1.0 ms~2 ms. In the side-to-side control axis
however, vibration in the y-axis caused more disruption than in
the z-axis. These results indicate the close relationship between
vibration axis and the sensitive axes of the control despite the

greater magnitude of vibration in the z-axis.

Higher—order Tasks

The study by Shoenberger (1970) showed that between 1
and 11 Hz, y-axis vibration produced very much larger percentage
increases in tracking error in the side-to-side control axis than
either x— or z—axis vibration. In the fore-and-aft control axis,
y-axis vibration also produced greatest disruption during 1 and
3 Hz vibration. Both x- and z-axis vibration produced more
disnlptiqn in the fore-and-aft control axis than in the side-to-
side axis. More disrﬁption was caused by vibration in the x- than
in the z-axis. It has been noted earlier however that this study
by Shoenberger found no frequency dependence in the effect with
z-axis vibration. This conficts with most other studies and

generalis_ations from this data should therefore be made with care.

It is not possible to make simple cross-axis comparisons
from the data presented by Allen, Jex and Magdaleno (1973).
Different system dynamics and tasks were used with y-axis vibration
than with x- or z-axis vibration. Their data suggest a camplex
interaction between vibration axis, control type and vibration

frequency for x- and z-axis vibration.
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2.2.2. Multi-axis Vibration Enviromments

The limited experimental evidence available indicates
that vibration presented simultaneously in more than one axis will
produce greater disruption than any of the single axis camponents
presented individually.

Zero—order Tasks

Shurmer (1969) presented combined z- and y- and z-, y-
and roll axis vibration. Performance in each multi-axis environ-
ment was poorer than in any single axis environment, and could be
described as the product of the scaled response in each axis
presented individually. The scaling factor depended only on the
number of axes of vibration and was smaller with three axes than
with two. Shurmer was unable to provide a physical interpretation
explaining why the relationship held.

In two experiments, Lovesey (1971 a,b) presented
vibration in the z- and y-axes simultaneously. In both cases he
found generally greater disruption with the dual axis motion than
with either single axis alone. The decrement in the two-axis
environment could again be described as the scaled product of
the decrement in each individual axis.

Higher-order Tasks

Lovesey (1971c) and levison and Harrah (1977) have
investigated effects of multi-axis vibration environments on
second and first-order tasks respectively. Lovesey concluded,
as before, that a multi-axis enviromment with sinusoidal camponents
.below 4 Hz produced poorer performance than either single-axis
environment. However, his data are limited and observed effects
are marginal. Levison and Harrah however, found no difference
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between multi-axis and single-axis environments. They presented

a broad-band random environment with frequency camponents at 2,
3.3, 5, 7 and 10 Hz at acceleration magnitudes of less than

2.5 ms™2 ms. A number of single and dual axis motions were used.

Results showed no consistent trend for dual axis environments to

produce greater disruption than single-axis environments. Indeed,

with a spring stick there was no effect of vibration on tracking

pexrformance.

Sumary of the Effect of Vibration Axis

The effect of vibration in any axis on performance of
a given task is largely dependent upon the sensitive axes of the
control and display. Vibration in the x- and z-axis both produce
control breakthrough in the fore-and-aft axis. With y-axis
vibration breakthrough occurs mainly in the side-to-side control
axis. In all of the studies reviewed, the control has been
sensitive in one or both of these axes. This correspondence
holds with both zero—- and higher-order systems. However, none
of the studies attempted to determine whether the relative effects
were.due to vibration breakthrough at the control or to visual
effects, or both (see Section 4).

Vibration Magnitude

Nineteen studies have investigated the effect of
vibration magnitude on manual control performance. Fourteen of

these have investigated increasing magnitudes of sinusoidal




vibration and five have used non-sinusoidal vibration.

2.3.1 Sinusoidal Vibration

Zero~-order Tasks

The minimum vibration magnitude necessary to disrupt
tracking performance on zero-order tasks has been demonstrated to
depend upon both the vibration frequency and the characteristics
of the control operated. Catterson, Hoover and Ashe (1962) found
no performance decrements with seat displacements of 1.1 mm rms
between 2 Hz and 15 Hz in the z-axis (acceleration fram 0.2 to
10 ms~2 mms). All frequencies disrupted performance at 2.2 mm rms
displacements (0.4 to 20 ms™2 rms). ILewis and Griffin (1978)
observed disruption at 0.4 ms~2 rms and above (displacements of
0.41 mm rms) with 5 Hz z-axis vibration, but only at 0.8 ms~2 mms
(displacements of 0.81 mm) and above with 3.15 Hz vibration. A
later study (Lewis and Griffin, 1979), showed an interaction between
acceleration magnitude and control type. With an isotonic control,
16 Hz vibration at magnitudes up to 4.0 ms™2 mms (displacement up
to 0.4 mm ms) did not disrupt performance, while a strong linear
relationship existed between mms tracking error and rms seat
acceleration with 4 Hz vibration at magnitudes above 0.4 ms 2 rms
(displacements above 0.63 mm). With an iscmetric control however,
there were approximately linear increases in error with both 4 Hz
and 16 Hz vibration above the lowest magnitude presented of
0.4 ms™2 ms. The rate of increase in error was less with the
isotonic control than with the isometric control. The notable
difference in the minimm magnitude producing disruption in the
studies by Lewis and Griffin and Catterson et al is probably due
to differences in the sensitivity of the controls, and the greater

accuracy in measurement employed by ILewis and Griffin.
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Seven experiments have demonstrated that the rate of
increase in tracking error with increasing acceleration depends
upon the vibration'frequency. (Catterson, Hoover and Ashe, 1962;
Forbes, 1960; Fraser, Hoover and Ashe, 1961; Hornick, 1962; Lewis
and Griffin, 1978, 1979; Shurmer, 1969). The greatest rate of
increase usually occurred with vibration at frequencies between
5 and 8 Hz (Catterson et al; Forbes; Lewis and Griffin).

Hornick (1962) presented vibration at frequencies
between 1.5 and 5.5 Hz individually in the x-, y— and z-axes.
He states that in each case, increasing the acceleration magnitude

increased the errors. Results for y-axis vibration appear to show

a non-linear increase in error with vibration magnitude. The

results however are not fully described. Fraser et al (1961)

also demonstrated increasing disruption with acceleration magnitude
for all three translational axes, and Shurmer (1969) showed the
same effect in the y-axis as in the z-axis. ‘

Higher-order Tasks

Six studies have investigated the effect of vibration
magnitude on first-order tasks. One of these failed to find
deteriorating performance with increasing platform acceleration
although there was a highly significant correlation between tracking
error and acceleration measured at the subjects' sternum, (Buckhout,
1962) . The remaining five studies all observed increased disruption
with increases in rms acceleration at the subjects' seat (Harris et
al, 1964; Harris and Shoenberger, 1965; Lovesey, 1971c; Shoenberger,
1970; Weisz et al, 1965).

As with zero-order tasks, the minumm vibration magnitude
necessary to produce significant task disruption varies with vibration
frequency. Harris et al (1964) found that 5 Hz z-axis vibration at
1.4 ms™2 rms (displacement of 1.4 mm rms) significantly disrupted
performance of 10 subjects while 1.13 ms™2 rms (displacement of
1.1 mm rms) did not. Harris and Shoenberger (1965), also using 10
subjects, found that with vibration at 5, 7 and 11 Hz, significant




disruption first occurred at acceleration magnitudes of 1.4, 1.8
and 2.6 ms™2 mms 'respectively (displacements of 1.4, 0.93 and 0.54
m rms). This indicates the decreasing sensitivity to z-axis
acceleration as the frequency increases above 5 Hz.

Shoenberger (1970) demonstrated that the rate of increase
in disruption with increasing acceleration in the x- or y-axes is
greatest at the frequency producing most disruption. (This frequency
is therefore most sensitive to vibration). Results fram Weisz,
Goddard and Allen (1965) indicate that the relationship between task
disruption and rms acceleration in the z-axis is approximately linear
with 5 Hz sinusoidal vibration.

2.3.2 Non-sinusoidal Vibration

Five studies have looked at the effect of acceleration
magnitude on performance using random vibration. Four of these
looked at effects on first-order tasks and one used a zero-order
task.

Zero-order Tasks

Lewis and Griffin (1976) used z-axis vibration having
equal acceleration amplitude camponents at 3, 5and 8 Hz. The
composite vibration was presented at overall magnitudes of 0.43,
0.87 and 1.73 ms~2 rms. Results showed approximately linear
relationships between rms acceleration magnitude and rms tracking
€rror. However, the slope of the relationship was dependent upon
the stiffness of the control used: increasing the control stiffness
reduced the slope.
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Higher-order Tasks

All four studies using first-order tasks demonstrated
increasing disruption with increasing rms acceleration magnitudes.
(Besco, 1961; Levison, 1976; Torle, 1965; Weisz et al, 1965) .
Approximately linear relationships were observed by Weisz et al
(1965) with both 5 Hz randem amplitude and broad-band random motion
containing frequencies fram 4 to 12 Hz, and by Levison (1976)
with both sum-of-sines and randem vibration containing frequency
components from 2 to 10 Hz. The study by Besco (1961) suggested

that the slope of the increase may vary according to the difficulty
of the task.

Sumary of the Effect of Vibration Magnitude

Perfomnance disruption increases with vibration magnitude
across a wide range of frequencies, magnitudes and task conditions.
The minimm magnitude producing disruption depends upon the vibration
frequency, the type and sensitivity of the control used and the
order of the system dynamics. Zero-order tasks are more sensitive
than first-order tasks.

For a wide range of tasks, the relationship between
vibration magnitude and tracking error has been demonstrated to be
approximately linear. The slope of the relationship (ie., the
sensitivity of the task to vibration-induced disruption) depends,
again, upon the vibration frequency and control type and, probably,
the order of the system dynamics.




2.4 General Summary of the Effect of Vibration Variables

The effect that vibration has on performance of a manual
control task is dependent upon the nature of the vibration. The
variables described in this Section - the frequency content, axis i
and magnitude of the vibration - interact to determine the effect
on a given system. For example, the effect of a given frequency
depends upon both the axis it is presented in and its magnitude.

The dependence upon magnitude may be implied by describing effects
as the 'sensitivity per unit magnitude'. Effects also depend upon
variables associated with both the system being controlled and the
task performed. The interaction between variables is the single
most important, and the most problematic, factor in determining
the effect of vibration on manual control performance.

In nearly all the studies reviewed, the vibration
environments used were very simple consisting, for example, of
single sine waves in one axis presented at the subjects' seat.

In many real-life environments, complex motion will occur in more
than two axes and may be different at the subjects' seat, head,
hands and feet. Considerable further research is required before
effects of such complex environments can be properly understood.
However, there is some evidence that the effect of a complex

ikl

environment can be predicted from a knowledge of the effects on

more simple environments.

it
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3.0 System Variables

Twenty-two studies have investigated the role of system
variables in determining the sensitivity of a task to disruption
by whole-body vibration. These have studied the type of control
operated (14), the form of display (3), the system dynamics (2),
and the difficulty of the task performed (3). One study investigated
the effect of providing an arm support and three have looked at
techniques for adaptively changing the system to reduce the
vibration effects.

3.1 Control Stick Variables

A control is defined by four parameters; its location,
physical shape, sensitive axes and whether it moves. If it moves,
it is further defined by the amount of force required to move it
through a given distance, whether it incorporates any resistance to
movement such as friction or dampers, and whether any force acts to
return the control to the central position, such as springs. The
gain or ser;sitivity of a control, defined as its output per unit
force or displacement, is also important.

Pure isometric controls do not move: they respond only
to the applied force. Pure isotonic controls offer no resistance to
movement and respond only to displacement. Spring-centred or damped
controls resist movement in proportion, respectively, to the dis-
placement or velocity of control movement. As Lewis and Griffin
(1976) point out, different sensory processes may be involved in
muscular control depending upon whether isometric or isotonic
controls are used.
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3.1.1 Stick Location and Arm-supports

In some‘modern aircraft, primary flight controls are
located at the side of the pilot. Three studies have investigated
possible differences in the sensitivity of controls to vibration-
induced disruption according to their location. Shoenberger and
Wilburn (1973) compared performance with a conventional joystick
located between the subjects' knees and a side-arm control during
sinusoidal z-axis vibration at 2, 6 and 10 Hz. Both controls were
isametric. Results showed a frequency dependence in the effect of
control location. Performance with the side stick was most disrupted
by vibration at 6 and 10 Hz, while the centre stick was most
affected at 2 and 6 Hz. The differences in effect however could
not be directly attributed to control location. With the side-arm
control an arm-rest was provided which may have transmitted more
vibration to the hand at 10 Hz than with the unsupported centre
stick.

_ Levison and Houck (1975) compared 'spring' and 'stiff'
controls in both the centre and side-arm locations. There was no
effect of control location with broad-band z-axis vibration having
equal acceleration at 2, 3.3, 5, 7 and 10 Hz. As in the study by
Shoenberger and Wilburn, an arm—rest was used with the side-arm
control. Inter actions between control location and vibration
may have been masked by the broad-band nature of the vibration.
Dimasi, Allen and Calcaterra (1972) also campared centre mounted

and side-arm spring-centre controls. Again, there was no effect
of control location during broad-band random vertical vibration.

The only study to directly investigate the effect of
providing an arm-support was performed by Torle (1965). During
random z-axis vibration, with power at frequencies between 0.1 and
5.0 Hz, providing either a 25 cm long board or a 4 am cross-piece
as arm-support substantially reduced the disruption. The improvement

1
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due to the arm—-support was greater than could be achieved by
incorporating either friction or backlash in the control.

In sumary, the location of the control itself appears
not to affect its vibration sensitivity. However, frequency
dependent differences in performance may occur when the transmission
of vibration to the hand is altered by the provision of an arm-
support. At frequencies below about 5 Hz providing an arm-support
may reduce the effect of vibration.

3.1.2 Control Shape

Control shapes from foot pedals and rotaryknobs to
steering wheels and joysticks have been used to study the effects
of vibration on manual control performance. Bedi (1977) compared
performance with ten different controls with and without vibration
exposure. Without vibration, poorest performance occurred with
large controls incorporating significant frictional resistance and
inertia, such as steering wheels and levers. During exposure to
randam z-axis vibration, the large controls tended to show best
performance. The greatest absolute decrement occurred with the
two controls sensitive in the vertical axis (foot pedal and thumb
control) . Vibration breakthrough was assumed to be least in controls
having greatest frictional resistance and inertia and whose sensitive
axis did not coincide with the axis of greatest breakthrough at the
hand.

Chaney and Parks (1964) compared performance with large
and small knobs, levers and thumbwheels oriented in either the hori-
zontal (lateral) or vertical axis during z-axis vibration.

Vibration increased the time to adjust the lever and thumbwheel
oriented in the vertical axis. Day and Paul (1978), evaluated a
range of controls for fine aiming tasks. Differences in performance
during vibration were attributed to differences in the static
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friction of the controls.

The relative sensitivity of side-arm joystick-type controls
and rotary knobs during 4 Hz z-axis vibration was investigated by Lewis
and Griffin (1977). Approximately equal amounts of disruption occurred
with both types of control.

In summary, there is no evidence to suggest that the shape
of a control, as such, alters the sensitivity of a task to disruption
by vibration. Differences have been attributed to the force required
to operate the controls and the sensitive axis of the control relative
to the axis of vibration.

3.1.3 Mechanical Characteristics

Experimental camparisons of controls with very different
mechanical properties have generally been confounded by uncontrolled
factors. Within experiments, small numbers of subjects have used all
controls, allowing for transfer of training effects. Due to the
different physical units (eg. volts kg™} or volts aml), it is difficult
to compare effects on stick output activity. Comparisons across
experiments are confounded by differences in the forces required,
control sensitivities and the frequency content of the tasks. Given
these problems, the consistency in the data is surprising.

Four studies comparing 'stiff' and 'spring' controls

(Allen et al, 1973; Levison, 1976; Levison and Houck, 1975 and
Levison and Harrah, 1977) all found that 'stiff’ sticks (requiring
forces of 1.4, 2.4, 2.4 and 2.4 kg m-1 respectively) produced better
performance than 'spring' sticks (requiring 0.017, 0.127, 0.136 and
0.127 kg mm %) without vibration. (1.4 kg mm-l, for example, means
that for every 1.4 kg force applied, the handle of the control moves
through 1 mm). With z-axis vibration the relative increase in
tracking error was greatest with the stiff sticks. All four studies
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showed more vibration breakthrough with the stiff sticks due to —_
their lack of danping. The same pattern was observed by McLeod,

Poulton, Du Ross and Lewis (1980) although details of the controls'
mechanical characteristics were not provided. Allen, Jex and

Magdaleno (1973) observed wider bandwidths of tracking performance

with the stiff stick without vibration. This was probably due

to the lack of inertial resistance. With 10 Hz vibration the

bandwidth of the stiff stick was reduced to the same as the spring

stick.

Allen, Jex and Magdaleno also observed an interaction
between the control type and the axis of vibration. With y-axis
vibration, the spring stick showed more breakthrough and remmant
(ie., control activity not linearly correlated with the task or
vibration) than the stiff stick at frequencies below about 4 Hz.
This effect was attributed to the large amplitudes of vibration-
induced stick motion at these frequencies. Subjects cammented that
they felt unsure of the sticks' central position. This problem
did not occur with the stiff stick. A similar effect occurred
with x~axis vibration.

Levison and Houck (1975) and Lewis and Griffin (1976)
investigated the effect of increasing the stiffness of a moving
control (fram 0.036 to 0.218 kg mm~1 and from O to 0.016 kg mm— 1
respectively). Increasing the stiffness reduced the amount of
breakthrough to the control output. Overall tracking error was
not affected in the study by Levison and Houck, which used first-
order dynamics. With the zero-order dynamics used by Lewis and
Griffin, overall error reduced as the stiffness increased, although
breakthrough was not a major component: the improvement in performance
was accompanied by a reduction in the proportion of error at tracking
frequencies below 1 Hz.

In a later study, Lewis and Griffin (1979) camnpared

isotonic and isametric controls during increasing magnitudes of
whole-body vibration at 4 and 16 Hz. At 4 Hz, the rate of increase
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of vibration-correlated control activity with increasing vibration
magnitude was greatest with the isotonic control. (Such direct
comparisons however should be treated with caution due to
difficulties in equating the gains of isametric and isotonic

controls).

Table 2.1 sumarises the range of control stiffnesses
studied and the results cobtained. The table identifies three zones
of control stiffness. Isotonic controls, responding to displacement
and having stiffness less than about 0.005 kg mm~1 appear poorest
both with and without vibration. Isometric controls responding
to force and having stiffness greater than about 0.5 to 1.0 kg
mm~1 appear most suitable for enviromments without vibration. .

Due to their lack of damping however, they are relatively sensitive

to vibration breakthrough and other sources of disruption. Increasing
the stiffness from about 0.005 to about 0.2 kg mm~1 in moving controls
provides increasing resistence to vibration induced disruption. The
optimum force-displacement characteristics probably occur in this
region. However, too much stiffness may induce excessive fatique

in subjects if the task is performed for long durations.

3.1.4 Control Gain

Lewis and Griffin (1976) investigated the effect of
varying the control gain on the sensitivity of a task to disruption
by whole-body vibration. For iscometric and isotonic joysticks
and rotary knobs, optimum control gains were established both with
and without vibration. Optimm gains were lower with vibration.

In both environments, reducing the gain reduced the amounts of both
vibration breakthrough and operator-induced noise, or remnant. The
optimum gain was therefore a campromise between speed of response,
operator-induced noise and vibration breakthrough.
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3.2 System Dynamics

The effects of control stick variables discussed in
the previous section were generally related to the amount of
vibration breakthrough occurring in the stick output. In zero-order
systems, the amplification of breakthrough at the stick to produce
controlled element motion is independent of vibration frequency.
In higher-order systems, every integration in the system attenuates
breakthrough at the system output by 6 dB for each doubling of
. vibration frequency. In general, the more camplex a system is -
in terms of the integrations, lags and leads in the dynamics -
the more difficult it is for humans to control. In their classic
treatment of human operators in control systems, McRuer and
Krendel (1974) describe the increasingly complex behaviour required
of the human operator as system camplexity increases.

Lewis (1980) compared performance with zero-order
(simple gain) and first-order (gain and integration) system
dynamics during exposure to z-axis whole-body vibration at
frequencies from 2.5 to 12.5 Hz. The total increase in tracking
error-per unit acceleration magnitude and the frequency dependencies
were very similar in each case.. However, the proportion of error
caused by breakthrough was very much less with the first-order
dynamics. Conversely the proportion of error not linearly related
to the tracking task was very much greater with the first-order
task. The more difficult first-order task was therefore more
sensitive to non-breakthrough related effects of vibration. Tracking
error without vibration was considerably greater for the first-order
task. The relative increase in error during vibration was therefore
greater with the easier, zero-order task.

Allen, Jex and Magdaleno (1973) cawpared the effect of
z-axis vibration at 2, 6 and 10 Hz on performance with two sets of
dynamics of different camplexity. The simpler first-order dynamics
required the subjects to act only as a pure gain, while the more




Camplex second-order dynamics required same lead generation; ie.,
subjects had to respond to the rate of change of the error as well
as its absolute magnitude. With the first-order task, total error,
input-correlated error and remnant were unaffected by 2 Hz '
vibration, but increased with frequency fram 6 to 10 Hz. With

the second-order dynamics, input-correlated error was relatively
wnaffected by vibration while total-error increased due to
increased remnant at all vibration frequencies. There was a
gradual increase in error from 2 to 10 Hz. The task demanding
more camplex behaviour fram the subjects therefore appeared more
sensitive : to vibration than the first-order task , but showed

less frequency dependence. With the first-order task, subjects
could respond at higher tracking frequencies without vibration,
but 10 Hz vibration reduced the performance bandwidth.

3.3 Displays

Variables associated with the display have only been
J.nvestlgated in three studies. Two of these looked at physical
parameters and the third looked at the way in whlch the task is
presented.

Hall (1980) used displays which were either close to
the subjects-and moved with them, or 3 m fram the subjects and
did not move. In the latter condition, subjects viewed the display
through an eye piece. Hall presented z-axis, broad-band random
motion (1-20 Hz) with superimposed 125 msec impacts. Results were
confounded in a number of ways, many of which the author reports.
" With the stationary display subjects were unable to maintain
effective contact with the eye piece.

Wilson (1974) looked at the effect of collimating
the display during z-axis vibration at frequencies from 2 to 10 Hz.
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Displacement was constant at all frequencies resulting in
extremely high acceleration magnitudes at the higher frequencies.
Without collimation, all frequencies. degraded performance and
the decrement was proportional to the vibration frequency.
Collimating the lens reduced the disruption significantly at

4 and 6 Hz. However, even with display collimation significant
disruption remained at all vibration frequencies.

Finally, Lewis (1980) compared performance with
pursuit and campensatory tracking displays during z-axis vibration
at frequencies between 2 and 12.5 Hz. Results were very similar
for both types of display. A slight reduction in sensitivity
occurred with the carpensatory display during 5 Hz vibration.

This was attributed to the different subject populations used
with each type of display. |

3.4 Task Difficulty -

A number of authors have speculated that the effect of
vibration on task performance may depend upon the' workload imposed
on the subject in performing the task. However, the way in which
'workload' has been defined, and the methods used to vary it have
differed. Besco (1961) and Weisz et al (1965) varied the frequency
content of the tracking task performed. Both studies found that
higher frequency tracking tasks produced more error without
vibration, and Besco found that as the tracking task became more
difficult, the effect of vibration became more pronounced. The
result may not be directly due to operator workload however, as
the higher frequency task required higher frequency control
activity. As in the study by Allen et al (section 3.2), vibration
may cause a reduction in the bandwidth of tracking performance for
some tasks, (ie., in the ability to perform at high frequencies).

In a second experiment, Weisz et al (1965) varied the
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workload on the subjects by asking them to perform secondary
visual and auditory monitoring tasks. Without vibration, adding
the secondary task impaired performance. With vibration, decre-
ments were greater with the secondary task than without, and the
difference was greater as the acceleration magnitude increased.
Chaney and Parks (1964) also used secondary task and found they
caused greater error without vibration. However, vibration
seriously impaired performance without the secondary tasks,

but had little effect with the secondary task, probably because
performance was already so poor. The difference between these
two studies may be due either to the different levels of work-
load used or the different sensitivity of each task to vibration.

In summary, the effect of vibration may depend upon the
difficulty of the task performed (more difficult tasks being more
affected) as well as on the other variables which have been
discussed. However, when a task is very sensitive to vibration-
induced disruption, task difficulty may make little difference.

‘Adaptive Systems

Three studies have attempted to minimise the disruptive
influence of vibration by same form of adaptive technique. Dimasi,
Allen and Calcaterra (1972) demonstrated that effects could be
largely removed by active isolation of the human, control and
display from the vibration. An Active Vibration Isolation System
(AVIS) compensated for platform motions centred at 4.2 Hz. Subjects
remained approximately stationary during platform vibrations.
However performance was not improved if the display was not
isolated fram the platform motion.

Velgar, Gronwald and Merhar (1982) used an adaptive
filtering technique to cancel vibration breakthrough in the control
output. They demonstrated that for a particular set of aircraft
dynamics having a bending mode at 2.5 Hz, substantial pilot-induced




oscillations of the airframe due to vibration breakthrough could

be produced through the use of high gain isametric controls.
Adaptive filtering of the control output removed this effect.
However, the technique depends upon beJ.ng able to clearly
separate, in the frequency damain, intentional control activity
from vibration breakthrough. In many systems in which vibration
occurs below 2 Hz this may not be possible. Repperger (1983.) has
proposed the use of 'smart stick' controls to minimise the

effects of acceleration, among other variables, on system performance.
These controls use digital camputers to adaptively change their
parameters as a function of specified conditions. This technique
has not yet been adequately evaluated and may only be of practical
use when vibration breakthrough is a significant factor in overall
system disruption.
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4.0 Mechanisms

The literature reviewed in Sections 1, 2 and 3 has
described effects on performance observed during vibration
exposure. The reasons why vibration might affect perfqnnance
have not been discussed. Until these mechanisms are fully
explained, the effects of vibration will not properly be under-
stood; they will simply be described. Understanding the mechanisms
involved is therefore central to studying the effects of vibration
on manual control performance, and is a major theme of this thesis.
This section reviews those mechanisms which have been suggested
to occur, and examines the experimental evidence for each.

Few authors have provided any empirical evidence
indicating the mechanisms which may be involved in disrupting manual
control performance during vibration: exposure. Seven studies have
used cross-spectral analysis techniques to divide tracking error
into a component due to direct vibration breakthrough (vibration-
correlated error), a component due to linear operations on the
tracking input (input-correlated error) and a portion not linearly
correlated with either the tracking task or vibration input (remnant).
Remnant is itself camposed of involuntary control activity arising
fram visval and neuro-muscular 'noise' as well as non-linear tracking
strategies adopted by the subjects and any other source of control
activity not linearly related to the. tracking task. (Chapter 4
describes the theoretical basis of these spectral analyses techniques).
Considerable difficulty occurs in interpreting observed changes in
either input-correlated error or ramnant in terms of fundamental
mechanisms.

The four mechanisms by which low frequency vibration has
been suggested to disrupt performance are briefly described below.

1. Vibration Breakthrough: Defined as motion of the
controlled element on the display directly caused by, and linearly

correlated with, the vibration input. In many simple tracking
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systems breakthrough has been shown to make a significant
contribution to tracking error.

2. Visual Interference: Relative motion between the subjects'
eyes and the display can give rise to a blurred image of the informa-

tion presented on the display, with a consequent reduction in tracking
ability. Motion of the controlled element arising from vibration
breakthrough can also impair visual performance.

3. Neurc-mmscular Interference: Vibration at frequencies above
about 10 Hz has been shown to interfere with neuro-muscular activity.
There is also evidence that vibration below 10 Hz can induce reflex
activity in mammalian muscle. Any interference with neuro-muscular

control processes may interfere with tracking performance.

4, Central Effects: Many authors have speculated that
vibration can act as a non-specific stressor affecting levels of
arousal and motivation. Changes .in these central factors could result
in changes in performance in a number of ways; for example subjects
may exert more or less effort in performing the task, they could change
their control strategy to accept a lower level of performance, or

they may be less able to attend to the task presented, Although
precise effects are difficult to define, the possible effects on
performance may be very large.

The remainder of this section will examine the experimental
evidence for each of these mechanisms.

4.1 Vibration Breakthrough

Six experiments have measured both total tracking error
and its components (input-correlated error, vibration-correlated
error and remnant). Five of these have used simple zero-order

- 41 -




tracking tasks (Lewis, 1980, 1981; Lewis and Griffin, 1977, 1978,
1979). In these studies, the magnitudes of increase in total
tracking error were closely matched by increases in both vibration
breakthrough and remnant. Input-correlated error also showed
some changes. Breakthrough was a major mechanism of disruption
in these experiments although other mechanisms were also involved.

Two studies used first-order tracking systems (Allen et
al, 1973; Lewis, 1980). The proportion of tracking error attributed
to vibration breakthrough was minimal. In each case. changes in
tracking error were closely matched by changes in remnant. This is
consistent with the results from the zero-order studies. Theore-
tically, remnant incorporates both perceptual and neuro-muscular
noise processes as well as the non-linear portion of subjects'
tracking strategy. Considerable difficulty therefore occurs in
attributing changes in remnant to any specific mechanism. The
identification of the source of changes in remmant will be discussed
in sections 4.2 and 4.3.

Vibration breakthrough then is clearly an important
mechanism by which vibration disrupts tracking performance in
simple zero-order systems. More complex systems attenuate control
activity above same critical frequency. The precise relationship
between frequency and attenuation will depend upon the particular
system dynamics used. In the systems studied, considerable attenua-
tion has always occurred at the lowest vibration frequencies investi-
gated. In some systems however, control breakthrough at frequencies
considerably below 1 Hz may be amplified by the system dynamics. In
such cases breakthrough may be an important mechanism of performance
disruption in first and higher-order systems.

A number of sophisticated biamechanical models have been
developed to explain, and predict, the occur@ce of breakthrough at
the control (eg., Allen, Jex and Magdaleno, 1973). These will be
discussed in more detail in Chapter 3.




4.2 Visual Effects

Effects of vibration on vision have been, and continue to
be, the subject of considerable research effort. Effects can be
exceedingly complex. Vibration of the whole-body or of a target
alone can produce eye motion through both voluntary pursuit
tracking of the target and a campensatory reflex response to induced
head motion. Becas® of the camplexity of the area, only a brief
overview will be presented here. The reader is referred to reviews
by Griffin and Lewis (1978 b) for effects on visual acuity, and to
Wells (1983) for vibration-induced eye motion.

Visual effects on tracking performance fall into two
categories:

(i) Motion of the controlled element on the display arising
from vibration breakthrough. This can produce perceptual
confusion by masking the intentional movements of the controlled
element. Subjects may also try to 'control out' the interference
by responding to the breakthrough as an additional tracking input.
Clearly, such interference could only arise when a significant
amount of breakthrough occurs.

(ii) Motion of the subjects' eyes relative to the display

can give rise to a blurred image of the displayed information.
Subjects may be less able to quickly and accurately perceive changes
in the motion of the target relative to the controlled element and to
see the consequences of control actions.

Only one study directly bears on the latter category
with respect to tracking performance, although a large amount
of research, referred to above, relates to it. Three studies are
relevant to the first category. These will be considered first.

Huddleston (1970) asked subjects to perform a compensatory
tracking task with induced 'apparent' vibration of the target at
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frequencies from 1 to 10 Hz. Subjects were not vibrated. All
frequencies of target vibration disrupted performance,with greatest
disruption occurring at frequencies between 3 and 6 Hz, Below 3 Hz
subjects were apparently able to visually pursue the vibrating
target. Above 6 Hz subjects made use of 'nmodal images' formed

at the points of sine wave reversal (ie., zero velocity, maximum
displacement). Huddleston suggested that at some frequency between
3 and 6 Hz, a changeover in viewing strategy occurred with a con-
sequent impairment in tracking performance.

In an attampt to explain the increases in remnant observed
to accompany vibration breakthrough, Lewis and Griffin (1979)
compared vibration of the man-and-control with vibration of the
control only at 4 and 16 Hz. They also induced apparent vibration
of the target at 4 Hz while subjects were not vibrated to simulate
the effect of breakthrough-induced target motions. Results showed
that artificially induced target vibration produced similar increases
in remnant to the two 4 Hz vibration conditions. The obsérved
increases in remnant with vibration were therefore attributed to
perceptual confusion arising from vibration—-induced motion of the
target.

Lewis (1980) used a similar technique to investigate
differences in the mechanisms producing disruption in zero and
first-order tasks. Although increases in total tracking error were
similar with the two systems, zero-order tasks shewed more break-
through, as expected, and first-order tasks showed greater increases
in remant. The first-order task was shown to be very much more
sensitive to the breakthrough which did occur; with an induced 5 mm
ms disturbance of the target at frequencies from 2.5 Hz to 12.5 Hz,
while subjects were not vibrated, the first-order tasks showed
greater increases in remnant than the zero-order tasks. This
increased sensitivity to display distdpbances was not sufficient
to explain the total increase in error cbserved during whole-body
vibration however. Other mechanisms were therefore involved.
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The second type of visual effect is caused by relative
movement between the subjects' eyes and the display. Translational
motion of the subjects' seat can give rise to motion at the head
in any of the six translational and rotational axes (Griffin, 1981).
During rotational head movements, the vestibulo-ocular reflex (VOR),
induced by stimulation of the semi-circular canals, cambined with
voluntary, compensatory eye movements can exactly compensate for
induced rotational eye movements at frequencies up to at least 5 Hz
and probably up to around 14 Hz (Benson and Barnes, 1978; Wells,
1983). Wells measured carpensatory eye movements in response to
head pitching at frequencies up to 20 Hz. He suggests that. the
compensation above 14 Hz may have been caused by mechanical
isolation of the eye fram the head motion. The eye may therefore
be expected to be stable in space during rotational head motion
at frequencies up to at least 14 Hz.

During translational head motion, the eye may be
assumed to be fixed in the head and to translate with the same
magnitude, and in phase with, the head. However , subjects may be
able to compensate for low frequency translational head movements
(below about 2 Hz) by voluntarily tracking the target.

There is same evidence that translational head motion
can induce rotational eye movements through stimulation of the
otoliths (which are sensitive to linear accelerations). For example,
Tokita et al (1981) found light dependent compensatory eye movements
induced by translational z-axis seat motion at frequencies up to
5.0 Hz. Barnes (1980) , however, points out that for such eye
movements to be successful in campensating for translational motion
between the head and a viewed object, the magnitude of the induced
eye movement would have to depend upon the viewing distance. If the
magnitude of induced eye movements were not distance dependent,
they may serve to impair visual ability during translational motion.
The precise details of this otolith-ocular reflex response are not
known and therefore the extent to which it contributes to visual
performing during vibration exposure is not clear.
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The displacement of an image on the retina during
translational eye movements is inversely proportional to the
viewing distance. For rotational eye movements, the image
displacement is independent of viewing distance. Griffin (1976)
demonstrated that the minimum magnitude of whole-body vibration
above 7 Hz which produced visual blur is independent of viewing
distance, for distances greater than 1.2 m. He therefore concluded
that at vibration frequencies above 7 Hz, decrements in visual
acuity are mainly caused by rotational eye movements. He suggested
that translational eye movements may be more important at lower
frequencies and shorter viewing distances. "This suggests that, in
the study by Griffin (1976), the VOR was not perfectly campensating
for head rotation at frequencies above 7 Hz.

A convex lens positionéd at its focal length in front of
an object will place the image of the object, viewed through the
lens, at optical infinity. A collimating lens should therefore
remove visual .impairment arising from translational eye motion but
not due to rotational eye motion. Wilson (1974) demonstrated a
significant improvement in tracking performance with a collimating
lens during vertical vibration at 4 and 6 Hz. There was no signi-
ficant improvement at 2, 8 and 10 Hz, and with collimation a
decrement remained at all frequencies. This remaining error may
have been caused either by rotational eye movements not compensated
by the VOR, particularly at 8 and 10 Hz (Griffin, 1976), or by
other non-visual mechanisms.

4.3 Neuro-muscular Interference

Results from physiological studies have shown that
vibration applied to muscles of the arm and leg can produce
illusions of limb movement. These effects have been attributed
to muscle spindle activity and depend upon the amplitude and
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frequency content of the vibration (Brown et al, 1967; Eklund, 1972).
Lewis and Griffin'(l979) noted subjective reports of 'sluggishness'
and 'numbness' in the tracking armm during 6.4 Hz vibration and at
high magnitudes of vibration at 16 Hz. These effects were attri-
buted to interference with newro-nuscular actuation mechanisms.
Dimasi, Allen and Calcaterra (1972) also noted ‘muscle tingling

and a numb feeling' during random vertical vibration with

frequencies up to 25 Hz.

Recent research has demonstrated that
vibration of the whole-body or of isolated limbs or muscles .
can either inhibit or induce reflex muscle activity. For example,
Martin, Roll and Gauthier (1984) demonstrated reduced motor neuron
activity in response to 18 Hz vibration of the legs of a seated
subject. Greatest inhibition occurred at frequencies between 15
and 20 Hz, although considerable inhibition also occurred at 10 Hz.
Gauthier, Roll, Martin and Horley (198l) demonstrated that whole—
body vibration at 18 Hz could impair sensory motor performance on
tasks involving Positioning and tracking with amms and feet as well
as the production of constant torques with the feet. Results were
interpreted as showing direct interference with the proprioceptive
receptors in the neurological networks of the body .

A number of studies have indicated that sinusoidal
stretching of mar;élian muscle at frequencies as low as 2 Hz can
induce a stretch reflex in the muscle causing it to resist the
applied force (Rack, 1966; Jansen and Rack, 1966; Rack and Ross,
1974; Rack, Ross and Walters, 1979). These studies have also
measured electrical activity correlated with the sinusoidal motion.

In two experiments, Lewis and Griffin (1976, 1979)
tested hypotheses concerning effects of vibration on muscle activity.
These two studies provide the only direct experimental investigation
of mechanisms in the literature. It is therefore worth discussing
them in some detail. 1In the first study, Lewis and Griffin (1976)
carpared performance with different levels of control stiffness
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during z-axis vibration having components at 3, 5 and 8 Hz.

They argued that muscle spindles, which provide feedback of
changes in muscle length and velocity and are therefore important
in control with isotonic sticks, would be more sensitive to dis-
ruption than golgi tendon organs. Golgi organs give feedback

of muscle tension and are more important in performance using
isometric sticks. Lewis and Griffin therefore argued that
changes in the effect of vibration with isotonic and isametric
controls may be attributable to effects on the different sense
organs: isotonic sticks were expected to be more affected than
isametric sticks. Results showed that increasing the control
stiffness reduced the effect of vibration. A large amount of
error occurred at frequencies above the highest forcing function
frequency, but below the lowest vibration frequency. The authors
attributed error at these frequencies to differential effects on
muscle feedback activity. Their results however do not
necessarily support this conclusion for two main reasons.

First, although the experiment caompared controls
described as 'isotonic' and 'isametric', these terms appear only
to reflect the physical parameters the controls responded to
(respectively, displacement and force). In the highest stiffness
condition (0.016 kg mm~1) subjects would have been able to move
the control through substantial displacements with little effort.
(No details are provided of the sensitivity of each control, so
it is unclear whether movement actually occurred). The hypothesis
depends upon subjects actually using the sourées of feedback
assumed:r muscie spindles or golgi organs. The conclusion of
differential effects upon each type of sense organ must therefore
be open to question. Second, and as is clear from various other
studies (see section 3.1.3) increasing the stiffness of the control
reduces the amount of vibration breakthrough. It has already been
noted that increases in remmant error have been found to accampany
vibration breakthrough due to perceptual confusion arising from
induced target motion. This may therefore provide a more plausible

- 48 -




explanation of the results, and one more consistent with data
from other studies.

In the second study, Lewis and Griffin (1979),
presented vibration only at the control, in order to remove
effects due to visual or central effects. However, in the dis-
cussion of the results, they suggest that the effects observed
may have been due to perceptual confusion arising fram the
vibration-induced motion of the controlled element. A second
experiment, reported in the same paper, suggests that this was
the case. The results of the first study (Lewis and Griffin,
1976) seem likely to be explained by the same mechanism, parti-
cularly as the equipment and tasks were the same in both cases.

No other studies have tried to experimentally test the
possibility of neuro-muscular interference disrupting tracking
performance at vibration frequencies below about 10 Hz. Allen,
Jex and Magdaleno (1973), suggest that an observed increase in
the high frequency phase lag of the human operator describing
function during 10 Hz vertical vibration may have been caused by
a direct effect on the neuro-muscular system. This suggestion
appears to be based upon comments from one subject of 'increased
neuro-muscular sluggishness' during 10 Hz vibration. They also
report caments of visual blurring at the same frequency, and
suggest this may have caused the observed increases in remnant.
It seems likely that visual blurring would lead to an increased
phase lag if subjects were unable to clearly see the target.

It was noted in section 3.1.3 that, with a moving
control during y-axis vibration (Allen, Jex and Magdaleno, 1973),
large amplitudes of vibration-induced stick motion occurred.
Subjects commented that, in this case, they were unsure of the
central, or null, position of the control. Tracking error was
substantially increased. ILewis and Griffin (1979) have suggested
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that such perceptual confusion may be more disruptive in first-
order systems than zero-order systems due to the greater
dependence on kinaesthetic feedback cues.

In various papers, Levison and his co-authors have
consistently attributed effects of vibration to increases in
neuro-muscular noise. Initially, Levison (1974) performed a
limited analysis of a part of the data fram one subject from
the study by Allen et al (1973). For some vibration conditions
he found that the best prediction of the effect of vibration was
obtained by increasing the proportion of operator-generated motor
noise. In three further studies using the same model parameter
matching techniqué, Levison (1976), Levison and Houck (1975) and
Ievis() and Harrah (1977) have attributed effects to increase in
'motor related sources of randamess' (Levison and Harrah, 1977),
and increases in pilots' phase lags. Visual effects were con-
sidered to be of minor importance. None of these studies provides
any indication of the type of motor processes which may be
affected. (It should be noted that increases in motor activity
through adaptive changes in strategy, including non-linear
behaviour, would be included in 'motor noise').

In summary, the assumption of interference with
neuro-muscular processes has been found to be useful in modelling
the effects of low frequency vibration on manual control
performance. There is evidence that high frequency vibration
can induce numbness in a controlling limb and can cause illusions
of limb movement. In some conditions of direct stimulation,
vibration can induce a stretch reflex in muscle at frequencies
as low as 2 Hz. However, there has been no direct demonstration
that effects on tracking performance were caused by neuro-muscular
interference. The interference which has been cited can often
be explained through other mechanisms.




4.4 Central Effects

The most comonly suggested central effect is a change
in the operators' arousal level. Iewis and Griffin (1979),
found consistent, although statistically non-significant reductions
in operators response lags with whole-body vibration, vibration
of the control only and artifically-induced ‘'breakthrough' on the
display with no true vibration. The authors suggest that this
result may indicate a selective arousal mechanisrﬁ, focussing
subjects' attention on different parts of the task. Catterson,
Hoover and Ashe (1962) found significant improvements in performance
with z-axis vibration fram 2 to 11 Hz at rms displacement of 0.58
mm, although all frequencies disrupted performance aﬁ a magnitude
of 1.17 mm rms. The improvement in performance at the lower
magnitude may have been due to increased arousal.

A second central effect which has been suggested is
that vibration could increase the workload performed by the subjects.
For example, subjects may have to expend more effort in detecting
target movements in the presence of visual blurring. Alternatively,
they may try to 'control out' vibration-induced limb motions which
could produce breakthrough. The increases in high frequency (1.3 Hz)
remmant observed by Lewis and Griffin (1976; 1979) as a result of
breakthrough-induced perceptual confusion suggest that subjects
altered their tracking strategy to try to overcome the disruption.
Performing at high frequencies can be assumed to be more demanding
than performing at low frequencies. It is therefore likely that,
in those studies, subjects experienced greater workloads during
vibration exposure. Indeed, the reduced response lags observed by
Lewis and Griffin (1979) could have arisen as a consequence of
subjects trying harder.

Even if vibration increased the operators' workload,
performance would not necessarily be disrupted. Overall
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system disruption would only occur if subjects are either unable

to adapt to the increased workload, or if they can only perform the
more camplex task by. accepting a poorer standard of performance.
Vibration may also cause disru§t10n through this mechanism when

the task itself induces a high level of workload.

A third possible central mechanism is that vibration
could interfere with fundamental psychological processes involved
in the performance of camplex skills, such as manual control. There
is little experimental support for such a mechanism. Huddleston
(1976, 1965) investigated a rolling arithmetic task involving both
recall fram short-term memory and mental arithmetic. Although the
task was considered to be insensitive, there was evidence of an
impairment in performance with vertical vibration. The effect was
independent of vibration frequency and may therefore have been
caused by a non-specific central effect, such as apprehension. . »
Shoenberger (1973) investigated performance on a 'memory-reaction-
time® task. Subjects compared visually presented single letters
against a previously given set of one, two or four letters and
determined, as quickly as they could,whether the probe was a
member of the target set. This task has been demonstrated to
measure both simple reaction time and the time to process each
letter. Results showed no effect of vibration not attributable
to visual interference.

In sumary, various authors have speculated that
vibration can affect psychological processes in a number of
distinct ways. There is no direct experimental evidence to
support these speculations. However, indirect evident suggests
that central factors could be important, although the conditions
under which they are involved may be complex. Although they are
difficult either to define or measure, central effects could be
of considerable significance in the perfommance of camplex
control tasks in real life.
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4.5 Sumnary of Mechanisms

The mechanisms of vibration-induced performance

- disruption depend upon the nature of the system being controlled.
It is clear that vibration-breakthrough and visual interference
are important mechanisms in many systems. In addition, neuro-
muscular interference and effects on cognitive processes have
been suggested, although there is little direct experimental
evidence to indicate that these possibilities are important.

Table 2.2 summarises each of the mechanisms which have

been suggested. The table summarises the frequency range in which
each mechanism has been implicated and identifies the factors
which determine the influence of each on overall system disruption.
The table indicates the section of the review discussing each
mechanism,

5.0 Exposure Duration

It is widely believed that, for same tasks at least,
the effect of vibration on performance depends upon the exposure
duration. Indeed, a time dependence for performance effects is
explicitly incorporated in the current International Standards
Organisation guide to the effects of vibration on humans (ISO
2631, 1985).

Time dependent effects of vibration may depend upon
the nature of the task performed. The lack of general agreement
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in the literature may be partly due to differences in the tasks
investigated: for example, whether a task is sensitive to dis-
ruption by short duration vibration exposures, (less than about

5 minutes) and whether it was performed continuously throught

the exposure, could be important. Observed effects may also depend
on the nature of the performance measures taken as well as the
nature of training given to the subjects. Further, in order to
conclude that a time dependent change in performance was caused,
or altered, by vibration, it is necessary to demonstrate that for
the same duration, performance is different either with no
vibration or with a different vibration exposure.

This section reviews twenty-one studies which have looked
for duration dependent effects of vibration on performance. Four
of these did not investigate effects on tracking performance but
are considered to be reievant. The studies are divided into
three sub-sections: those showing clear time-dependent effects of
vibration (section 5.1), those which did not show clear effects
but where there was at least a suggestion of a vibration effect
(section 5.2), and those in which vibration had no effect (section
5.3). Exposures of between 20 minutes and 1 hour were presented in
nine studies, exposures of between 1 and 2 hours in four studies,
of between 2 and 4 hours in seven studies, and exposures of
longer than 4 hours in six studies.

5.1 Studies showing clear time-dependent effects

Six studies provide good evidence of time dependent
effects of vibration. All of these campared performance during
vibration with performance over the same duration but with no
vibration. Glukharev et al (1973) investigated compensatory
tracking performed for 2 out of every 15 minutes up to 2 or 4
hours with z-axis vibration at frequencies between 3 and 8 Hz
and at acceleration magnitudes up to 4 ms—2 rms. Subjects
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received separate exposurés in each frequency by magnitude
condition. Although full details and results were not presented,
the effect of duration depended upon both the frequency and the
magnitude of the vibration. The greatest effect occurred at
frequencies between 4.5 and 4.75 Hz at 4 ms™2 rms. After 4
hours, this exposure produced an after effect on performance

of 45% of the pre-exposure performance. At a magnitude of

2.65 ms™2 ms; the after-effect was 6%. The effect was therefore
dependent on the vibration condition.

Wilkinson and Gray (1974), found an interaction between
the effect of :3 hour exposures and 5 Hz sinusoidal z-axis vibration
at 1.2 ms™2 mis on performance of an auditory vigilance task. The
effect depended upon whether or not subjects were given feedback
of performance on Previous sessions. Subjects were exposed for the
full 3 hours either with or without vibration on four separate
occasions (ieg, two with vibration, two without). When no feedback
was given, vibration removed the decrement in performance observed
in the latter part of the duration without vibration. When feedback
was provided, vibration impaired performance compared to the no
vibration condition. A feedback dependent interaction was also
Observed in capensatory tracking performance, although it was not
statistically significant. Wilkinson and Gray concluded that
vibration impaired performapce when conditions were motivating,
but may be beneficial by arousing the subject when motivation is
low.

Results from studies by Khalil and Ayoub (1970) and Dudek
et al (1973) also suggest that vibration may improve performance
through arousal when conditions are unmotivating. Both studies
investigated the effect of various work/rest schedules on zero-
order campensatory tracking performance with or without exposure to
5 Hz sinusoidal z-axis vibration at 1.4 ms™2 ms. Khalil and Ayoub
used work/rest cycles of 5/5 (5 minutes work, 5 minutes rest), 10/10

- 57 -




and 15/15. Dudek et al extended the cycles to 30/30, 40/40 and 60/60.
Vibration was presented respectively for 1 hour and 2 hours. In both
studies the same pattern of results emerged. With the shortest durations,
vibration impaired performance. The difference between performance

with and without vibration reduced as the work/rest cycles lengthened
until, with the 60/60 cycle, performance was better with vibration

than without. This effect was attributed to boredam occurring

without vibration being partially alleviated by the vibration.

The study by Dudek et al also showed more rapid recovery after

vibration exposure, pPossibly due to the novelty of the interruption
of vibration.

The other two studies to have demonstrated effects were
performed by Bastek et al (1977) and by Seidel et al (1980) in the
same laboratory. Both studies investigated effects on visual and
acoustic target identification tasks which had previously been
demonstrated to be unaffected by short duration exposures to whole-
body vibration. Bastek et al exposed subjects to z-axis sinusoidal,
and octave-band random vibration centred at 2, 4 and 8 Hz at two
acceleration magnitudes. Each condition was presented for 30
minutes, on separate occasions, and was preceded by 20 minutes
performance without vibration. The effect of duration depended
upon the acceleration magnitude but not upon the frequency; higher
magnitudes produced both an increase in response times and a greater
number of errors.

Seidel et al presented 4 and 8 Hz z-axis sinusoidal
vibration at 1 ms=2 ms for 3 hours. Subjects received each
frequency and a no~vibration condition 4 times (ie., 12 exposures
per subject). Without vibration, there was no effect of exposure
duration. With both vibration frequencies performance deteriorated
with time: as in the study by Bastek et al, the main effect was on
response times. Because the effect was not frequency dependent,
the disruption was attributed to a non-specific stress induced
by the vibration. Seidel et al also found that the effect of
duration reduced with repeated exposures. The greatest improvement
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occurred in the first 100 minutes. For both tasks this adaptation
continued until the fourth replication, although the rate of
adaptation was slower for the more difficult acoustic task than
for the visual task. Subjects ratings indicated that the
vibration exposures were felt to be more stressful than the
exposures without vibration, and that repeated exposures

reduced the stress.

In summary, vibration dependent effects of duration
have been demonstrated on manual tracking performance and visual
and auditory target detection tasks. Glukharev et al found the
effect on manual tracking to be Vfrequency dependent, while Bastek
et al and Seidel et al found no frequency dependence on target
detection tasks. Aany frequency dependence may therefore depend
upon whether the task involves control of a limb and is sensitive
to disruption by mechanical interference. Glukharev et al and
Bastek et al both found the effect to increase with increasing
acceleration magnitude. The studies by Wilkinson and Gray,
Khalil and Ayoub and Dudek et al suggested that vibration may
reduce time dependent effects in unmotivating tasks through an
arousal mechanism. Finally, Seidel et al demonstrated that
subjects can adapt to performance over extended durations.

Studies suggesting time-dependent effects-

Four studies have indicated that vibration may have
altered duration effects, but without providing clear evidence.
Jackson (1956) analysed heading and altitude recordings of an
aircraft during four, fifteen hour flights. In each flight, pilots
performed four, two hour watches with manual control being performed
for at least 1 hour within each watch. Jackson also recorded
turbulence-induced motion of the cockpit and correlated cockpit




motion with the performance indices. Results showed deterjoration -
in flying accuracy over the first 40 minutes within a watch and
between watches 1 to 3. Correlations with cockpit motions showed
that in the first two watches performance was better in turbulent
air, while in the last 2 watches turbulence was associated with
poorer performance. Jackson concluded that the general deteriora-
tion was not caused by turbulence although results suggested. an
interaction between turbulence.and performance over the extended
duration.

Hornick (1962) and Lewis and Griffin (1979) investigated
effects of sinusoidal vibration on manual tracking performance in
the laboratory. Hornick found a time dependent effect of 30
minutes exposure to y-axis vibration. The effect extended into
a post-vibration period. However, full details are not provided
and there was no control condition without vibration. ., The result
may.be due to simple fatigue and may not have been caused by the
vibration. Lewis and Griffin exposed subjects to 4 Hz z-axis
sinusoidal vibration at 1.2 ms~2 ms for 60 minutes. Although
performance was disrupted with time, there was no overall effect
of vibration compared to an equivalent period without vibration.
However, there were large differences between subjects, and, for
individual subjects, there were significant tendencies for error
variance to increase more rapidly over time with vibration than
without.

Guignard et al (1976) studied a range of tasks including
foot tracking, visual detection and manual dexterity during exposure
to z-axis sinusoidal vibration between 2 and 16 Hz at acceleration
magnitudes equivalent to the ISO 2631 (1974) 'fatigque-decreased-
proficiency' boundary. Durations ranged from 16 minutes to 8 hours.
For durations greater than 2.5 hours, subjects were allowed to rest
from performance for at least 5 minutes in every 30 minutes.
Performance deteriorated in all conditions although there was no
effect of any vibration envirorment. However, subjects felt that
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the tasks were nbre difficult during vibration. It is possible
that subjects were able to compensate for vibration effects by

increasing their effort, thereby showing no overall performance

disruption.

5.3 Studies showing no time-dependent effect

The remaining eleven studies found no effect of
vibration on performance of a variety of tasks over extended
durations (Bennett et al (1974), Catterson et al (1962),

Coermann (1940), Holland (1967),‘Hornick and Lefritz (1966),
Mcleod et al (1977), Schmitz (1959), Shoenberger (1973), Stave,
(1977, 1979)). Tasks studied have included manual tracking,
visual and auditory. monitoring, simple and choice reaction times,
visual acuity, foot pressure constancy and 'flying' helicopter
simulators. Durations have ranged from 20 minutes (Catterson

et al, 1962; Weisz et al, 1965) to 8 hours (Stave, 1979; Coermann,
1940) and a variety of vibration conditions have been presented,
mainly covering the frequency range fram 0.17 Hz (Mcleod et al)
to 17 Hz (Stawe), although Coermann (1940) presented sinusoidal
vibration at 300 Hz. Five of these studies canpared performance '
against equivalent exposures without vibration and four made
camparisons against pre- and post-vibration exposures.

5.4 Surmary

While there are clear differences between most of the
studies reviewed in this Section, it is not clear why some tasks
showed vibration related time dependencies and others did not.
Appendix B2 summarises the studies reviewed. Where possible the
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table indicates the relationship between the vibration exposures
presented and the IS0 2631 (1985) 'fatigue-decreased-proficiency’
boundary. The table also identifies the 'vibration dose value'

of the exposures as defined in the current British Standard (BSI,
1986) .

There appears to be no simple factor which determines
whether a task will be sensitive to time-dependent effects of
vibration. Effects are likely to be dependent upon the task
presented, including such factors as its difficulty and the
motivation and experience of the subjects. The tasks which have
been shown to be affected by vibration involved durations of
between 30 minutes and 3 hours. From the data available , it is
not possible to define a simple quantitative relationship between
duration and performance effects. However, two studies demonstrated

that the effect at a given frequency was dependent upon the
acceleration magnitude.

The only factor comon to the tasks affected appears to
be their dependence upon attention and cognitive processes. It
seems likely that the vibration effect occurred at a fundamental
level upon which more camplex and specific mental processes depend:
the mechanism may depend upon fatigue and arousal.
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6.0 Sumary of the Literature Review

The literature demonstrates that the effect of
vibration on manual control performance depends upon the
vibration environment, the nature of the system involved
and the task performed, and may depend upon the duration of
the vibration exposure. There are large differences between
effects on individual subjects.

The means by which vibration exerts its effect are
not clearly understood. The mechanisms which have been
implicated were discussed in Section 4. A major aim of this
thesis is to investigate the mechanisms by which low frequency
whole-body vibration can disrupt the performance of a camplex
manual control system. The intention is to clarify the effects
that have been suggested, and to investigate the frequency range
over which each mechanism may be important.

The literature also indicates that there is little
information on the effects of vibration at frequencies below
about 2 Hz. Experiments described in this thesis will extend
the frequency range to 0.5 Hz.

This Chapter has not reviewed the various models

which have been proposed to explain and predict vibration effects
on manual control. These will be reviewed in the next Chapter.
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CHAPTER THREE

MODELLING THE EFFECTS OF VIBRATION ON MANUAL CONTROL PERF ORMANCE

1.0 Introduction

This chapter has two main aims. The first is to review
some attempts at modelling the effects of vibration on manual control
performance. The second is to provide a framework for the experi-
mental investigation which forms the central part of this thesis.

The chapter is in three sections:

- Section 3.1 provides same general background to modelling
manual control performance.

- Section 3.2 reviews and discusses three existing models of
the effects of vibration on manual control performance.

— Section 3.3 presents a behavioural model sumarising the
processes involved in performing a manual control task, and indicating
the mechanisms by which vibration has been suggested to impair
performance. Sections 3.1 and 3.2 should help to put the behavioural
model into perspective with respect to existing models.

1.1 ‘Adaptation and Strategies

The ability to adapt is one of the most important
properties of humans as system components. Indeed, it may be this
ability alone which ensures the continuing role for humans in many
control systems. Figure 3.1, taken from Moray (1978) indicates
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some of the most important categories of adaptive behaviour.
The aims of most models of manual control behaviour are to describe
and predict the ways in which humans adapt to different tasks,

systems or environmental conditions.

The way a particular task is performed depends upon the
strategy the operator adopts. The strategy may determine the form
of any adaptation which occurs, and it may itself be changed in
the process of adapting to changes in the task. The ability to
adapt and the adoption of strategies are fundamental to understanding
the ways in which humans perform manual control tasks. (Kelley, ’
1972, emphasises the importance of adaptation in manual control
performance and Moray, 1978, discusses the importance of strategies
in information processing)..

Laboratory experiments aim to control as many variables
as possible in order to study the effect of controlled changes in
experimental variables on some measure of performance. To achieve
this control in manual tracking tasks, it is normally necessary to
train and instruct subjects to perform the task in a prescribed
manner. The extent to which adaptive changes in task perfoxmance
are successfully controlled in the laboratory is not known.

Techniques from control theory have been extensively
applied both to the study and modelling of manual control behaviour
in the laboratory, and to the design and evaluation of manual
control tasks in both commercial and military settings. Most of
this work is beyond the scope of this thesis. Consideration of same
of these approaches however will provide a reference for the model
presented in section 3.3.
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2.0 Models of Manual Control Performance

2.1 The Optimal Control Model

Kleinman, Baron and Levison (1971) used modern control
and estimation theory to develop a model incorporating the inherent
limitations of the human as an information processor. The model
assumes that the well trained controller adapts his behaviour
to compensate for his limitations. He therefore performs optimally.
Figure 3.2 illustrates the model. The human is assumed to observe
information about the state of the system presented continuously
on a visual display. The operator may act upon one or more types
of displayed information (such as target position and error), and
their time derivatives. 'Observation noise' is added to each
display parameter, accounting for errors in obsexrving information
on the display. A single parameter, ¥ , accounts for all time
delays involved in the neurcmotor conduction pathways and central
information processing.

The operators' adaptation is modelled as a combination
of a Kalman filter or estimator, a least mean-squares predictor and
a set of optimal feedback gains. The Kalman estimator yields an
optimal estimate of the state of the system based upon the noisy
signal, Yp (t). The predictor compensates for the inherent time
delays of the human,and the optimal gains minimise same pre-
determined cost-function expressing task requirements. The optimal
gains explicitly incorporate the operators' control objectives by
specifying cost weightings associated with each source of display
information used. A second noise process, Um(t) » representing
imperfect execution of central camands, and a first-order lag,
'TH, accounting for physiological restrictions on the neurcmuscular
actuation system, complete the human Operator model.

The observation and motor noise processes are
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approximated by Gaussian white noise scaled according to the
signal with which it is associated (respectively, y(t) and m(t)).
Both of these processes may be sensitive to system and environ-
mental factors, such as the quality of the display, sensitivity
of the control or exposure to iribration.

The Optimal Control model does not attempt to describe
the mental or physiological processes involved in control behaviour.
Time-varying changes in the operators' linear response as well as
the adoption of non-linear strategies - both of which may be
important in voluntary adaptive behaviour, particularly during
stress - are indistinguishable fram the noise processes included
in the model. An application of this model to predicting effects
of vibration will be discussed in section 3.2.2.

2.2. Pursuit Tracking

Figure 3.3a shows a representation of the pursuit tracking
display used in the experimental part of this thesis. Subjects
controlled the position of the cross (controlled element) on the
displa};. The target moved around the screen in a random manner.

The main task was to keep the cross inside the target at all times.
(In these experiments subjects also performed a secondary task.
Details of the tasks, forcing functions and analysis procedures

are presented in chapter 4).

With a compensatory display, only the controlled element
moves. The controller sees only the instantaneous error between the
forcing function and the system response, although he may derive error rate

information. Figure 3.3b shows a compensatory version of the display.
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The performance of compensatory systems is often described using
the 'Crossover' model. The background, justifications and
assumptions of this model are described in detail in McRuer and
Krendel, 1974. According to the Crossover model, the controller
adapts his behaviour to maintain consistent overall system
performance under a wide range of conditions by adjusting his
internal gains and his effective time delay. (The term ‘'Crossover'
refers to the frequency range over which the model applies).

This model is closely related to the Optimal Control model. As
with the Qptimal Control model, the Crossover model has been found
to be extremely useful in describing and studying both laboratory
and real-life tasks.

Because of the additional sources of information available
compared with a compensatory display, pursuit tracking behaviour
is more difficult to describe or analyse. As well as the directly
displayed target, controlled element and error information, the
operator may derive the first, and possibly higher, time derivates
of each. However, all of this information is not necessarily used.
Figure 3.4 shows the model of pursuit tracking proposed by Hess
(1981) . Target position and controlled element rate information

were not included and good fits to experimental data were still
obtained.

The model of pursuit tracking developed by Hess (1981)
incorporates a switch representing the distribution of attention
between the various information sources (see Figure 3.4). The
switch is controlled by pre-determined parameters giving the
probabilities of each source being used. With a human controller,
the input attended to at any -instant will depend upon a complex
decision process incorporating the aims of the task and the
strategy adopted. (McRuer and Krendel .(1974) explicitly incorporate

a decision process in a model of complex control behaviour).
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Pursuit displays do not necessarily produce pursuit behaviour.
As Hess (198l) points out "When faced with (a pursuit display)
the pilot may simply ignore all but the explicit error information
and effectively adopt campensatory behaviour”. (p.264).
Alternatively, if the controller is able to predict the future
path of the target even for short periods of time, he may ignore
all visual feedback and perform in an open-loop 'pre-cognitive'
manmner. The Successive Organisation of Perception (SOP) theory
(McRuer and Krendel, 1974), describes how, as skills are developed,
the operator progresses from simple, campensatory error correcting
through a pursuit stage using visual and proprioceptive feedback,
to a pre-cognitive . phase in which stored repertoires of responses
are 'released' and run their course in an open-loop manner. In
performing a given task, the skilled operator will switch between
pursuit and pre-cognitive behaviour depending upon the difficulty
of the task, the predictability of the target motion and the
goals and response criteria - ie. » the strategy that the operator
adopts. -

The models discussed so far incorporate the assumption
of quasi-linearity of operator behaviour. This assumption accepts
that the human is not a purely linear operator: the human has
thresholds determining, for example, the minimum error which can
be detected, and the minimum output which he can exert, he may be
distracted by extraneous factors and he has, potentially, an
extremely large repertoir of non-linear behaviour which he may
adopt. Indeed, human subjects could stop performing at will should
they wish.

Quasi-linearity assumes that the highly skilled, highly
motivated subject constrained to perform a well defined task and
to achieve a defined goal can be described as if he were a linear
system. Any response not linearly related to the movement of the
target is modelled as 'noise'. As well as including true
operator-generated 'noise’ -arising from input and output in-
accuracies and such things as muscular tremor, the added ' noise’
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camponent includes all of the humans' intentional behaviour not
linearly related to movements of the target. Furthermore the added
'noise' includes components due to time-dependent changes in the
operators' linear response. Non-linear behaviour and time dependent
changes in linear parameters could arise through the effects of
fatigue or through changes in strategy: the operator may be able

to switch from one, linear or non-linear, response mode to another
depending on the goals of the task, the performance achieved,

the instantaneous demands of the task and the performance criteria
adopted.

Models of the Effects of Vibration on Manual Control

Performance

In this section three approaches to modelling effects of
vibration on manual control performance will be reviewed and
discussed. The three approaches are very different in their aims,
the form they take and the generality of their application.

A Taxonamic Model

Lewis and Griffin, (1976) described a taxonomic model
of the processes which may be involved when a human performs a
manual control task. The model, shown on Figure 3.5, amounts to
a simple description of some general sensory, perceptual, cognitive
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and motor functions. Lewis and Griffin proposed that if effects
of vibration on isolated functions could be determined, effects
on task performance could be predicted by combining effects on
identified component processes. They suggested that, while the
model was not intended to be rigorous, it may have application
in both identifying weaknesses in planned systems and in guiding
research.

Although the general approach of the taxoncmic model
may be useful (ie., predicting gross effects from a knowledge of
effects on component processes) » the application of the model has
not been demonstrated. Three general shortcomings can be identified.

First, the processes identified are relatively arbitrary,
and there is no indication of the relationships between them. For
exanple, recent models from experimental psychology include
cognitive processing as a central camponent of memory, rather than
as a distinct process, (Baddeley, 1976). The distinction between
perceptual processes and central processes is also not clear.
Secend, there is no indication of the way in which effects of
vibration on individual processes might cambine to affect overall
task performanoe This problem is not unique to this particular
model, however Indeed, it is common throughout Human Factors.
Third, for the model to be useful as an approach, or technique,
for identifyincj weaknesses in a system it would be necessary to
provide some detailed guidance on the procedure for identifying
the processes ihvolved in any given task.

In p:rincipal, the taxoncmic model proposed by Lewis
and Griffin may help in predicting whether a particular task is
likely to be disrupted by vibration. However, a great deal of
research would be required before anything more than simple state-
ments of possibility could be made.
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3.2 Biodynamic Models

Jex and Magdaleno (1978) provide a general overview of
an extensive programme, carried out mainly in the United States,
aimed at producing mathematical models of the effects of vibration
on aircrew performance. The overall objective was to specify
the model in sufficient detail that a computer programme, supplied
with appropriate system information, could predict both visual
and tracking performance for a wide range of systems under a wide
range of vibration conditions. The model could therefore be
used as a tool providing quantitative guidance to designers.

This model is applied .in three stages. The first stage
involves defining a‘ functional model describing the particular task
of interest and specifying the properties of each of its components;
this task model is generated from-a more general model of performance,
illustrated on Figure 3.6, The function of this stage is to
identify those components of task performance which vibration may
disrupt. The second step is to calculate the vibration transmitted
to such things as the seat, head, eyes and control, depending upon
the camponents of the task model. Where the task includes a visual
camponent, this stage also estimates the relative motion between
the eye and the image on the display, taking account of the effects
of both the vestibulo-ocular reflex and voluntary eye tracking,
both of which act to compensate for induced image motion.

The third stage relates biodynamic response to task
performance. The authors acknowledge that this is the weakest link
in the model and, for visual performance, depends largely upon
empirical relationships between induced motion and performance
decrements. To predict effects on manual control performance, a
further model, proposed by Levison (1977), is used. Ievison's
model, illustrated on Figure 3.7, is an application of the Optimal
Control model (described in section 3.1.2). Effects of vibration
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are accounted for by a combination of direct vibration breakthrough
to the control, and changes in the adaptive parameters of the

basic operator model; specifically, increases in pilot-induced
motor noise and processing time delays. This model has been found
to provide reasonable agreement between predicted and measured rms
control activity and mms tracking error across a range of vibration

environments and with a variety of systems.

The biodynamic modelling programme summarised by Jex
and Magdaleno represents a major effort in modelling the effects
of vibration on performance. The models are extremely detailed in
their description of both active and passive mechanisms affecting
the relative motion between the body and relevant parts of the
immediate environment (such as displays and controls). Such detailed
descriptions are useful both in indicating the location of vibration
effects and in providing a framework to guide further research. In
addition, the fact that reasonable predictions have been obtained
suggests that the model may be of use in 'real-world' applications.

) Despite these advantages however, such biodynamic models
have considerable limitations. First, in order to implement them
to evaluate even a relatively simple system, it is necessary to
provide quantitative estimates of a great many parameters. Many
of these, such as most of the 21 parameters needed to define the
dynamic response of the neuro-muscular system, cannot readily be
measured.

Second, even when all of these parameters are defined,
relating the predicted biodynamic response to effects on pexrformance
remains the weakest part of the model. The predictive ability
even of the complex model developed by Ievison (1978) is limited
and for many applications may be wholly inadequate: for example,
predictions of tracking error in Levison's model are calculated as
the average rms error. In many systems, average rms tracking error

would not be useful as a measure of performance. As Lewis and

- 79 -~




Griffin, (1978) point out, it is often not sufficient to know
the response of the 'average' person: it is the response of an
individual in a particular setting which may define whether or
not the performance of a system is acceptable. It may often be
important to quantify, at least, the variability in the effect
- with different individuals as well as the average effect.

These criticisms should not detract fram the contribution
which these models make. The models are camplex because the
nature of the system and the effects of vibration are complex and
in many instances poorly understood. The generality of the models
is also restricted by the camplexity of the effects which can
occur: effects can depend upon both the task and control system
involved, as well as the nature of the vibration environment.
Furthermore, the fundamental mechanisms by which vibration can
disrupt performance are not well understood.

Even for a relatively obvious form of interference,
such as vibration-correlated activity of the controlled element
on the display (vibration breakthrough), the precise mechanism
by which performmance is disrupted is not clear. Iewis and Griffin
(1979) have shown that breakthrough appearing on the display can
produce perceptual confusion leading to an increased proportion of
control activity not linearly related to the target motion (ie.,
remnant) . This increase in remnant reflects a change in the way
the task is performed in the presence of vibration breakthrough;
however, the nature of the change has not been determined.

To adequately predict the effects of vibration on
performance, it will be necessary to fully understand both the
mechanisms by which vibration interferes with the processes
involved in task performance, and the ways in which humans change

or adapt their performance in response to the interference.




4.0 . A Behavioural Model

This section presents a behavioural model of the effects
of whole-body vibration on manual control performance. The intention
is to summarise the mechanisms which have been demonstrated, or
suggested, to be important in producing the vibration effects, and
to emphasise the adaptive nature of human performance. The model
is not intended to be a complete description of the ways in which
humans perform manual control tasks: the processes involved can be
extremely complex and in many cases are themselves poorly understood.
The processes described allow the suggested mechanisms of dlsruptlon
by vibration to be indicated.

Assunptions made will be indicated where appropriate.
The fundamental assumption underlying the model, however, is that
human control performance can be considered as though the human
was generating discrete responses to instantaneous observations
about the system status.

4.1 Description of the Model

4.1.1 Without Vibration

The model is shown an Figqure 3.8. The key to the model
is given on Table 3.1. The basic model summarising the processes
involved in manual control performance will first be described.
Mechanisms by which vibration has been suggested to interfere with
these processes, and adaptive changes in performance which may
result, will then be considered.

Three stages of information processing, roughly
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Table 3.1 Key to Figure 3.8

NL
itt)

oft)

Physiologicol location

Physiologicol process

Psychological process

Factor influencing Psychological processes
System hardware

Physical link

Direction of flow of information

‘can' influence

Location of vibration-induced activity

Location of interferance by vibration mechanism x
Location of secondary effect of vibration

Neural signal

Neuro-musculor'noise’

Visual ‘noise

Response to target position, velocity, etc

Response to controlled element position, velocity, etc
Response to error position, velocity, etc

Linear response mode

Non-linear response mode

Position of target of time (t)

Position of controlled element at time (t)
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corresponding to identifiable psychological and physiological
processes are indicated; an input (or visual processing) stage,
a central (or cognitive processing) stage, and an output (or
muscular actuation) stage.

Visual Processing Stage

The controller (ie., the human) is assumed to obtain
information about the state of the system by observing a visual
display. The vestibular system (including the semi-circular canals,
which are sensitive to rotational acceleration of the head, and
the otoliths, which are sensitive to linear acceleration of the
head) compensate for movements of the head by producing rotational
eye movements. This compensation attempts to keep the image of
the display elements on the same area of the retina at all times.
The pattern of light on the retina is processed, principally in
the visual cortex, and gives rise to a perception of the displayed
information. The controller can induce voluntary eye movements
to bring any part of the visual field onto the fovea of the retina.

Cognitive Processing Stage

The controller uses the perceived information to select
an appropriate response based on the instantaneous state of the
system and the strategy which is adopted: the strategy depends,
for example, on the acceptable error (which is defined by the system
objectives), and the extent to which prediction is possible.
Strategy depends onthe cognitive state of the controller, such as
his motivation and level of fatigue or arousal. The cognitive
state may itself be influenced by a variety of factors, including
the controllers' perception of his performance, and other environ-
mental or personal factors. The difficulty of the task, in terms
of the perceptual-motor workload involved, can also influence the
strategy adopted.
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Three assumptions are made in the cognitive stage of
the model. First, that the controller responds to a single item
of displayed information at any instant of time. Second, that
there are a large number of modes of responding potentially
available, and third, that the controller can switch between
different modes of responding depending upon the instantaneous
state of the system, the demands of the task, and the strategy
adopted. A time-history of the controllers' response would there-
fore be composed of the accumulation over time of the results of
the various modes of responding used.

As indicated earlier, in most tasks more than one type
of information is available from the display. In pursuit tracking,
movements of the target, of the controlled element, and of the
difference between them (ie., the instantaneous error) could all
potentially be used as the basis of a response. Furthermore, the
controller could respond to the displacement of each, or its
first or higher time derivatives. On the model, the process of
'Response Selection' indicates some of the types of information
available. For simplicity, the model does not indicate first or
higher time derivates, although it is assumed that these could be
used as the basis of a response. ) -

Manual control performance has been shown to be
adequately modelled for many purposes by assuming that the highly
trained controller operates essentially as a constant parameter
linear system; ie., a system which can be described by linear
differential equations, (eg., Licklider, 1964; McRuer and Krendel,
1974). During vibration exposure however, a number of experiments
have shown an increase in the proportion of tracking error not
linearly related to movements of the target (Allan et al, 1973;
Levison and Harrah, 1977; Lewis and Griffin, 1977, 1978, 1979).
These results suggest that the assumption of quasi-linearity may
not be sufficient to understand the ways in which vibration can

affect manual control performance. Indeed, the use of these
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models can restrict the interpretation of the underlying
mechanisms. In his application of the Optimal Control model

to predict vibration effects, Levison (1977) accounts for the
effects of vibration by assuming interference with 'motor related
sources of randamess'. This can include both interference with
neuro-muscutar processes and changes in the way the task is
performed; specifically, the adoption of tracking strategies not
linearly related to the motion of the target.

The behavioural model assumes that humans can
intentionally adopt response strategies which are both linearly
and non-linearly related to movements of the target. It also
emphasises the ability of humans to instantaneously switch between
these different response modes. The behaviour underlying 'linear'
and 'non-linear' responses is likely to be a great deal more
complex than these simple descriptions might suggest. Nevertheless,
because of the widespread use of spectral analysis techniques,
and because of their relative amenity to measurement, the process
of 'Response Selection' on the model separates the responses which
may be adopted into these two general categories. The output

fram the Response Selection process is a neural signal inducing

activity in muscle groups involved in producing forces at the
hand.

As well as Response Selection, the cognitive stage of
the model also contains a process indicating cognitive activity
not directly involved in task performance. This may produce general
awareness of the physical state of the body (such as muscular fatigue,
or the position of limbs, etc), as well as its psychological state
(for example, the experience of discomfort or boredom). This
process can also produce neural signals which may, either
intentionally or unintentionally, induce muscular activity. Part
of this muscle activity will cause movements of body parts not
involved in task performance; for example, movement of the torso
to alleviate discomfort. A camponent could also give rise to

muscle activity producing forces at the hand.




In sumary, the Cognitive Processing stage produces
neural signals inducing muscle activity. The muscle activity
which arises is of two types; that producing forces at the hangd,
and that producing forces at other parts of the body. Forces
at the hand are further considered to be of two types; those
intended to produce activity of the controlled element, and those
arising fram cognitive activity not related to task performance,
such as attempts to alleviate discamfort at the hand.

‘Muscular Actuation Stage

In the Muscular Actuation stage, the neural signals
from the Cognitive stage induce muscle activity. The neuro-muscular
system is exceedingly complex. The model does not attempt to
describe it. The model merely separates those muscle groups
involved in producing forces at the hand to effect the required
changes in the state of the system fram those producing forces in
other parts of the body. In both cases, muscles are modelled as
being under feedback control. A noise source is indicated
accounting for spontaneous muscle  activity, such as tremor.
(Jex, 1974, describes a linear model indicating the complex processes
and feedback mechanisms involved in muscular actuation).

Actuation of limb muscles produces forces at the hand
which, in turn, induce forces or displacements on the control.
Actuation of other muscle groups can produce changes in posture or
general fidgeting. Movement of the body, and of the hand on the
control are fed back to the cognitive stage and produce a perception
of the state of the body. Movements of the head are sensed in the
vestibular system and can produce a perception of head position.

The activity induced at the control is fed through the

system dynamics. The resulting system response is indicated by

rmovement of the controlled element on the display. Depending on
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the type of task, the controller obtains visual feedback of his
response either directly (in a pursuit task), or combined with
the new target position (in a campensatory task).

This completes the description of the basic model of
manual control performance. The next section considers the
mechanisms by which vibration could interfere with this basic
model.

4.1.2 Effects of Vibration

Vibration is assumed to interact with the basic model at
two principal points; it can produce movement of the head, and
can directly induce forces at the hand. The extent of interference
at both of these points will depend upon the transmission of
vibration through the body to each location. This will depend upon
‘the vibration frequency as well as the nature of the seat and seat
restraints, and whether an arm support is provided. Other factors,
such as the posture adopted and whether a helmet is worn can also
be important.

The model indicates four principal mechanisms by which
vibration could interfere with performance of a continucus manual
control task (the experimental evidence for these mechanisms is

reviewed in greater detail in the Literature Review in chapter 2).

(1) Vibration Breakthrough: vibration-induced
activity at the control can be transmitted
through the system dynamics to produce
activity of the controlled element on the
display at the vibration frequency. This
is termed 'vibration breakthrough' or
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(i1)

'feedthrough'. The extent to which vibration

breakthrough is important in disrupting

performance will depend upon the sensitivity
of the control and the frequency response of
the system dynamics at the vibration frequency;
first-order dynamics, for example, attenuate
control activity by one half for each doubling
in frequency of control activity. Breakthrough
is therefore less important in a first-order
system than in a zero—-order system, which
transmits all frequencies with the same gain
(Lewis, 1980). On the model, vibration
breakthrough is indicated by V1.

Vibration breakthrough can increase tracking
error in two ways; first, by directly increasing
the displacement of the controlled element
relative to the target (vla) and, second, by
increasing the uncertainty of the precise
position of the controlled element (Vlb,

Lewis and Griffin, 1979).

Visual Impairment: Vibration-induced movement
between the eye and the display can cause the
image of the display elements to be spread
over a larger area of the retina than when
there is no relative movement. This can
give rise to a blurred image of the display
elements, producing increased uncertainty of
the precise position of the target and
controlled element. The extent to which
visual blurring is important will partly
depend upon the ability of the vestibular
system to compensate for induced head
accelerations: the vestibular-ocular

reflex can compensate for rotational head

accelerations to produce a space-stable
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(iii)

eye at frequencies up to at least 5 Hz
(Benson and Barnes, 1978). The human can
also induce pursuit eye movements to
compensate for relative movement between
the head and the display at low frequencies
(below 2 Hz).

Neuro-muscular interference: a number of
authors have suggested that vibration
directly interferes with neuro-muscular
processes (Allan et al, 1973; Levison,
1977; Lewis and Griffin, 1976). Such
interference would increase the signal-
to—noise ratio between intentional, task
related muscle activity and wnintentional
or random activity, and may lead to per-
ceptual confusion about the forces
generated in the controlling limb. It

is known that direct stimulation of muscle
at vibration frequencies above about 20 Hz
can induce reflex muscle contraction (eg.,
Gail et al, 1966). This has been termed
the Tonic Vibration Reflex (TVR). A
stretch reflex has also been observed
during direct muscle stimulation at
frequencies as low as 2 Hz (Rack, 1979).

There is little evidence of direct muscle
stimulation caused by exposure to whole-body
vibration at frequencies below about 18 Hz.
Furthermore, there is no evidence that such
interference could directly impair tracking
performance. However, Gauthier et al (1981)
demonstrated that 18 Hz vibration applied

directly to calf muscles in humans could
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impair foot tracking performance and the

- production of constant torques at the foot.
Neuro-muscular interference is indicated
by V3 on the model.

(iv) Central Effects: it has been suggested that
vibration could directly interfere with
cognitive processes: specifically, that
vibration could increase the level of
arousal of the controller, or that it
could induce fatique (although this may be
as a consequence of effects on muscular
activity). There is little direct
evidence of such interference. Increases
in arousal could produce improvements
in performance during vibration; an improve-
ment in performance campared to a static
environment was observed with low magnitudes
of vibration by Catterson et al, 1962.
Lewis and Griffin (1979) suggested that
reductions in the phase lag of human
Operator transfer functions.nay have been
due to an increased level of arousal.
Effects on arousal and fatigue are most
likely to influence performance over
extended durations. This mechanism is
indicated by V4 on the model.

As well as these principal mechanisms, the model indicates
four secondary effects which could arise as a consequence of the
mechanisms described above. These effects are indicated on the
model by *. There is no clear evidence of precisely the type of
secondary effects which can occur, although there are many
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possibilities.

(1)

(i1)

(iii)

These include:

Increased workload : if the controller is unable
to see the elements on the display clearly,

or if there is uncertainty of the force
exerted on the control, the controller may

have to exert greater effort (in the sense

of concentration or attention) to detect the

information required.

Changes in strategy : the adoption of different
modes of responding may depend upon the instant-
aneous error.between the positions of the target
and the controlled element. If the amount of
error increases, the controller could, for
example, increasingly respond in a non-linear
manner (such as producing ballistic type move-
ments to compensate for delays in detecting
error). Increases in workload could also lead
to a change in strategy, such as accepting
increased error in order to reduce the work-
load. There are a great many possible ways

in which the controller could adapt his
strategy.

Active campensation: if the controller perceives
vibration-induced activity at the hand, he may
attempt to actively control it out by inducing
campensating muscular activity. This could

lead to both an increase in the workload
performed and a reduction in the attention

paid to the principal task. The controller
could also change posture or voluntarily
increase muscular tension in various parts

of the body to try to minimise discomfort or
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otherwise reduce the experience of motion

in the body. Any of these, or other effects,
could distract the controller from performing
the task,and may increase activity in the
controlling limb not related to performance
of the task.

5.0 ' Sumary

This chapter has described same current models of manual
control performance. Three attempts at modelling the effects of
vibration on tracking performance have also been reviewed. The
extent to which these models predict effects of vibration is
limited both by the complexity of the effects which can occur and
the lack of understanding of the mechanisms producing the effects.

A behavioural model was presented summarising the
processes involved in manual control performance, and indicating
the mechanisms by which vibration has been suggested to interfere
with these processes. The model emphasises the adaptive nature
of human performance.

In the remainder of the thesis a series of experiments
investigating manual control performance during exposure to low
frequency, z-axis, whole-body vibration are reported. This work
attempts to experimentally determine the mechanisms by which
vibration disrupts performance of the particular task studied.

The results are interpreted by referring to the behavioural model.
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CHAPTER FOUR

INTRODUCTION TO EXPERIMENTATION

This Chapter provides details of the equipment, systems,
task performance measures and subjects used in the experimental
work described in Chapters 5 to 10. The Chapter is in four sections:
section one describes the systems and task studies, section two
describes the vibrators, accelercmeters and signal conditioning
equipment, section three describes the signal processing, data
analysis and performance measures taken and section four gives
details of the subjects used.

4.1 Tasks and Control System

This thesis set out to study perfornanée of a complex
manual control task during exposure to whole-body vibration. However,
in order to study the mechanisms which may be involved in producing
the effects of vibration on performance, the details of the system
and tasks were altered according to the aims of each experiment. The
ways in which each of the components of the system was altered between
studies are briefly summarised below. The reasons for each change
will be indicated in the following sub-sections.

Tasks - The principal task studies was a
combined continuous and discrete
pursuit tracking task. In two

studies however, the target (ie.,
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the element on the display which

the subjects tried to track) did

not move. In these studies, the
task was to hold the controlled
element (ie., the element on the
display which was under the subjects'
control) stationary in the centre

of the display.

Forcing Functions =~ The time histories used to move the

target around the display are known
as 'forcing functions'. 1In the
studies in which the target moved,
the frequency content of the forcing
functions was altered depending on
the system dynamics, the sensitivity
of the control and the duration of
the task.

Viewing Conditions =~ The same display was used to present

the target and controlled element in
all studies. However, subjects viewed
the display either directly or through
a collimating lens. In two studies,
both direct viewing and collimation

were used.

Control = The same side-arm, force-operated control
was used in all experiments. The
sensitivity, or gain, of the control
(defined as the output of the control
for each unit of force applied) was
varied depending on the forcing functions,
system dynamics, task duration and

objectives of each study.
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Arm Support - In two studies the subjects' controlling
arm was supported and data was.collected
both with and without the arm support.

System Dynanmics - The first experiments investigated

effects on a complex, cross-coupled
control task involving a simulation of
aircraft dynamics in 3 axes. These
dynamics were simplified in later studies
to produce a task allowing independent
control in the 2 axes of the display

(horizontal and vertical).

The remainder of this section describes each of these

variables and describes the changes made in each case.

4.1.1 Tasks

~In four of the experiments, subjects performed a combined
continuous and discrete pursuit tracking task. A circle subtending
approximately 32 minutes of arc of viewing angle represented a target
and moved around the display in an apparently random manner. The
target was moved independently in the horizontal and vertical axes
of the display. (Details of the forcing functions and viewing
conditions are given in sections 4.1.2 and 4.1.3 respectively).
Subjects moved a cross on the display (controlled element) by
operating a control with their right hand. The relationship between
the output of the control and the resulting movement of the con-
trolled element is defined by the system dynamics. (The control
and system dynamics are described in sections 4.1.4 and 4.1.5
respectively). The aim of the continuous tracking task was to

keep the controlled element inside the area defined by the target

at all times. Figure 4.1 shows the target and controlled element
as they appeared on the display.
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Figure 4.1 The display elements as they appeared

in experiments 1, 2, 3, 4 and 6.
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In the discrete task, subjects were required to press
a button on the control whenever the controlled element entered
the target, and to keep the button pressed as long as they were
'on' target (ie., inside the area of the target). As soon as
the controlled element came out of the target the subject was to
release the button. Subjects therefore performed a discrete task
which depended upon performance of the continuous task. They were
asked to 'hit' the target (ie., press the button while 'on' target)
as often as possible, but to make as few error - 'misses' (not
pressing the button while on target) and 'false alarms' (pressing
the button while off target) - as possible. In some of the
experiments a reward structure was introduced in which subjects
earned points for each instant 'on' and 'hitting' the target, but
were penalised for each instant ‘'off' target and making a 'false
alarm'. They were paid according to the points they accumilated.

In the other two experiments, subjects did not perform
the camplex tracking task. In these studies subjects simply tried
to keep the controlled element stationary in the centre of the
display. The target did not move in either case.

4.1.2. Forcing Functions

The time histories used to move the target around the
display are termed 'forcing functions'. The forcing functions used
in the thesis were originally designed to meet two criteria:

(1) they were to be random in appearance.

A number of different forcing functions




were used to prevent subjects learning the

time course of any one; and

(ii) their frequency content should produce a
task near the limits of controllability.
This was achieved by testing two trained
subjects with a number of forcing functions
having differing upper cut-off frequencies
and spectral shapes. Forcing functions
were selected based upon both tracking
performance and subjective estimates of
tracking difficulty.

The original forcing functions were created by low-pass
filtering digitally generated random time histories at 0.1 Hz with
attenuation of 24 @B per octave thereafter. However, after two
experiments, and after results obtained by Wells (1984), it was
felt that the non-constant rms displacements in the original forcing
functions may have contributed to the variability in the results
by producing differences in the difficulty of each task. It was
also felt that the tasks would be less predictable if their low
frequency content was increased: this would increase the proportion
of time the target spent in the periphery of the display, thereby
increasing the likelihood of subjects following the target at all
times rather than, for example, simply waiting for it to return
from a brief excursion to the limits of the display.

For the later studies, therefore, the random time-histories
were first integrated over time to increase their low frequency
content. They were then band-pass filtered with a lower cut-off
frequency of 0.0l Hz (to avoid excessive displacements) and an upper
cut-off frequency of 0.2 Hz, with attenuation of 12 dB per octave

outside this region. The upper cut-off frequency was increased to
produce performance at the highest frequencies which could be
achieved and to maintain the difficulty of the task after changes
in the system dynamics and control gains. (The reason for intro-
ducing these changes will be described in Chapter 7).
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4.1.3. Viewing Conditions

The target and controlled element as well as a stationary
'artificial horizon' were presented on a 9" (228 mm) diagonal
Cathode ray display (Kikusui Model 5091 alignmentscope). Subjects
either viewed the display directly or through a collimating lens.
Without the collimating lens, subjects sat with their eyes approx-
imately 750 mm from the display. The display was located at head
height directly in front of the subject.

Collimation was achieved by placing a convex lens at its
focal length (310 mm) directly in front of the display. The distance
from the subjects' eyes to the lens was approximately 750 mm. The
size of the images on the display were adjusted to ensure that the
angles subtended at the subjects eyes were the same in both displavy
conditions. To avoid visual distortion which may occur at the edges
of the lens, the display elements were at all times viewed through
the central part of the lens. Table 4.1 summarises the viewing
conditions. When the display was vibrated with the subjects, both
the display and the lens were rigidly attached to the vibration
platform. All experiments were carried out in a semi-darkened
laboratory.

4.1.4, Control and Arm Support

In all experiments subjects operated on isometric (force)
side-arm control similar in shape to that installed in the F16
aircraft. The control was mounted on a rigid steel shaft to which
semi-conductor type strain guages were attached. Subjects operated
the control with their, preferred, right hand. The control is shown
on Figure 4.2. A miniature switch was mounted in the position of
the weapon release button on the control. This switch could easily,
and canfortably, be reached by the thumb. The lower left hand
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TABLE 4.1: summary of Viewing Conditions

Without Collimation

Viewing distance 750 mm

Target diameter 7 mm

Angle subtended by target 32 minutes 5 seconds
at eye of arc

Maximum target displacement 60 mm

(+/-)

Maximum angular target 4°34 minutes 26
displacement (+/-) seconds of arc

With Collimation

Diameter of lens 110 mm
Focal length of lens 310 mm
Viewing distance to lens 750 mm
Target diameter 2.9 mm

Angle subtended by target 32 minutes 9 seconds
at eye* of arc

Maximum target displacement 25 mm

(+/-)

Maximum angular target 4°36 minutes 38
displacement (+/-)* seconds of arc

* Magnification of lens Viewing distance

focal length

750
310

2.42




h

switc

The Isometric side-arm control.

2

Figure 4.
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edge of the top of the control was appraximately 250 mm to the
right of the longitudinal centre line of the seat pan and 530 mm
forward along a horizontal line projecting fram a point on the
right hand margin of the seat back, 300 mm up the back rest from
the seat surface.

The control gain was linear; ie., the force applied (F)
was related to the voltage produced (V) by the simple relationship
V = K.F, where K is a constant formed from the gain of the bridge
amplifiers fed by the strain gauges and the sensitivity of the
gauges themselves. As with the forcing functions, the control
gains used were determined by evaluating the pexrformance and
subjective impressions of two trained subjects. The optimum gain
is a campromise between speed of response, operator generated noise,
vibration breakthrough and the physical effort demanded of the
subject. The control gain used in each experiment depended upon
the system dynamics used, the frequency content of the forcing
functions, the duration of the task and the aims of the particular
study. The precise control gains in each case are therefore des—
cribed in each Chapter.

Arm St_JQBg' rt

Two experiments investigated the effect of providing an
arm support on induced activity at the control during vibration
exposure. The arm support was constructed from 3 mm steel tubing
with an inside diameter of 18 mm, and was rigidly attached to the
frame supporting the control. The am support consisted of a
180 x 110 mm platform mounted on a 400 mm shaft. When lying
horizontally, the front edge of the support was 120 mm from the
back edge of the control. The support could be adjusted through
180 mm in the vertical axis, in 10 mm steps, and could be rotated
through greater than 60° aboat the x- and y-axes through the body.
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However, the support was fixed about the z-axis, to ensure that
the arm always lay in the fore-and-aft axis of the control. The
support was adjusted for each subject such that the arm was
comfortably supported but without changing the grip on the control
or otherwise interferring with the position of the hand on the
control. Once adjusted, the support was secured in that position.
The front edge of the support lay approximately 7 cms from the
projection of the ulna at the wrist.

4.1.5. System Dynamics

The relationship between the voltage produced at the
control in response to the applied force and the resulting motion
of the controlled element on the display is defined by the system
dynamics. The first two performance studies used cross—coupled
system dynamics approximately representative of modern high
performance fighter aircraft. Those were implemented on VIDAC
1224 and VIDAC 333 analogue computers. The 'aircraft' model defined
angular rotations of the 'airframe' in roll, pitch and yaw in
response to stick commands in two axes (fore-and-aft and side-to-
side). Roll, pitch and yaw feedbacks were used to augment and
linearise the performance of the basic ‘aircraft'. Rudder inputs
and the aircraft trim system were not included. These dynamics
were basically first-order. Figure 4.3 shows the moduli of the
transfer functions of these system dynamics in roll, pitch and yaw.
Airframe rotations were resolved with respect to a fixed 'ground'
reference. (Full details of the system dynamics, including the
analogue computer patch diagrams are given in Appendix C ).

The major apparent difference between these cross—coupled

dynamics and the independent axis tasks used in previous studies
(and in later studies in this thesis), was the lack of a direct
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relationship between side-to-side forces at the control and
horizontal motion of the controlled element. To move the
controlled element in the horizontal axis of the display with
the cross-coupled dynamics, subjects had to induce an appropr-—
iate roll angle and then induce motion in pitch. The controlled
element would pitch in the axis normal to the 'airframe',
inducing motion simultanecusly in the horizontal and vertical

axes of the display (for roll angles not equal to O or 90 degrees).

To further investigate the mechanisms contributing to
performance disruption during vibration, the system dynamics
were simplified in four experiments. These simplified dynamics
used the original dynamics in the pitch and roll axes, but removed
the cross-coupling between them. With this system, the dynamics
in the roll axis moved the controlled element in a linear, rather
than an angular manner: side-to-side forces on the control produced
controlled element motion in the horizontal axis of the display.
Fore-and-aft forces on the control produced motion in the vertical
display axis according to the pitch axis dynamics. Again, the
reasons for simplifying the dynamics will be explained in Chapter 7,

Table 4.2 sumarises the tasks and systems used in each of
the experiments. This table provides a brief camparison of
the main differences between the various studies. There were other
differences, particularly in the experimental designs employed,
the measures taken and the subjects used. As with the system and
task parameters, the reasons for changes in the design and measures
are described in each Chapter. Section 4.4 of this Chapter gives
details of the subjects used in each experiment.
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TABLE 4.2 Summary of the system parameters and tasks

used in the experimental Programme

Experiment
1 2 3 4 5 6
Task NT T T T NT T
Forcing
Function None Fl Fl F2 | None F2
Viewing bV Dv
L3 and and Ccv Cv
Conditions cv DV cv ov
Control FS FS FS FS FS FS
Control gain G4 - Gl Gl G2 G4 G3
NS NS
Arm Support and NS NS NS and NS
S S
Dynamics SD CD CDh SD SD SD

Key:

T = Combined continuous and pursuit tracking

NT = No tracking task

F1 = -24 dB/octave attenuation above 0.1 Hz

F2 = -12 dB/octave attenuation above 0.2 and below 0.0l Hz

DV = Direct viewing

CV = Collimated display

FS = Force-type, side-arm control

Gl = Least sensitive control

G4 = Most sensitive control, etc., (see experiment for
details)

NS = ©No arm support

S = Arm support used

CD = Full cross-coupled system dynamics

SD = Simplified, independent axes system dynamics
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4.2 Vibrators, Seating and Signal Conditioning Equivment

Two different vibrators were used to generate the

vibration conditions. These were:

(1) a l-metre stroke (+/- 500 mm) electro-
hydraulic vibrator, on which the display,
control and subjects' seat were mounted;
and

(ii) a l-inch stroke (+/- 0.5 inch) electro-
dynamic vibrator (Derritron type VP180OLS)
on which only the subjects' seat and
the control were mounted, ie., the
subjects' feet and the display were
stationary.

Both of these vibrators were constrained to move in the
vertical (z-) axis only. Table 4.3 compares the total harmonic
distortion with each of these vibrators over the frequency range
covered by the experimental programme. Figure 4.4 shows the layout
of equipment and the pPosition of the subject on the l-metre stroke
electro-hydraulic vibrator. Both vibrators were located in the
Human Factors Research Unit at the Institute of Sound and
Vibration Research.

Subjects sat on a hard wooden seat, with a backrest, which
was geometrically similar to that in a Westland Sea-King helicopter.
(Full details of the geometrey of the seat are given in Furness, 1981).
The seat showed unity transmissibility in the z-axis for z-axis
vibration up to at least 20 Hz. With a subject strapped into the
seat, motion of the backrest was measured in the x-axis during
sinusoidal platform vibration at frequencies from 0.5 to 10.0 Hz.

The magnitude of x-axis backrest motion was greatest with vibration

at 10 Hz: at this frequency, motion was measured at 0.15 ms—2 ms.
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TABLE 4.3 Percentage harmonic distortion measured

on l-metre stroke electro-hydraulic and

l-inch stroke electro-dynamic vibrators

Vibration Frequency (Hz)

0.5 1.0 2.0 4.0 i 8.0
' !
Electro-hydraulic 5.2 4.1 2.1 1.3 ¢ 1.0
iElectro—dynamic - - 30.6 14.3 ' 10.8
- !
\]"512 : -
2
Percentage distortion = 100. N2. fo Gvv (f). daf
q"Y-Z’-.fo :
. df
Jo .‘va(f) d
| —
where:
fo is the vibration frequency at which distortion

is being measured; and

Gvv(f) is the Power Spectral Density (PSD) of acceleration

on the vibration platform at frequency f.

Platform vibration at a magnitude of 2.0 ms™? rms was
produced using digitally generated sine waves with an
analogue-to~digital conversion rate of 400 samples per
second. The acceleration of the vibration platform was
sampled at a digital-to-analogue conversion rate of
102.4 samples per second with anti-aliase filtering at

25 KHz. The PSD was calculated with a frequency
resolution of 0.05 Hz.
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Figure 4.4

The layout of equipment and the position of
the subject on the 1 m stroke electro-
hydraulic vibrator.
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On the l-metre stroke vibrator, subjects' feet were
supported by the vibration platform. On the electro-dynamic
vibrator, subjects' feet were supported by a stationary foot-
rest. In both cases, subjects' upper legs were approximately
horizontal without vibration exposure. Subjects were restrained
by a 5-point harness, having two shoulder straps, two lap straps
and a strap between the legs, attached at the waist by a quick-
release buckle. Each subject adjusted the straps to provide a
tight but comfortable restraint.

In all studies, acceleration exposures were measured
using a piezo-resistive accelercmeter (Endevco, type 2265-20)
firmly attached to the underside of the subjects' seat. Accelera-
tion signals were pre-amplified and converted to voltages represent-—
ing the acceleration magnitude.

Each of the vibration exposures were tested and
calibrated prior to experimentation. During each experiment the
output from the seat accelerameter was displayed on an oscilloscope
(Gould 0S300) and the acceleration magnitude was monitored on an
s meter having a low frequency response. Measurements of head
vibration were made using translational (Endevco, type 2265-20)
and rotational (Schaevitz, type ASMP 100) accelercmeters attached
to a bite bar. The bite bar was held firmly in the mouth by
biting on a dental mould individually prepared for each subject.

Vibration signals were generated either on a PDP 11/34
digital computer or using an analogue oscillator (Wavetek, Model
171) . Digitally generated signals were output using a 10-bit
digital-to—analogue conversion unit.
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1.3 Measurements

Two main types of measures were taken:

(i) simple measures of performance, such as
the probability of being 'on' target or
the root-mean-square (rms) tracking
error; and

(ii)  spectral measures describing, for example,
the linear transformations between the
acceleration occuring at the subjects'
seat and that at the head, or between
movements of the target and the controlled
element on the display.

4.3.1. Simple Performance Measures

4.3.1.1. Probability Measures

The aim of the continuous tracking task was to keep the
controlled element inside the area defined by the target at all
times. For the discrete task subjects were asked to keep the
button depressed as long as they were 'on' target, and to release
the button as soon as they came 'off' target.

In the experiments reported in this thesis, the time-
histories of the position of the target and of the controlled
element were digitally sampled at equal time intervals
(although the interval between samples varied between the different
experiments). The probability of being 'on' target - p(on) -
for sampled data can be defined as:
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p{on) = N(on) (1)

N
where;

N(on) is the total number of samples 'on' target; and
N is the total number of samples in the run.

Similarly, the probability of 'hitting' the target -
p(hit) - and of making a 'false alarm' - P(FA) - can be defined,
respectively, as:

p(hit) = N(press/on) (2)
N
and A
P(FA) = N(press/off) (3)
N
where

N(press/on) is the total number of samples pressing the button
while 'on' target (ie., hitting the target), and

N(press/off) is the total number of samples pressing the button
while 'off' target.

The probability of 'missing' the target (ie., not pressing
the button while 'on' target) - p(miss) - and of making a 'correct
rejection' (ie., not pressing the button while 'off' target) - p(CR)
— can be defined as:

p(miss) = p(on) - p(hit) (4)

and

P(CR) = 1 - p(on) - p(FA) (5)
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Fram (4) it can be seen that p(hit) and p(miss) effectively
are equivalent in the information they contain about performance.
Similarly, from (5), p(CR) and p(FA) are also effectively equivalent.
Because p(miss) and p(CR) do not provide any additional information
not available from p(hit) and p(FA), they are not presented in the
experimental Chapters.

4.3.1.2. Total Root-Mean-Square Tracking Error

The total rms tracking error in each axis of the 2-axis
tracking task (®rms) can be defined as:

e = (1 < - il )5
rms /y E [o(n) 1(n)] ) (6)
where;

o(n) is the position of the controlled element at sample n; and
i(n) is the position of target at sample n.

For a statistically stationary randam process having a

mean value of zero, the ms magnitude is equivalent to the standard
deviation of the distribution of samples.

4.3.2. Spectral Analysis

A number of previocus studies have found that effects of
vibration on tracking performance are often accampanied by increases
in the proportion of operator response not linearly correlated with
either the target motion or the vibration (see Chapter 2, Section 4).
This section describes the theoretical basis of the techniques used
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(1) the proportion of tracking error linearly
correlated with the motion of the vibration
platform, (vibration breakthrough) ;

(ii) the proportion of tracking error linearly
correlated with the target motion, (input-
correlated error);

(iii) the proportion of tracking error not
linearly correlated with either the plat-
form vibration or the target motion
(remmant); and

(iv)  the parameters (gain and phase) of the

linear part of the operators' response
to movements of the target.

Similar techniques were used in Experiment 1 to measure
the transmission of vibration from the platform to the head. More
complete theoretical treatment of this material can be found, for
example, in Bendat and Piersol, (1971) and Newland, (1975).

4.3.2.1. Theory

Figure 4.5 shows a single-input, single-output system in
which the output y(t) can be defined as:

y(&) = [x(t) * h(t)] +n) + v(t) (7)
where;

x(t) and n(t) are uncorrelated, stationary random processes,
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Figure.4.5

A single input, single output system,
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v(t) is vibration breakthrough;
h(t) is the linear response of the system to a unit impulse; and
* denotes convolution.

The output is formed fram the response of the system to
the input cambined with some activity unrelated to the input and
some activity due to vibration breakthrough. In the frequency

domain:
Y0 = [HE.X@] +NE) +VE) (8)
where:

Y(f) is the Fourier transform of y(t), etc.

H(f) is known as the linear transfer function, and is a complex
valued quantity. It may be written as:

H(E) = [H(H)].PE) (9)
where;

|H(£)] defines the modulus or amplification of the system and &(f)
defines the phase difference between the output of the system and
its input.

Due to the presence of N(f) and V(f), it is not possible
to estimate H(f) directly fram (8). However, H(f) can be identified
from x(t) and y(t) by using the cross power spectral density (CD)
between the two. The 'raw' power spectral density (PSD) of X(f)
can be defined as:

Sxx(£) = lim E|X(f), X*(£)] (10)
T OO T
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where ;

E denotes the expected, or average value; and

X*(f) is the complex conjugate of X(f).

Similarly, the cross power spectral density tan be
defined as:

Syx(f) = 1lim E|x(5). Yif)| (11)

T w0 T

substituting (8) and re—-arranging;

Syx(f) = lim E|X(£)2.H(E)] + lim ER@E).NH]  12)

T 00 T T-» 00 T

+ lim E|X(£).vig)]

T-»co T
So long as X(f), N(f) and V(f) are uncorrelated
lim E|X(£).N(f)] o (13)
T-» 0o T B
and;
lim E|X(f).V(f)] _ o (14)
T-—boo -
T
and therefore;
Syx(f) = Sxx(f).H(f) (15)
or
H(f) = syx(f)
(16)
Sxx(£)
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H(f), then, defines the linear transfer characteristics

linking y(t) to x(t) in the frequency domain.

The propokéion of y(t) accounted for by linear operations
on x(t) can be quantified using the coherence function, or the
squared coherence function. This is defined as;

2

¥ ® = sl (@) (17)

Sxx(£) .Syy (£)
where;
5§n<cf) is the squared coherence between x and y at frequency f.
If x and y are entirely linearly correlated;
sy (£) = s (D)H2 (6) (18)

and;

i

SYY(f) = Sxx(£).H?(£) (19)

and therefore; ‘

S’ (£) .H2 (£)

i

2
¥ yx(E) =1 (20)

Sxx (£) .Sxx (£) .H (£)
If however, x and y are linearly uncorrelated;
2
Syx (f) = O

and therefore;

2
¥ yx(f) = o

The squared coherence function between x and y indicates
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the proportion of y which can be accounted for by linear operations
on X. Similarly a coherence between the input time-history and the
error can be formed by substituting the power spectrum of the error,
See(f), for Syy(f). The part of the error linearly correlated with
the input is therefore;

S;,E) = ¥xe(f).See(f) (21)
i

See(f) = Syy(f) - Sxx(f) (21a)
and the part ot the error not linearly correlated with the input is;

Snlnl

[1—x2xe(f)] .See(f) (22)

If the vibration time-history, v(t) is known, then, by
measuring the coherence between y and v, See (f) can be further
separated into a portion due to vibration breakthrough, S (f) ’
and a portion not linearly related to either the task or the
vibration, ie, remnant, S,.0

S,y () = ¥ve(f).See(f) (23)

Il

§_ ()

rr See (f) -S (f) -S

bp (E) (24)

Power spectra describe the distribution of the average
power in the signal over frequency. The total variance, or mean
square value of the error time history, e(t), is:

el - \YSee(f) .df (25)
aD
where;

¢> is the bandwidth of the signal.

Similarly, the variance of the input-correlated breakthrough
and remnant components are:

2
& ? - \Ysu(f).df (26)
[
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)
S 2 =\5 S () .dE (27)

and

&% = j S p(£) .df (28)
wo
The root-mean-square (rms) value of each of these
camponents is obtained simply by taking the square root of the
relevant value. In summary, the total error variance can be
considered as the linear sum of these three components, ie;

2 2
cel = 2+ obl+o, (29)

The discussion so far has concerned estimates for
the simple system shown on Fiqure 4.5. It is necessary to
relate these measures to the more canplex system being studied
in this thesis. Figure 4.6 shows a simplified version of a
pursuit tracking task. (After Hess, 1981 ). Figure 4.6
shows three distinct linear response modes which the
operator may adopt: he may respond either to the target, the
displayed error or the controlled element. (For simplicity,
the model assumes that the operator responds to the displacement
alone, rather than to the velocity or higher derivatives). In
performing the task, the operator is assumed to respond in one
mode alone at any instant, and to switch between response modes
according to the instantaneous system state, task demands and
objectives. Non-linear response modes are lumped with central
processing and neuramuscular ‘noise' in the single non-linear
term, N2. Discrepancies between the displayed system state and
the perceived system state are modelled as a single perceptual

'noise' source, N;.
Assuming that X, N3, Ny, and V are all linearly uncorrelated,
the cross power spectral density between the output of the system,

y, and the input, x, can be expressed as;

Sxy (£) = G(E)H1(£).Sxx(£)+G(£)Hy(£). Sxx (£)
= G(£)Hy (£) . Sxy (£)+G (£)YH3(£). Sxy (£) (30)
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Figure 4.6 A simplified model of the human controller
in a pursuit tracking task.
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Dividing through by the power spectrum of the input,
and re-arranging, the best linear transfer function between x

and y for this system is,;

Hg(f) = Sxy(f) = G(f) [Hy(f)+Ha(£)] (31)
Syx (£) 1 - G(£) [Hy(£)+H3(E)]
When H2(f) and H3(f) are equal to O, (ie., when the
operator responds to the target position alone);
Hg(£) = G(£f).Hy(f) (32)
which equals 1 when Hl(f) = 1
G(£f)
When Hl(f) and H3(f) are equal to O (ie., when the
operator responds to displayed error);
Hg(£) = G(£) Hy(f)
1 - G(f).H,(f) (33)

which tends to 1 when G(f).H,(f) is very large.

Finally, when Hl(f) and Hy(f) are equal to O, (ie., when
the operator responds to the controlled element alone);

Hg(f) = O (34)

In this case there is no response to x and, therefore, no transfer
function between x and y.

The components of the total output power, Syy(f), for this

system can be calculated using the same equations as for the simple
system (equations 17-29). 1In this case the portion of Syy (f) linearly
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correlated with Sxx is given by:

2 2
o E).S () = |Syx|7(£f)
8y gy [l ML Syy (£) (35)
- ! . Syy (£)
| 2
1 + Snyn, (£) [Hl(f)+gz(f)+n3(f)] +Sn,n,, (£) +Svv (£)
ssx(£) [y ()41, (5)] 2
Similarly, the portion of Syy linearly correlated with
Svv is given by:
2 . 2
Fyul® syt = sl g g (36)
Sy (£) -Syy (£)
1

_ Syy (£)

2 . 2
1+ Sxx(f)[Hl(f)+H2(f)+H3(fﬂ +Snlnl(f)EHl(f)+H2(f)+H3(fﬂ -+Sn2n2(f)

The portion of Syy(f) not linearly correlated with either

Sxx(f) or swv(f), (ie., the remnant power) is, therefore, given by:
2 2 2
Srr(f) = syy(f) - o yx(f).Syy(£) - §F yv(f).Syy” (£) (37)

Equations 35 to 37 define the spectral relationships between
the two signals Sxx(f) and Svv(f) and the system response, Syy(f),
which were measured in the experiments described in Chapters 6 to 10.
The mean square error and its components are defined in the same way
as for equations 25 to 29.

4.3.2.2 Measurement procedures

Data analysis was performed using a PDP 11/34 digital
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computer situated in the Human Factors Research Unit of the ISVR.
Data were either acquired on-line to the computer during experi-
mentation, or recorded on an FM tape recorder (RACAL, STORE 7)
and acquired to the camputer at a later time. In either case,
data were anti-aliase filtered (Kemo Filters, type VBF17) with

appropriate, manually set, cut-off frequencies and attenuation of
48 dB per octave. Each Chapter provides details of the sampling
rates and anti-aliase filter settings used. Data acquisition
used 10 bit digital~to—analogue conversion and the sampled data
were stored on magnetic disk for subsequent analysis.

The signal from the button, (O or 5 volts, indicating
performance of the discrete task), was acquired in the same manner
as for the continuous signals: this signal was also passed through
the anti-aliasing filters. For continuously varying signals, the
filters introduced a constant time-delay of 518 msecs. For the
step response produced by the signal from the button, the time
delay is dependent upon the magnitude of the step. In order to
ensure that the same time delay was incurred by all channels,
the threshold level for the button, (ie., the level at which the
button was interpreted as being pressed or released), was set
such that the maximm error introduced by the filters was less
than 156 msecs, at the slowest sampling rate (6.4 samples per
second) and less than 39 msecs at the fastest sampling rate used
(25.641 samples per second).

Two types of camputer pProgrammes were used; those
contained within the DATS 11 software package, and those purpose
written by either the author or colleagues within the Human Factors
Research Unit. DATS 11 is a suite of programmes developed within
the Institute of Sound and Vibration Research specifically for the
analysis of time series. The pProgrames included perform operations
ranging from the manipulation of data files, through sinple
arithmetic operations, to the use of Fourier methods for estimating
power spectral densities. There are also a series of graphics
modules for displaying data and obtaining hard copy prints. DATS 11
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allows the user to write 'JOBS' combining programmes from the
suite, together with the users' cwn Fortran programmes, to perform
any set of operations which may be required. Such JOBS were

used extensively in this thesis.

Appendix E contains listings of the main Fortran

programmes written by the author for the thesis. Numerous
short programmes were also written to perform minor tasks.

4.3.2.3. Spectral Estimates

This section briefly describes scme important aspects
of the method of estimating spectral densities used by DATS 11.
It will be clear from the theoretical discussion of Section 4.3.2.
that estimates of power spectral densities (PSD) and cross-power
spectral densities (CSD) were fundamental to many of the measures used
in this thesis.

A sequence of data which is finite in time can be
considered to be a representative sample of a sequence which is
infinite in time provided it is statlstlcally stationary. Spectral
density analy31s provides estimates of the distribution of energy
over frequency in the infinite sequence based upon the information
available in the finite sequence.

The DATS 11 programme for calculating an estimate of the
power spectral density of a sequence of N data samples, calculates
a number of 'raw' spectral densities using the Fast Fourier
Transform. These are smoothed by averaging across adjacent frequency
bands and a final estimate is obtained by ensemble averaging across
these 'raw' estimates. Each of the 'raw' estimates used L data
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samples drawn from the N sample sequence, where;

L = sample rate

desired resolution

The information available from the N samples is increased
by taking overlapping segments of one half of I which are assumed -
to be statistically independent. The number of 'raw' spectral

densities calculated, K, is therefore;

and the total number of samples effectively used is:

Nt = K.L.

In order to reduce the 'leakage'’ of the measured quantity
fram one frequency band into adjacent bands, each of the L segments
ézsg‘extracted fram the original sequence using a data window. Throughout
the thesis the FhmaitB data window was used (Bendat and Piersol, 1971).

The resulting spectral density is therefore an estimate
based upon K samples of the (theoretical) 'true' spectral density
for the infinite data sequence. As with other types of estimates,
the accuracy of the spectral estimates can be described statistically.
Each of the 'raw' spectral density estimates can be considered to be
a chi-squared random variable with 2 degrees of freedam (one each
for the Fourier transform and its complex conjugate). The total
number of degrees of freedom for the final estimate, therefore, is:

dt 2.X

2(28 - 1)
L

The number of degrees of freedom of an estimate gives a
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direct indication of the accurancy of the estimate of the 'true’
spectral density: specifically, as the number of degrees of

freedom increases, the uncertainty about the range in which the
'true' value lies reduces. For example, with 18 degrees of freedom,
it can be said with 90% confidence that the measured value lies
within ¥ 2.5 @B of the 'true' value. With 104 degrees of freedom,
it can be said with 90% confidence that the measured value lies
with T 1 dB of the 'true' value, or with 98% certainty that it

lies within about * 2 dB (Mercer, 1973).

In general, spectral estimates should be calculated with
the greatest number of degrees of freedom possible. The estimates
calculated in this thesis were constrained by considerations of:

(1) the number of data runs required of subjects

in any one experimental session, and,
therefore, the length of each run;

(ii) the sample rate, which affects the time

required by the computer to store each
data file; and

(iii) the desired frequency resolution.

These constraints varied between the experiments performed. Details

of the spectral estimates obtained are therefore provided in each
Chapter.

4.4. Subjects

A total of 24 subjects took part in the experiments
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described in Chapters 5 to 10. Subjects were healthy, right
handed male volunteers drawn from the staff and students of the
University of Southampton. All subjects had normal uncorrected
vision as tested by the Keystone Visual Skills Profile. Ages
ranged from 18 to 29 years with a mean of 23.1 years.

Eight subjects were originally trained and took part
in the experiments using the full Cross-coupled system dynamics.
A separate group of subjects took part in the studies with the
simplified dynamics. There were no subjects in both groups.
Details of the training for each group are given in Chapter 6
(for the cross-coupled dynamics group) and Chapter 8 (for the
simplified dynamics group). Training data for all 24 subjects
are given in Appendix D. Table 4.4 sumarises the subjects used
in each of the experiments.
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TABLE 4.4

: Summary of subjects used in each experiment

Experiment
Subject| Age Weight (kg) 1 -2 3 4 5 6
1 28 64 X X
2 25 68 bl X
-3 27 82 X X
4 24 69 X X
5 23 74 X
6 26 78 X
7 27 81 X X
8 22 67 X
9 28 83 X X X X
10 25 68 b bl4 X x
11 22 83 b'4 X X X
12 27 64 X X X X
13 23 72 b4 bi4 X x
14 26 72 bl X b X
15 20 58 X X
i6 22 63 X x
17 27 66 X X
18 28 65 X X
19 26 76 x x
20 18 61 ! X X
21 21 72 x x
22 . 30 74 % X x
23 g 32 81 | X X
24 29 88 X b4
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CHAPTER FIVE

EXPERTMENT ONE: THE TRANSMISSION OF VIBRATION TO
THE HEAD, CONTROL AND CONTROLLED ELEMENT

1.0 Introduction

Effects of vibration on manual control performance have
been found to be closely related to the transmission of vibration
through the body. (See the Literature Review in Chapter 2). The
various mechanisms which may mediate effects on performance are
likely to be sensitive to vibration-induced activity in different
ways. The main aim of this Chapter was to measure the vibration-
induced activity at the head, at the control and at the controlled
element on the display, during z-axis whole-body vibration at
frequencies from 0.5 to 10 Hz. The information obtained will assist
in interpreting the results from later Chapters.

Performance disruption arising fram visual impairment will
be closely related to induced motion between subjects' eyes and the
display. Both translational and rotational head motion can induce
€ye movements. Depending on the frequency and axis of head motion,
induced eye movements may act to campensate for relative motion
between the head and the display thereby minimising effects of
vibration on vision. (Section 4.2 of the Literature Review dis-

cusses the visual mechanisms in greater detail).

Vibration-induced activity of the controlled element on
the display (vibration breakthrough) will depend upon both the
transmission of vibration to the control output and the amplification
of the system dynamics at each vibration frequency: with the dynamics
used in this thesis, the magnitude of breakthrough would reduce
as the vibration frequency increased. Furthermore, at vibration
frequencies below about 1.5 Hz, subjects may attempt to actively
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compensate for vibration-induced activity either sensed in the
controlling limb or observed on the display. The other suggested
mechanisms (neuramuscular effects and central effects) may be
related to motion of the body in more complex ways.

The study also investigated the effect of providing an
am support on vibration-induced activity at the control. It
has been suggested that arm supports may either improve or impair
performance during vibration depending on whether they reduce or
increase the transmission of vibration to the control, (eg.,
Shoenberger and Wilburn, 1973). However, there is no previously
reported data demonstrating that arm supports can alter the
vibration-induced activity occuring at the control.

Two types of motion were presented. In order to obtain
an overall description of the transmission of vibration to each
system location, subjects were exposed to a broad-band random
motion extending from 0.25 to 12.5 Hz. Using this motion the
transfer functions determining the transmission of vibration to
each part of the system were calculated in two ways: (1) by
dividing the power spectral density (PSD) of the activity at each
location by the PSD of the platform acceleration (PSD/PSD method) ;
(2) by dividing the cross power spectral densitities (CSD) between
the activity at each location and the platform acceleration by the
PSD of the platform acceleration (CSD/PSD method) . (Chapter 4
describes the theoretical basis of these measures). The PSD/PSD
method shows the transmissibility for the total activity at each
location, while the CSD/PSD method shows the transmissibility for
the total activity arising from linear operations on the platform
acceleration. It was expected that differences between these
Ieasures would occur principally for activity at the control,
where subjects may try to actively compensate for induced low
frequency activity.

These spectral analysis techniques do not give any

information of/ the nature of induced activity not linearly related
to the platform motion. 1In particular, subjects could attempt
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to compensate for perceived motion by inducing body movements
or control activity related to the platform motion non-linearly,

though in a deterministic way. Any such activity would be most
clearly seen during exposure to sinusoidal vibration where subjects
should best be able to anticipate the motion and, therefore,
optimise campensatory behaviour. Sinusoidal vibration was therefore
presented at frequencies from 0.5 to 8.0 Hz in order to examine

the time-histories of induced activity.

Method and Procedure

Subjects sat on a hard, flat seat with a backrest and
were restrained by a 5-point harness. The seat, display and control
were mounted on a lm stroke electro-hydraulic vibrator constrained
to move in the vertical axis only. Subjects held the control with
their preferred right hand as if they were performing a tracking
task, although the target was stationary in the centre of the display
at all times. Subjects observed the display through a collimating
lens and attempted to keep the controlled element stationary in the
centre of the target. To accentuate vibration breakthrough and
canpensatory behaviour, the control gain was considerably more

sensitive than that used in any of the performance studies.

The arm support was adjusted for each subject so that the
controlling limb was comfortably supported, but ensuring that the
position of the hand on the control was the same as without the arm
rest. Figure 5.1 shows a subject on the experimental rig with the
arm support in place.

Sinusoidal, whole-body vibration in the z-axis was presented
at 0.5, 1.0, 2.0, 4.0 and 8.0 Hz at a magnitude of 1.8 ms~2 mms. The




Figure 5.1 A subject on the experimental rig with

the arm support in place.




first and last two seconds of each time-history were shaped
using a cosine weighting to ensure smooth progressions of the
platform to and from rest. An additional four seconds was
allowed at the start of each exposure for subjects to adapt to
the motion. The next 16 cycles provided the data used in the
analysis. In the analysis, these 16 cycles were divided into
successive two-cycle periods. These eight segments were then
averaged to give a single two-cycle time-history at each
frequency and for each subject. During this averaging, activity
which is not cyclic at the vibration frequency will -be pro-
gressively attenuated and activity at the vibration frequency

will therefore be accentuated.

The broad-band random motion was band-pass filtered
at 0.25 and 12.5 Hz with attenuation of 24 dB per octave outside
this region. This motion lasted for 310 seconds and was also
presented at a magnitude of 1.8 ms™2 rms. The first and last
five seconds were shaped using a cosine weighting; these periods
were excluded from the analysis. Full details of the vibration
oconditions presented, including the digital sampling rates and

anti-alias: filtering are shown on Table 5.1.

Translational accelerationwasmeasured using translational
accelerometers mounted on the platform and on a bite-bar. A
rotational accelerometer, also mounted on the bite-bar, measured
accelerations in the pitch axis at the head. Subjects held the
bite-bar firmly in their mouth by biting on a dental mould
individually prepared for each subject. Table 5.2 surmmarises
the details of the experiment.

The experiment used a completely randomised block factorial
design with all subjects being -exposed to all conditions (see Kirk,
1968). All subjects had previously taken part in the studies
described in Chapters 8 and 10. Subjects attended the laboratory

for a single session lasting approximately 45 minutes. After making
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Table 5.2 Details of Experiment 1

Independent Variables

Dependent Variables

Subjects

Task

Forcing Function

System Dynamics

Control

Control gain

Dlsglaz

Vibrator

Seat

X

.

X

Vibration frequency; vibration

waveform; arm support.

Acceleration at the head; force at
the hand; angular displacement of the
controlled element on the display.

8 right-handed males.

Hold controlled element in centre of
stationary target.

None.

First-order. Decoupled pitch and
roll'axes of aircraft model.

Isometric side~-stick. With and without
am support.

Il

fore-and-aft = 3.76 v/kg = 2 ©/s5/kg

(vertical)
0.69 v/kg = 2 O/s/kg
(horizontal)

Il

side-to-side

Collimated. Target subtended 33 minutes

of arc at the subjects' eye.

l-metre stroke, electro-hydraulic.
z-axis.

Hard, flat similated helicopter seat
with backrest and 5-point harness.
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Table 5.2 (continued)

Vibration Exposure : All whole-body exposures.

1. Sinusoidal vibration at 0.5, 1.0,
2.0, 4.0 and 8.0 Hz at 1.8 ms™2
ms. 16 cycles at each frequency.

2. Broad-band random vibration (0.25

to 12.5 Hz) at 1.8 ms—2 rms for

300 seconds. .

Person, control and display vibrated.

Sessions per subject : One.

- 138 -




a dental mould and completing a consent form, subjects mounted
the vibrator and the various exposure conditions were explained.
They then read the following instructions:

"Please sit in a comfortable, upright posture
which you can maintain throughout each
vibration exposure. Please do not change
your posture to try to alter your experience
of the vibration. Hold the control with a
comfortable grip, as if you were performing
a tracking task.

Do you have any questions?"

Sinusoidal vibration was then presented for 30 seconds
each at' 0.5 and 8.0 Hz. These exposures familiarised subjects with
the range of frequencies to be presented and allowed for 'settling
in'. The experimental exposures were presented in 2 blocks of 6
trials each (5 sinusoidal and 1 random). The amm support was used
in the first block by 4 subjects and in the second block by the
remaining 4 subjects. Within each block, the order of presentation
of vibration conditions was randomised using a latin square procedure.

3.0 ‘Results

The results will be presented in three parts. The first
part shows the two-cycle responses to the sinusoidal motions and the
second part shows the transfer function results obtained with the
broad~band randcm motion. The third part compares activity at the
control with and without the arm support.
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3.1 Sinusoidal Vibration

The two-cycle averaged results at each part of the
system are shown on Figures 5.2 to 5.8. Each figure shows the
response for all 8 subjects at each vibration frequency. Figure
5.2, showing the waveforms of the platform motions, illustrates
that the averaging procedure was correct and shows the quality
of the waveform produced by the l-metre stroke electro-hydraulic
vibrator used in this study and in experiments 2, 4 and 5. The
waveform shows a slight regular departure from a pure sinewave at
0.5 Hz. Total harmawic distortion was measured as 4.9% at 0.5
Hz and less than 4.0% above 1 Hz.

The z-axis head motion results (Figure 5.3) show that
the head was effectively rigidly coupled to the platform in this
axis at 0.5 and 1.0 Hz. All subjects show a marked departure
from pure sinusoidal head translation at 4.0 Hz: there is a
flattening of the waveform at the head at the top of the platform
motion and an increased peak value at the bottom campared with the
platform motion. At 8.0 Hz the waveforms are again sinusoidal and

the peak accelerations are again greater than at the platform.

There was very little rotational head motion with
vibration at 0.5 Hz and 1.0 Hz (Figure 5.4). At 4.0 Hz and 8.0 Hz,
all subjects show head rotation periodic with the platform accelera-
tion although there was considerable inter-subject variability in the
amplitude and waveform of head rotation. The waveforms were more
sinusoidal at 8.0 Hz and appear fairly complex, and show harmonic
activity, with vibration at 4.0 Hz. The amplitude of induced head
rotation was very much greater at 8.0 Hz than at 4.0 Hz.

The original 16 cycle time histories at the control showed
vibration breakthrough at all frequencies superimposed on apparently
random low frequency activity. Because of this low frequency activity,
averaging these data caused the activity at the vibration frequency
to be attenuated. These time-histories were therefore high-pass
filtered using a zero-phase filter with a cut-off frequency one
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Acceleration
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0 0.2 0.40.6 0.81 1.2 1.4 1.6 1.8 2

Normalised Time (t/T)

Two-cycle averaged platform acceleration
time-histories at each vibration frequency.
Individual data for 8 subjects.

tve acceleration = platform moving down.

(NB. Normalised time = t/T)

= time (seconds)

period of cycle (seconds)
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Acceleration

0.5 Hz

© 0.2 0.40.60.8 1 1.2 1.41.6 1.8

Figure 5.3

Normalised Time (t/T)

Two-cycle averaged translational acceleration
time-histories of the head at each vibration
frequency. Individual data for 8 subjects.
+ve acceleration = head moving down.

Normalised time as for Figqure 5.2
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-360

8.0 Hz

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2

Figure 5.4

Normalised Time (t/T)

Two-cycle averaged rotational acceleration
time-histories of the head at each' vibration
frequency. Individual data for 8 subjects.

+ve acceleration = head pitching up.

Normalised time as for Figure 5.2

- 143 -




( Kg )

Force

1.0 Hz

0 0.2 0.40.6 0.8 1 1.21.41.6 1.8 2

Figure 5.5

Normalised Time (t/T)

Two-cycle averaged force time-histories in
the side-to-side axis of the control at each
vibration frequency. Individual data for 8
subjects.

+ve force = acting to subjects' right, ie.,

away from centre of body.

Normalised time as for Figure 5.2
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Normalised Time (t/T)

Figure 5.6 Two—-cycle averaged force time-histories in the
fore-and-aft axis of the control at each vibration
frequency. Individual data for 8 subjects.
+ve force = acting in backward (aft) direction.

Normalised time as for Figure 5.2
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Figure 5.7 Two—cycle averaged time-histories of the

controlled element displacement in the

horizontal display axis at each vibration

frequency. Individual data for 8 subjects.

+ve angle = to subjects' right.

Normalised time as for Figure 5.2
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Figure 5.8 Two—cycle averaged time-histories of the

controlled element displacement in the
vertical display axis at each vibration
frequency. Individual data for 8 subjects.
+ve angle = towards top of display.

Normalised time as for Figure 5.2
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octave below the vibration frequency in each case and attenuation
of 24 dB per octave thereafter. The resulting control activity
in the side-to-side and fore-and-aft axes is shown on Figures 5.5
and 5.6 respectively. (These data have been scaled to show the
forces applied on the control in each axis. Direct comparisons
can therefore be made across the two axes). Activity at the
vibration frequency can be seen in all cases. In the side-to-side
axis (Figure 5.5), the greatest magnitude of vibration-induced
activity occurs at 4.0 Hz. In the fore-and-aft axis (Figure 5.6),
control activity is more consistent across subjects and shows a
consistent departure from a sinusoidal waveform at 0.5, 1.0 and
2.0 Hz.

With 4.0 Hz vibration the control activity is more
sinusoidal, although 4 subjects show some flattening of the wave-
form in the forward direction around the bottom of the platform
motion. At 8.0 Hz, inter-subject variability is greater although
all subjects show more sinusoidal control activity.

Figures 5.7 and 5.8 show that effectively no vibration
breakthrough appeared at the controlled element on the display in
either axis with 2.0 Hz, 4.0 Hz and 8.0 Hz vibraﬁion. (These data
were filtered in the same way as for the activity at the control).
At 0.5 Hz and 1.0 Hz, breakthrough appeared on the display in both
display axes. The median peak displacement of breakthrough was
about 2 minutes of visual angle in the horizontal axis of the
display and about 4 minutes in the vertical axis.

3.1.1. RMS Data
The rms magnitudes for each of the two-cycle averaged

time-histories are shown on Figures 5.9 to 5.11. These data were
subjected to statistical analyses. Due to the unequal variances
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Data for 8 subjects.
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and the non-normally distributed nature of much of the data,
non-parametric tests were used throughout.

Friedman two-way analyses of variance by ranks were
performed to test for overall effects of vibration frequency at
each system location. There was no overall effect of frequency
in the fore-and-aft axis of the control. Significant results
occurred for all other system locations (in all cases, p£0.001,
df=4). Wilcoxon matched pairs signed ranks tests were then
performed to test for differences between vibration frequencies
at each location (except in the fore-and-aft axis at the control).

Table 5.3 summarises the results of these tests.

' There was no significant difference in rms z-axis head
translation at 4.0 Hz and 8.0 Hz, suggesting that maximum trans-
missibility to the head probably occurs between these frequencies
(Figure 5.9). For rotational head motion however the greatest
magnitude of activity occurred with 8.0 Hz vibration. In the
side-to-side control axis the effect of vibration frequency was
caused both by the increase in activity at 4.0 Hz and a reduction
in activity at 2.0 Hz compared with other frequencies (Figure 5.10).
Figure 5.11 illustrates that, in both axes, the magnitude of break-
through appearing on the display reduced with increasing vibration
frequency from 0.5 Hz to 2.0 Hz and effectively did not occur at
4.0 and 8.0 Hz. Wilcoxon tests also showed that significantly
more activity occurred in the fore-and-aft axis of the control

than in the side-to-side axis at 0.5 Hz, 1.0 Hz and 2.0 Hz (p<0.0l).

Broad-band Random Vibration

Figures5.12 and 5.13 show the transmissibility to the z-
and pitch axes at the head for each subject during the broad-band
random vibration exposures. These figures also campare the medians




Table 5.3 Results of Wilcoxon tests for differences between

each vibration frequency at each location. No
arm support. N=8

1. Head : z-axis
0.5 1.0 2.0 4.0 8.0
0.5 — * % % * %k * %k * % %
1.0 —_— * % % * % % * %k
2.0 —_—— * % * & %
4.0 —_— NS
8.0 _—

2. Head : pitch axis

0.5 | 1.0 2.0 4.0 8.0

0.5 —— ] k%% * % % * %k * %k
—_—— * % % *kk | kkx

2.0 —_— * % % * %k
.0 —_—— * %k
.0 -

3. Control : side-to-side axis

0.5 1.0 2.0 4.0 8.0

P9.5 —-_— NS * % % *x* [ Ng
1.0 -—= | * * Xk NS
2.0; ——— | xxx * k%
4.0 ——— * k%
8.0 -——

4. Controlled Element : horizontal display axis

0.5 | 1.0 2.0 [ 4.0 | 8.0
0.5 —_— * % % * % & * % % * k%
1.0 _— XS * % % * % %
2.0 —_— * %k k * % %
4.0 ——~ [ ns
8.0 ——

i
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Table 5.3 (Continued)

5. Controlled Element : vertical display axis
0.5 1.0] 2.0 4.0 8.0
0.5 | === * % % * % % * k% * % %
1.0 | ;-_ * % % R e
2.0 - * % * * % %
4.0 --- | NS
8.0 ——
Key: * = P<O0.05
** = p<o0.02
¥** = p<0.01
NS = Not significant

Two-tailed tests
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Figure 5.12 (a) Transmissibility of vibration to the head
in the z-axis for 8 subjects (PSD/PSD) .

(b) Comparison of median total and linear trans-
missibilities to the head in the z~-axis.

Phase lag between z-axis motion at the head
and at the platform for 8 subjects.
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Figure 5.13

Vibration Frequency (Hz)
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(b)

Transmissibility of vibration to the head in
rotation (pitch) for 8 subjects (PSD/PSD) .

Comparison of median total and linear trans-
missibilities to the head in the rotational axis.

Phase lag between rotation at the head and
translation at the platform for 8 subjects.
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of the total transmissibility (PSD/PSD methed) and the transmissibility
attributed to linear operations on the platform motion (CSD/PSD

method) and show the phase lag of the head relative to the display.

For both translational and rotational head motion, subjects show
reasonable similarity in the frequency range of maximm trans-
missibility: in both axes the maxima occur around 6 Hz and the region
of resonance ranges from about 3 to about 12 Hz. There is considerable
inter-subject variability in the absolute magnitudes of traﬁsmission.
In the z-axis (Figure 5.12) transmissibility at 6 Hz ranges from

about 2 to about 2.5 with a median of about 2.1. In rotation

(Figure 5.13) the range is much greater - from about 100 to nearly

400 degrees mfl - although two subjects show very much more rotation
than the other six. The median for rotational head motion is around
180 degrees m L.

Figures 5.12b and 5.13b show that, in both axes, head
motion was almost entirely attributable to the linear transmission
of vibration through the body. Figures 5.12c and 5.13c show
increasing phase delays between the platform motion and each axis
of head motion with increasing vibration frequency. The greatest
rate of increase in phase lag occurs around 6 Hz, coinciding with
the frequency of greatest transmissibility.

The transmissibility to each axis of the control is
shown on Figures 5.14 and 5.15. These figures also compare the
total transmissibility with the proportion attributable to linear
operations on the platform motion. In both axes, the dominant
feature is the large transmissibility at frequencies below about
2.5 Hz, most of which does not arise from the linear transmission
of platfomm vibration. This is attributable to control activity
induced by the subjects. The apparently large transmissibility
arises because of the small amount of energy in the platform motion
at the lowest frequencies. In the side-to-side axis, the trans-
missibility was approximately constant at about O.2 kg/hs‘z between
about 3 and 8 Hz. In the fore-and-aft axis there was a slight
drop in the magnitude of induced activity between about 5 and 7.5 Hz,
although the magnitude was also about O.2 kg rms™2 around this region.
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Arm Support

Figure 5.16 compares the rmms magnitude of the two-cycle
averaged time-histories of control activity in response to the
sinusoidal motions with and without the arm support. Friedman
tests showed no significant effect of vibration frequency in either
control axis with the arm support, while the figure shows a
tendency for more activity to occur in the side~to-side axis
without the support at 4.0 Hz than at other frequencies. Wilcoxon
tests showed significantly less activity in the side-to-side
control axis with the arm support during vibration at 0.5 Hz
(p<0.05), 1 Hz (p<0.0l), 4.0 Hz (p 0.01) and 8.0 Hz (p<0.05)
compared to the activity with the arm support. There was no
significant effect of the arm support in the fore-and-aft axis.

Figure 5.17 compares the median total transmissibility

to each axis of the control during the broad-band random motion
with and without the arm support (PSD/PSD method). These data show
that the main effect of the arm support was to reduce the vibration
breakthrough in the side~to-side axis of the control. In both
axes, the data with the arm support also show the large proportion
of activity not linearly related to the platform motion at
frequencies below about 2.0 Hz.

Discussion

The main aim of this study was to provide a description
of the activity which can be expected to occur at each part of the
system during exposure to z-axis translational whole-body vibration.
The discussion will deal mainly with those aspects of the data which
may help to explain the mechanisms underlying the effects of
vibration on manual control performance. The nature of the
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biodynamic models required to explain the results is beyond the
scope of this thesis.

4.1 Activity at the Head

The data indicate that the maximm seat-to-head trans-
missibility for both translational and rotational head acceleration
occurred around 6 to 7 Hz. Although there was considerable inter-
subject variability in the absolute magnitudes of transmission,
the maxima occurred in this region for all 8 subjects. Median
transmissibility at 6 Hz was about 2.1 for translational and
about 180 degrees m L for rotational head acceleration. The data in
response to broad-band random vibration are in good agreement
with results obtained by Paddan and Griffin (1986) when subjects
sat with their backs supported.

These data indicate that, with the magnitude of vibration
used in this thesis, significant relative acceleration between
the head and the display can be expected at vibration frequencies
above about 2 Hz. The magnitude of relative acceleration between
the eye and the display will depend upon the extent to which the
vestibular-ocular reflex, the otolith-ocular reflex and voluntary
eye tracking can compensate for acceleration of the head relative to
the display. These are all dependent on the vibration frequency.
The effects will also depend upon the visual resolution required
by the task, and effects fram head translation will be dependent
on the viewing distance. Furthermore, with increasing magnitudes
of vibration, subjects may be able to utilise nodal images in
the pattern of visual blurring to assist in detecting the displayed
information, (Huddleston, 1970). It is therefore not possible(}p/
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to make simple statements about the relationship between induced
head acceleration and the magnitude of visual disruption. At frequencies

below about 2 Hz; however, the data indicate that visual disruption
arising from relative acceleration between the head and the display is

not likely to be significant.

Activity at the control and controlled element

In both control axes, most of the activity at vibration
frequencies above about 2.5 Hz can be directly attributed to the
vibration. At lower frequencies, the proportion of activity not
linearly related to the vibration increases as the frequency
reduces. In the fore-and-aft axis of the control the two-cycle
averaged waveforms (Figure 5.6) show a highly regular departure from
sinusoidal activity at 0.5 Hz, 1.0 Hz and 2.0 Hz. This may
reflect subjects intentionally inducing forces on the control to
try to compensate either for perceived breakthrough or for some
more general sensation of motion. 1In the side~-to-side axis, the
activity not attributable to the motion is more random-like in
waveform (Figure 5.5), and is therefore less likely to reflect
an active compensatory response.

Random appearing low-frequency control activity occurred
in all vibration conditions and, indeed, was the reason why the
time-histories of control activity were high-pass filtered. This
study cannot distinguish whether this background activity was
altered, or indeed induced, by the vibration conditions. (However
this will be investigated in Experiment 5). The apparent trend
towards reducing activity in the side-to-side axis of the control
as the vibration frequency increased from 0.5 Hz to 2.0 Hz
(Figure 5.10), may reflect the reducing ability of subjects to

respond as the frequency increases.
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Effect of the Arm Support

The arm support caused a reduction in the magnitude
of vibration-induced activity in the side-to~side axis of the
control. The arm support therefore provided lateral stability
to the arm but had little effect in the longitudinal (ie., fore-
and-aft) axis. It is difficult to generalise from the particular
support used in this study to arm supports in general: the precise
effects are likely to depend on the type of support provided

including its dynamic characteristics. However, the results from

the study suggest that an arm support may reduce the effects of

vibration on performance if vibration breakthrough - in this case
in the side-to-side axis - significantly contributes to the dis-
ruption.

Conclusion

Four main conclusions are drawn fram the data obtained
in this study.

At vibration frequencies between about 2 Hz and 12 Hz,
both translational and rotational acceleration occurs
between the head and the display: in both cases,
maximm relative acceleration occurs at about 6 Hz.
Because of the complexity of the visual system,. and
the mechanisms contributing to visual impairment,
predictions of the extent of visual disruption are
not possible on the basis of these data. However,
with the magnitudes of vibration presented in this
thesis, impairments in visual ability are not
expected to significantly contribute to performance
disruption at vibration frequencies below about 2 Hz.




Platform vibration can directly induce activity
at the vibration frequency in both axes of the
control across the range of frequencies presented.
However, vibration breakthrough only appeared at
the controlled element on the display at
frequencies below about 1 Hz. The median rms
magnitude of breakthrough in this study was

about 2 minutes of viewing angle in the horizontal
display axis, and about 4 minutes in the vertical
axis. The control gain in this study was con-

siderably more sensitive than in any of the

performance studies. Vibration breakthrough

is therefore not expected to be an important
mechanism of performance disruption in the

later studies at vibration frequencies above
about 1 Hz, and is unlikely to significantly
contribute to disruption at the lowest frequency
presented in this thesis (0.5 Hz).

At vibration frequencies below about 2 Hz, the
data suggest that subjects may actively induce
control activity to campensate for perceived
motion of the body.

Providing an arm support can reduce the magnitude
of vibration-induced activity occuring at the
control. The effect of an arm support, however,
is likely to depend upon the details of the
particular support provided. With the support
used in the present study, the effect occured
mainly in the side-to-side axis of the control.
The effect of a reduction in vibration-induced
activity at the control on performance will
depend upon the extent to which vibration
breakthrough is an important mechanism of
disruption.




CHAPTER SIX

EXPERTIMENT TWO: THE EFFECT OF SINUSOIDAL VIBRATION
AT FREQUENCIES FROM 0.5 TO 5.0 HZ ON PERFORMANCE
OF THE COMPLEX MANUAL CONTROL TASK

Introduction

This Chapter describes the first experiment investigating
performance of the combined continuous and discrete manual control
task during whole~body vibration exposure. The study had two main
aims. The first was to investigate whether this complex task would
be sensitive to disruption by whole-body vibration. The second was
to investigate whether any disruption would be frequency dependent.

In Experiment 1 relative acceleration between the head
and the display was observed in both translational and rotational
axes at vibration frequencies from about 2 to about 10 Hz. In both
axes the greatest magnitude of relative acceleration occurred at about
6 Hz. If effects of vibration on visual ability are related to the

relative acceleration between the head and the display therefore,

effects would be expected to increase as the vibration fregquency
increased from about 2 to about 6 Hz. At vibration frequencies below

about 2 Hz, impairment in vision due to relative acceleration between
the head and the display would not be expected. Effects on
performance arising from impaired visual ability should show a

similar frequency dependence.

Experiment 1 also demonstrated that similar magnitudes
of vibration breakthrough could occur at the control during sinusoidal
vibration at frequencies from 0.5 to 8.0 Hz. However, the system
dynamics increasingly attenuate control activity at increasing
frequencies: breakthrough only appeared on the display at vibration
frequencies below 1 Hz. Breakthrough at the display is therefore




not likely to be a significant mechanism of performance disruption
at vibration frequencies above about 1 Hz, and its effect should
increase with decfeasing frequency below 1 Hz. However, in order
to accentuate breakthrough in Experiment 1, the control gain was
considerably more sensitive than in the present study. It was
therefore considered unlikely that display breakthrough would
significantly contribute to performance disruption in this
experiment.

In summary, from a knowledge of the transmission of
vibration to the head, to the control and to the controlled element
on the display, it was expected that effects of vibration on
performance would arise mainly from impaired visual apbility. Dis-
ruption was expected to occur at vibration frequencies abcve about
2 Hz, and was expected to increase due to increasing visual impair-
ment as the frequency increased to 5 Hz. TIf vibration breakthrough
contributed to performance disruption, its effect would increase
with decreasing vibration frequency below about 1 Hz.

2.0 Method and Procedure

Subjects performed the combined continuous and discrete
tracking task using the full, cross—-coupled system dynamics described
in Chapter 4 and Appendix C. They operated the iscmetric side-arm
control with their preferred right hand and viewed the display
directly at a distance of approximately 750 mm. Subjects sat on
a hard, flat seat with a backrest and were restrained by a 5-point
harness. The seat, control and display were all mounted on a 1 m

stroke electro-hydraulic vibrator which was constrained to move
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in the vertical axis only. Fiqure 6.1 shows the layout of equipment

on the vibrator.

Movement of the target, a circle of diameter 10 mm, was
controlled on-line from a PDP 11/34 digital camputer. Forcing
functions were low-pass filtered at O.1 Hz with attenuation of
24 dB/octave above this frequency. A separate random appearing
forcing function moved the target in each axis of the display.
Forcing functions were randomly selected for each run from a total
of 36 different time-histories but ensuring that no subject received
the same one twice and that no forcing function was used more than
once for any vibration condition. The target always started and

ended each run in the centre of the display.

Forcing functions were output to the display by 10-bit
digital-to-analogue conversion at 25.64 samples per second. The
forcing functions and the system response (controlled element
position and button state), were acquired by analogue-to-digital
conversion at 25.64 samples per second. All time-histories were
passed through anti-aliasing filters with a cut-off at 6.3 Hz and
attenuation of 48 dB/octave thereafter. Tracking runs lasted for
180 seconds although the first 15 seconds of each run were discarded

in the analysis.

Whole-body, sinusoidal, z-axis vibration was presented
at each preferred third-octave centre frequency between 0.5 Hz and
5.0 Hz at an acceleration magnitude of 2.0 ms_2 ms. Subjects also

performed a single control run without vibration. The order of

presentation of these 12 runs (11 vibration, 1 static) was randomised

both within and across subjects. Further details of the equipment,
vibrators and task are presented in Chapter 4. The details of this
experiment are summarised on Table 6.1.




Figure 6.1 A subject on the experimental rig for

experiment 2,




Table 6.1 Details of Experiment 2

Independent Variables

Vibration frequency; Session.

Dependent Variables : Simple probabilities - p(on), p(hit),
etc.
Subjects : Session I ~ 10 right-handed males

Sessions II and III - 8 right—~handed

males (6 from Session I).

Task

Combined continuous pursuit tracking
and discrete target acquisition task.
300 seconds per run. The first 15
seconds of each run were omitted from
the analysis.

Forcing Function

Gaussian random time-histories, low-
pass filtered at 0.1 Hz with 24 dB/
octave attenuation thereafter.

System Dynamics

First-order. Full, Ccross-—coupled
aircraft model.

Control : Isanetric side-stick. No arm support.

control gain

X

fore-and-aft = 1.0 v/kg = 0.53 O/s/kg
(pitch)

5.2 ?/s/kg
(roll)

1l

side-to-side = 0.2 v/kg

Uncollimated.

Display
Viewing distance = 750 mm
Target subtended 33 minutes of arc
at the subjects' eye.
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Table 6.1 (continued)

Vibrator

Seat

Vibration Exposure

Sessions per subject

e

(X3

l-metre stroke electro-~hydraulic.

zZ-axis.

Hard, flat simulated helicopter seat
with backrest and 5-point harness.

Whole-body, sinusoidal vibration at
0.5, 0.63, 0.8, 1.0, 1.25, 1.6, 2.0,
2.5, 3.15, 4.0 and 5.0 Hz at 2.0 ms—2
rms. Person, control and display
vibrated.

3 complete replications.

R TG S A
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2.1 Training

Ten subjects were initially trained over three sessions

of 10, 3 minute runs without vibration. These sessions were
presented on successive days. 1In the fourth session, subjects
performed two runs without vibration, followed by a block of
twelve runs in random order; one at each of the eleven vibration
frequencies and one with no vibration. The fifth session was a
replication of the fourth with a different random order of
presentation. This fifth session was originally planned as the
experimental session, and will be referred to as Session I.

Data from Session I are presented in the results,
The data were highly variable both within and across subjects
and showed no overall effect of vibration. It seemed likely that
the variability in the data reflected insufficient training and
that this variability could have masked any systematic vibration
effect. It was therefore considered necessary to further train
the subjects and repeat the experiment. At this stage, four of
the original subjects dropped out and two new subjects were
recruited, giving a final sample size of eight. The six original
subjects were given five more training sessions of 10, 3 minute
runs each without vibration. The two new subjects were given
10 sessions of 10 runs each, with sessions 4 and 5 providing the
same vibration exposures as the other subjects had received.
Training was followed, as before, by two identical sessions
under vibration. New sets of forcing functions were used for
the second series of training sessions and for the final two
sessions with vibration. Learning curves for these subjects are
presented in Appendix D.

On the final two sessions, subjects performed 13, 3
minute runs. The first run served as a 'warm-up' and was
performed without vibration. The next 12 runs included one at
each vibration frequency and one without vibration. The order
of presentation of these 12 runs was randomised. These two
sessions will be referred to as Sessions IT and III respectively.
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3.0 ° Results and Discussion

The results will be presented in two parts; the first
part deals with performance of the continuocus task and the second
part deals with the discrete task.

3.1 Continuous Task

Figures 6.2 to 6.4 show the distribution of the
probability of being on target - p(on) - against vibration frequency
for each of the three experimental sessions (ie., Sessions I, II and
ITI). These figures also show the medians and inter—quartile ranges
of the data for each session. Friedman two-way analyses of variance
by ranks tests were used to test for overall effects of vibration
frequency within each session. Results showed an effect of
frequency for Session III only (12:= 31.98, 11 degrees of freedom
(df), p<0.001). The effect of frequency remained when the data
for the no vibration run were excluded from the analysis Cx2==23.4,

10 df, p¢0.01). There were no effects of vibration on Session I.

The data for Sessiors IT and III were transformed to show
the percentage change in p(on) at each vibration frequency. The
percentage change was defined as:

Percentage change = p(on) static - p{on) vibration % 100

p(on) static

These data are shown on Figure 6.5 for Sessions II and III.
The probability of these percentage change data having occurred
by chance compared with an expected change of 0% was assessed using
the sign test. These tests were significant on both sessions (z = 5.7
for Session II and 6.3 for Session III, p<0.000l) indicating that
vibration significantly disrupted performance in both cases.
Wilcoxon Matched-pairs signed ranks tests were then carried out on
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the 'raw' data for Session III to test for differences between each
vibration condition. Table 6.2 summarises the results of these
tests. Although 65 tests were performed, and therefore a number

of these apparently significant results can be attributed to chance,
it is clear that the effect of frequency was mainly caused by
vibration at 4.0 and 5.0 Hz combined with poorer performance under
vibration campared with the no vibration conditions.

Sumarising these data, the results show three main
effects:

(i) On Session I, the variability of the
data due to the incamplete training
of subjects masked any effect of
vibration which may have occurred;

(ii) On Sessions IT and IIT performance
under vibration was consistently
poorer than performance without
vibration; and

(iii) On Session III vibration at 4.0 and
5.0 Hz produced greater disruption
than at lower frequencies.

The difference between Session I and Sessions IT and IIT
illustrates the importance of adequately training subjects before
determining whether vibration can affect performance. Fram these
data it is not possible to determine whether the variability on
Session I included a component due to a lack of training under
vibration conditions.

There was no significant difference between Sessions IT
and III either over all conditions or within any vibration condition.
It is not clear therefore why a frequency dependent effect appeared
on Session III but not on Session II. If subjects were, in same

sense, learning to perform the task under vibration conditions on
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Table 6.2: Results of Wilcoxon tests between each
vibration condition on Session III.
0 0.5]0.63 | 0.8 1.0 | 1.25| 1.6 | 2.0| 2.5|3.15] 4.0 |5.0
0O - * NS * k% * * * k% * * * * %% * % K
0.5 | - NS | NS NS NS NS | NS | NS NS | *** | %%«
0.63 | - | NS * NS * NS | NS NS | **%% | *%x
0.8 - NS| NS | NS | NS |[NS | NS | * |%%*
1.0 - NS * | NS | NS | NS | * |***
1.25 - NS | NS | NS | NS | NS | **
1.6 - NS |'NS NS | NS| *
2.0 - NS NS N
2.5 - NS * *
3.157- - * *
4.0 - | NS
5.0 -
* = p<O0.05
** = pg0.01
*** = p<0.001

(1-tailed tests: H

1

p(on) vibration< p(on)static)
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Session II, it would be expected that performance would be poorer
on this session during vibration. Comparing across sessions
(Figure 6.5) shows poorer performance at some frequencies on
Session II but better performance at others. Subjects had already
experienced two vibration sessions prior to Session II. It
therefore seems unlikely that the difference was attributable to
Ye-learning under vibration.

The data show that vibration produced disruption to
p(on) which was significant, although statistically independent
of vibration frequency below 3.15 Hz. Significantly more disruption
occurred with vibration at 4 Hz and 5 Hz than at lower frequencies
or without vibration. These data suggest that a different, or
additional, mechanism was responsible for the disruption at 4.0 and
5.0 Hz. It seems likely that visual impairment was the mechanism
responsible for this increased disruption at 4.0 and 5.0 Hz. The
data support the prediction made in the introduction that effects
would increase as the vibration frequency approached 5 Hz. Due to
the variability in the data it cannot be said that visual effects
were not mportant at 2.0, 2.5 and 3.15 Hz however. Indeed, there
is not likely to be some discrete acceleration threshold above which
visual effects occur. )

Moseley and Griffin (1982) suggested that effects of
vibration on vision may principally depend on the velocity with
which the image of the display elements move across the retina.
The results from the present study show increasing performance dis-
ruption in the frequency range at which relative acceleration between
the head and the display was expected to increase (see Chapter 5).
Without more detailed investigation, however, it is not possible to
determine the importance of relative acceleration, velocity or
displacement between the head and the display in producing the
observed effects.
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The lack of a frequency dependence in the disruption
at vibration frequencies below about 2.5 Hz suggests that vibration
breakthrough appearing on the display was not an important mechanism
in this study. Furthemmore, if subjects had attempted to actively
control out perceived breakthrough at the hand and arm, a frequency
dependence would still be expected: such active control may be
possible at frequencies below about 1.5 Hz but would be unlikely
at higher frequencies. These results may indicate scme central
response to the induced stress. Subjects could, for example, have
been distracted from the task through anxiety or otherwise diverted
attention from performance to monitoring the well-being of the body.
This type of central mechanism could be independent from the
frequency of vibration. Alternately, the data may reflect same
neuromuscular mechanism, such as increased muscular'noise'due to
an increase in muscle tension in response to the acceleration
magnitude of the vibration.

3.2 Discrete Task

Figures 6.6 and 6.7 show the percentage change in the
probability of pressing the button while on target - p(hit) - and
while off target - p(FA) - on Sessions II and III. These data
show the same general trends observed with p(on); approximately
constant disruption at frequencies below 3.15 Hz and greater
disruption at 4.0 and 5.0 Hz. There was an overall significant
effect of vibration on each session for both of these measures
(p<0.01) although there was no significant frequency dependence,
and no effect of session in either case.

The probability of pressing the button, whether while on
target or while off target, is likely to be dependent upon the
overall probability of being on target: subjects may alter their
button pressing strategy depending upon the relative proportion of
time spent on and off target. Changes in p (hit) and p(FA) may
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therefore reflect changes in p(on) rather than effects on discrete
task performance as such. Fiqure 6.8 shows the probability of
pressing the button - p(press) - as a function of p(on) for both
sessions. Kendall's rank correlation coefficient showed a
significant correlation between p(press) and p(on) on both sessions
(for Session II,Y = 0.37, p<0.0001, and for Session III,
Y=o0.27, P < 0.0001). Because p(press) is dependent on p(on)
therefore, p(hit) and p(miss) cannot be used as direct measures of
effects of vibration on discrete task performance.

When the effect of changes in p(on) was removed from
p(press) - by taking the ratio of p(press) to p(on), p(press/on) -
there was no significant effect of vibration frequency for either
session. Figure 6.9 shows the percentage change in p(press/on)
for the two sessions. Although there is a consistent difference
in the median data across the two sessions, the difference was not
significant at any frequency. Taken over all frequencies, however,
the percentage change in p(press/on) was significantly smaller on
Session ITI than on Session II (Wilcoxon test, p<«0.01).

These data therefore show that the discrete task was not
affected by the frequency of vibration independently from the

effects observed on the continuous task. However, Figure 6.9
indicates a change in button pressing behaviour between Session II

and III. The greater change in p(press/on) on Session II may
indicate that subjects were more disturbed or distracted by the
motion on this session, and were therefore less likely to press the
button. With the more recent experience of vibration exposure on
Session III, subjects may have been less disturbed or distracted
by the motion.
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Figure 6.8 The probability of pressing the button - p(press) -
against p(on) on Sessions II and ITT.
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p(press/on) - as a function of vibration frequency
on Sessions II and III.
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Conclusions
S S AOIS

Three main conclusions are drawn from this study:

(1)

The results show that the continuous pursuit
tracking task was sensitive to disruption
by whole-body vibration in the region fram
0.5 to 5.0 Hz. Greater disruption occurred
at 4.0 and 5.0 Hz than at lower frequencies,
and the disruption was independent of
vibration frequency below 3.15 Hz. The
discrete task appears not to be disrupted
by the frequency of vibration independently
fram the effects on the continuous task.

The frequency dependence in the effect on
the continuous task suggests that a
different, or additional mechanism was
responsible for the disruption at 4.0
and 5.0 Hz, than produced the effect below
3.15 Hz. It seems likely that impaired
visual ability was responsible for the
increase in disruption at 4.0 and 5.0 Hz
At frequencies below 3.15 Hz it was
suggested that the lack of a frequency
dependence may indicate either scme
central mechanism, such as distraction
Oor anxiety, or some neuramuscular
mechanism not dependent on the bio—
mechanical re