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1. O Introductlon

In Appendix 1 of this report general procedures for the design and
evaluation of vibration isolation systems are reviewed. It ig shown
that in general, a vibration isolation system is adequate only when it
enables a human operator to meet the objectives of some system by
performing.a task well enough and for long enough. If the vibration
intrudes too far upon the operator's performance and endurance the
system of which he is a part will not meet its objectives. There still
remain examples today where inadequate vibration isolators limit the
performance of a system. The agricultural tractor is one of these. It
is not uncommon to see a tractor driver supplementing the tractor tyre
spring by using his own vibration isolators - his legs.
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In most passenger transport vehicles, particularly pagsenger cars,
vibration isolation systems (suspension systems) have progressed to the
point where vibration no longer intrudes upon the performance of the
driving task. Passengers are now willing to ride for long periods of
time in such vehicles. However, so long as it 1lg commercially worth
while development of such already acceptable suspension systems will
continue. ' '

1.2 Suspension improvement

Paced with the problem of improving an already satisfactory suspension
system, a vibration engineer at present can be certain of only one thing.
Namely that he has shown an improvement only when he has physically attenuated
vibration of the vehicle at all frequencies in the RIDE SPECTRUM (2).

This truth emerges fram the fact that human beings are frequency
sensitive to vibration. A characteristic about which, at present, we
cannot be precise for the case of random vibration.

At this point it should be emphasised that even when a reduction in
vibration power has been achieved physically, at all frequencies, there
remains the problem of Just Noticeable Difference (JND). One JND being
- the smallest difference in vibration characteristic capable of causing a
change in the response of the human recipient (l). If there exists less
than one JND in the reduction of vibration, the value of such a reduction
to the human being will be nil.

l 3 Suspension design criterion - mlnﬁ?ﬁ@_élEEEmeEE_iEeSE{E§_Q¥Q§2
The vibration engineer who finds that he cannot reduce vibration power
at all frequencies in the Ride Spectrum could direct his efforts towards
achieving the Minimum Discomfort Spectrim. The M.D.S. is here defined as
that distribution of Power in the Vehicle Power Spectrum (2) (See also Fig.
13) that causes leasgt discomfort to the recipient.




If the characteristics of human sensgitivity to random vibration
were precisely known it would be possible to apply the M.D.S. technigue
to suspension design. This would be achieved for a fixed total vibration
power (area under the P.S.D. curve figure 13) by adjusting the position
of the power peaks on the frequency axis to coincide with frequencies
of minimm sensitivity. To apply the M.D.S. technigue it is therefore
necessary to know sensitivity characteristics for random vibration in
terms of Power, frequency and Number and distribution of Spectral Power
Peaks. ‘

In véhicle vibration the spectral power peaks correspond to the dominant
naturel freguencies of the system (Fig. 13). »

J.N.D. problems also arise for the M.D.S. technique. The Spectral
peaks must be moved, in frequency, more than 1 JND for the adjustment to
be congidered of value to the vehicle occupant. Another approach towards
the M.D.S. is to transfer the power from one spectral peak to another in a less
gensitive frequency region. Again JND problems arise if this is achieved -
by contracting the bandwidth of the spectral peaks.

It seems necessary therefore to know human vibration sensitivity
characteristics in terms of the JND centre frequency and bandwidth of a
spectral peak. Information which, it seems credible, could be furnished
from laboratory studies using narrow band random vibration starting with a
random amplitude modulated sine wave.

1.4 Experimental evidence of human vibration sensitivity‘characteristics
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Evidence concerning vibration intensity and frequency sensitivity has
been available for more than L0 years. Reiher and Meister 1931 (3)
determined subjectively the intensity and frequency characteristics of a
large sample of people using sinusoidal vibration. Their curves showed an
increase in sensitivity in the region 4 - 5 c/s. Later studies by Janeway
(L), Goldman (5) and Dieckman (6) improved and fortified the Reiher and
Meister Results. In particular Janeway reinterpreted the sensitivity
curves in terms of derivatives of the motion splitting the frequency axis
into regions of amplitude, velocity, acceleration and jerk dependence.
Goldman added a scatterband to the sensitivity curves to accommodate
individual difference. Dieckmans work which also stratified the frequency
axls into motion derivatives led to the adoption of a German VDI standard (7
for human vibration sensitivity. However such sinusoidally derived
frequency sensitivity curves, based upon subjective evaluation techniques have
not found favour with the vibration engineer attempting to improve or evaluate
an already satisfactory suspension system, Van-Eldik Thieme (8). Thus although
the concept of a Minimum Discomfort Spectrum has been understood for a long
timc, Human Factor studies have so far failed to sensitise Research techniques
that specify Human Vibration characteristics, in terms useful as design
criterion for the vibration eingineer. Lack of application of sinusoidally
derived sensitivity curves as design criterion for random vibration isolators



suggest that they may not be wvalid.

The advent of electrchydraulic vibrators capable of producing random
vibration in the laboratory has made possible a review of Human Sensitivity
characteristics. In particular JND! ¢ of vibration power, narrow power
hand centre frequency and width and the interaction between number and
distribution of spectral pegks could be investigated.

~ Random Vibration Studies, guch as these, if they are to succeed
where the sinusoidal studies failed, require human vibration evaluation
methods - Research techniques - more sensitive than the subjective
techniques used hitherto.

It ie to this aspect - evaluation - that the experiment reported
here makes some contribution.  Techniques for measuring the effects of
vibration on human beings are reviewed. A technique which uses a
psychological index of vibration effects is tested. The same index is
wced to check the validity of using electrohydraulic vibrators to simulate
the random vibration experienced by the occupant of a passenger car.

The JND and other sensitivity characteristics mentioned above, although
extremely important in suspension design, are not cons idered in thie
presentation. Tndeed their omission sets a limit to .the value of the
reported experiment. For, even if a psychological index leads to the
development of a yardstick for vibration effects, to be of value to the
vibration engineer, a point must be located on the scale which represents
1 JND. The psychological index tested in this experiment is therefore
seen only as a stepping stone to the determination of human vibration
sengitivity characteristics and for use as a suspension evalvation technique.
Knowledge of the vibration sensitivity characteristics would permit use
of the MDS technigue for suspension improvement.

1.5 Suspension evaluation

As a technique for evaluating a suspension system (ride evaluation)’
any index must be capable of detecting small differences which exist between
similar suspensions. Often large differences are known to exist subjectively
between suspensions but their gquantitive effect upon human performan ce,
mental capability and well being cannot be agreed because of the lack of a
guantitative mea surement technigue. The present vogue towards energy
transfer between degrees of freedom of passenger cars - from pitch motion
to vertical motion (hydrolastic suspension) is one example of a claimed
improvement which needs to be gquantified. In this experiment a psychological
index is tested to see whether it could fomm the basgis of a quantitative
technique for measuring the effects of vibration on car occupants.
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Low intensity vibration has already been defined. It was said to be
vibration whose characteristics intrude neither upon ability to perform
the driving task nor upon willingness of persons to remain exposed to such
vibration for long periods of time. ~ The majority of passenger car
vibration falls into this category.

By definition, therefore, the performance of a car suspension system
cannot- be evaluated in terms of the driving task or general feelings of well
being. It would of course be possible to increase the severity of the
vibration by driving the vehicle over abnormally rough surfaces until the
vibration influenced driving performance and feelings of well being. However
a validation problem would arise when extrapolating the rough surface results -
to more comfortable conditions. A more acceptable approach, which to some
extent circumvents the above velidation problem, would be to increase the
difficulty of the driving task or to provide passengers with a difficult
task to perform at comfortable levels of vibration. There is a tendency
for a vehicle suspension system to perform best at its design point. A
suspension system which provides the most adequate isolation on extremely
rough surfaces is not necessarily the one which performs best on good
surfaces, concluding therefore that an evaluation technique must apply in
non-exaggerated vibration conditions Driving perfamnance and well being
indices are rejected as evaluvation technlques.

2.1 Subjective measures

Although, in general, low intensity vibration fails to cause intolerance.
It is etill very valid to ask a person which, for example, of two suspension
systems he would prefer. Such opinions or subjective judgements are of
fundamental importance, for if any objective evaluation technique is to
succeed it must not disagree violently with what the person thinks. Any
objective evaluation technique must immediately be abandoned if it disagrees
violently with human judgement because it is less fundamentall

Tt is 1mportant to distinguish between human judgement which is 'honestly!
right and 'honestly' wrong. Human Jjudgement in some ways can be looked
upon as hypothesising. On the bas is of experience of a suspension system a
Judge might hypothesise that one suspension system is betlfer than another
and then decide to accept or reject his hypothesis. If the hypothesis is
in fact true in his judgement he decides to accept it, he is said to be
honegtly right - similarly if it is false and he decides to reject the.
hypothesgis. If however, he makes a wrong decision and rejects a true
hypothesis or accepts a false hypothesis he is said to be honestly wrong.
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* The prefix 'honestly' is used here to indicate that the subject is
answering obJjectively, not maliciously.



Therefore, although more fundamental than more objective evaluation
techniques, the objective technique should not be so weak that it cannot
" detect an honestly wrong decision.

Subjectively evaluation should where possible accompany the objective
measures and vice versa. Semantic problems prevent accurate ranking of
vibration sensation using subjective methods. Ranks such as intolerable,
bearable, uncanfortable, acceptable and comfortable are often misunderstood
and are generally insensitive.

Subjective scale measures have hal their use. (Dieckman (6), Richer
and Meister (3), Goldman (5) but have generally been superceeded by pair
comparison methods (M.I.R.A. (9)).

2.2 Cross modality

A semi subjective evaluation technigue which overcomes the semantic
problem is cross modality. In this technique sensations of vibration
motion, touch and position, the kinaestatic and tactile senses are equated
to the auditory or visual mode of sensation. Cross modality techniques
have been described by Stevens, Ref. 1 and used in suspension evaluation
studies by Versace (10). One technique is to equate the magnitude of
vibration sensation with noise sensation. Random noise is applied to
headphones whilst the subject undergoes the vibration. " The subject selects
that loudness of noise which generates a sensation in his ears, equal in
magnitude to the vibration. Regression and Correlation of Cross Modality
Variables have received attention for example in the two references quoted.

Cross Modality was congidered as a possible evaluvation technique in
this study. It was however abandoned without rationale in favour of a more
objective technique. It is still considered to be one of the more acceptable
methods.

Because of the experimental design, subjective measures were not required
in the primary evaluation study. They were however used to rate a motion
simulator.

2.3 (Classification of objective evaluvation techniguesg
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The objective techniques fall into two broad classes. Those which
are based upon fentral Nervous System functions and those on Cardiovascular
Functions. Making three general classes together with the subjective
methods.
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The CNS functions which were concldered for use as an index of vibration
effects include:

1. Neuropsychological indices of brain function, Electroencephalograms
(E.E.G.).




2. Vigilance and attention.

Organisational factors, the effects of vibration on high level mental
organisation processes.

k., Psychophysiological functions =~ Just Noticeable differences, reaction
times, ablllty to maintain constant forces, changes in the accommodatlon
time of ‘the eye, changes in flicker fusion frequency. ’

5. Orientation function of vestibular apparatus.
6. Visual Acuity =~ Peripheral Vision changes
7. Tracking tasks.

2.3.2 Cardiovascular functions

1. Electrophysiological measures

- Electromyogram (E.M.G.)
- Electrocardiogram (E.C.G.)
‘- Galvanic Skin Response (G.S.R.)

2. MQMmﬁcfmmmmm.

Briefly, the physiological measures were rejected because of the general
lack of effect on such measures of low intensity vibration. Electrophysiologicel
‘and electroencephalographic were not used because of lack of expertise in
measuring such quantities and because of lack of equipment. It is worth
mentioning however that changes in the characteristics of the E.E.G. can be
used to measure degree of wakefulness or arousal in a subject. If comfort
is defined in terms of arousal, then the E.E.G. measures could form the
bagis of a powerful index. The most comfortable suspension system permitting
the passenger to achieve a minimum level of arousal, i.e. sleep.

The psychophysiological measures were abandoned in favour of a more
peychological measure in particular performance on a high level mental
organisation task. Such tasks had been used very successfully in Aviation
Medicine to study the effects of oxygen starvation on mental capabllity.

A high level perceptudal or mental organisation task was therefore chosen
from amongst the set of alternatives because it was felt that this functional
-aspect of the brain was likely to break down first under the action of an
external vibration stress. A belief which the I.A.M. studies tended to
confirm. The high level mental organisation task used was continuous short
term memory a description of which appears in section 5.0.

Although not studied here, it seems likely that some of the Cardiovascular
functions could be usged as value judgements for suspension systems. In
particular it is quite possible that a certaln amount of vibration is a good
thing for blood circulation. Evidence for this is provided by relative
willingness to sit for long periods of time in car seats compared to household
armchairs. It is possible that 'vibro-message' reduces the need for postural



alterations.

3.0 Measurement and description of noise and vibratio
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3.1 Vibration measurement

The experiment described in section 5 required a vehicle to be driven
over a rough road surface to generate a random vibration environment .

The measurement of vibration experienced by seated subjects was referred
to the vibration entering the seat structure. A rigid platform was welded
beneath the seat and accelercmeters attached to this. Three accelerometers
were originally used to measure seat structure vibration as shown in figures
6 and 7, The three accelerameters corresponding accurately to the x, y and
v axes of the seat relative to the vehicle axes.

It may be argued that measurement of vibration at the seat structure
is not a measurement of the vibration experienced by the occupant of the
seat. TIndeed this is true, but seat structure vibration is representative
of the occupants vibration. The latter in any case can be found by
multiplying the seat structure vibration by the transfer characteristics
of the seat. The seat structure vibration was measured since it was con-
venient for the purpose of simulation and it overcame problems of accelero-
meter attachment to the subject or fabric of the seat surface. '

In general it is true for the seat of the vehicle used that vibration
experienced by the seated occupant is greater than the seat structure vibration

Preliminary measurement of the vehicle vibration under the test conditions
of speed and weight with the tri-axial accelerometer configuration revealed
that vertical vibration was very much greater than either fore and aft or
transverse vibration. After the preliminary measurement the fore and aft
and transverse accelerometers were abandoned. This decision agreéed with
the rating of the subjects who found it hard to detect motions other than
vertical. This finding markedly simplified the simulation problem which
was restricted to the verticel degree of freedom on the basis of this result.

Measurements of the vertical vibration of the seat structure were made
and recorded on to magnetic tape. The vibration measuremsnt s were not
recorded at the same time as the short term memory teste. However the
experimental conditions were the same. Vehicle speed was 30 m.p.h. and
the car carried one subject of average weight and two experimental controllers
Tifteen of these measurements were made under severely wet driving rain
conditions and sixteen under very dry hot conditions. This was done
deliberately because 1t was not intended to restrict the road tests to a
particular set of weather conditions. It was therefore necessary to
measure vibration under the extremes of wet and dry because vehicle vibration
tends to be different under these conditions. The difference arises from
changes in the damping characteristics of the suspension gystem.




5.2 HNolse measurement

The noise inside the vehicle and on the motion simulator was measured
using a microphone placed adjacent to the subjects head, see Fig. 1. Ten
measurements were made on the test track and ten on the motion simulator.
Both sets of measurements were tape recorded. The sound level meter used
for the noise measurement can be seen in figure 3 adjacent to the tape
recorder

5.5 Description of vibration measurements
The 31 records of seat structure vibration each 60 seconds in lergth
were divided into 15 obtained under wet and 16 under dry conditions.

The description used for each recoi‘dvof vibration was r.m.s. acceleration
level and acceleration power spectral density (2).

3.5.1 Procedure

Both descriptions were obtained fram the Atuocorrelogram of the record
and an ensemble average across the 31 records. The analysis procedure is
shown in figure 10. Each vibration record was first conditioned by passing
:Lt through a Low Pass filter having an equivalent noise bandwidth of 19.56

s Figure II. The purpose of the low pass filter was to limit the frequency -
spectrum of the vibration record and to prevent aliasing (2) errors affecting
the calculation of power spectral density. Vibration components above the
filter cut-off frequency - 25 c/ s, were not included in the description.
Frequencies of vibration above 25 c/ g do not reach the seated occupant.

The band limited vibration record was then passed through an Autocorrelation
analyser. 128 points of the autocorrelogram were computed with time delay
increments of 10 ms and 160 ms. An averaging time of 30 seconds was used.

For each record the computation averaging commenced at the beginning of the
test track as determined from a cue given by the speech track of the tape
recorder. Bach record was passed through the Correlation analyser twice
once for each time delay increment.

From the Autocorrelogram' s computed as
T

R(r) = % L/\ x(6)x( 4T )dt

o}

.the mean square value was determined at T = 0.

After normalising the Autocorrelograms to their value at T = 0, i.e.

I(t) ..-{5;}

the autocorrelograms were Fourier Transformed to obtain a raw es’cimat'e of
the Power Spectral density Gx(f) where S
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’ M=l
6x(£) = 2n[Rx(o) + 2 2 Rx(t)_ Cos(ZEE) + (.1)¥ mx(t) ]
el r m m

where h is the sampling interval of the original record, Rx(T )r the value of

R(7) at the rth lag point and m the maximum number of correlation points,
in this case 128, f in Gx(f) is given by
kE
£ =—Ffork = 0,1,2, ..., m.

The raw power spectral density estimates were then smoothed according
to the Hamming relationship * '

i

G(fo) = 0.5 Gx(fo)+0.56x(f1)

G(fk) = 0.25 Gx(fk_l) + ostx(fk)
+ O.25Gx(fk+l)
fork = 1,2, ..., m=1

G(fm)

O.SGX(fm~l) + 0.56x(fm).

The results of this descriptive procedure are shown in figure 12 to 18.

The overall average rms acceleration was found to be 0.1007g , Figure 12.
The power spectral density curves revealed four distinct power peaks,
figure 13. This indicated that the vibration as measured at the structure
was compounded from four single degree of freedom gererators. The first
peak at 1.56 c/s corresponded to the whole body vibration of the vehicle

on its road springs. The second peak at 4.88 ¢/s was the motion of the
subject on the seat. The third pesk at 1l1.1 c/s wag the vibrabtion generated
by the unsprung mass of the suspension system vibrating on the tyre spring.
The last peak at 16.4 c/s was the natural frequency of the floor structure
of the wvehicle. -

The percentage of vibration contributed by each of the dbove identified
sources was 23%, 9.2, 17.3% and 50.5% as given by the area beneath each
peak of the power spectrum, Fig. 13.

3.4 Description of noise measurements

The ten noise recordinge from the car and motion simulator = each of
30 secomls in length were first A weighted. After A weighting, the records
were passed individually through an rms detector and then the ensemble
average for the two groups of ten obtained. The overall average rms noise
level was

FOR CAR 83.52 db A
FOR MOTTION SIMULATOR 68.93 db A
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The power spectral density curves for the two noise recordings were
obtained using a narrow band analyser. The results are shown in figure

19.

k.0 Vloratlon simylation experiment
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4.1 Synthesis of the vehicle pover spectral density curve
The motion simulator consisted of a flat platform driven by an electro-
hydraulic Jjack. Control of this Jack was based upon Jack displacement.

Initially attempts were made to reproduce the actual accelerometer
recordings,of the car vibration, by integrating the sign als twice to obtain
a measure of displacement. The fidelity of reproduction using this method
was found to be unacceptable. Attempts were made to control the platfoxm
using the seat structure accelerometer figure 7. This proved to be too
big a development job.

On the basis of these difficulties it was decided to synthesise the
P.S.D. curve rather than reproduce an acceleration time history record.
In simulating the P.S.D. curve average properties only are reconstructed.
In view of the integrating nature of human motion sensation the reconstruction
of averages was assumed to be reasonably wvalid.

4.11 Synthesis procedure

An analogue computer was used to simulate four single degree of freedom
filters (SPring, mass, damper systems). The natural frequency of the filters
was made equal to the centre frequencies of the spectral pesks in the vehicle
ride spectrum, figure 13. Namely, 1.56, 4.88, 11.1 and 16.4 c/s. The Q
of the filters i.e. the ratio of the centre frequency to the half power
bandwidth, was made to equal those of the spectral peaks. To the fowr filters
was applied random noise from a randoam noise generator. The output of the
four filters was then summed and applied to the control system of the vibrator.

The acceleration power spectral d ensity measured at the seat structure
on the simulator platform is shown in figure 20. The rms acceleration (area
under the P.S.D. curve) for the motion simulator was the same as that for
the vehicle, 0.1067 rms.g.

The analogue computer programme used in the simulation is shown in
figure 21. The motion simulator is shown in figures 8 and 9.

For the motion simulator experiment deéscribed below, the car seat and
'stimulus/res_ponse keyboard were fixed to the simulator to reproduce the
postural conditions of the vehicle, figure 9. No attempt was made to mock-
up a vehicle structure around the simulator. The experiment was performed
ag shown in figure 9 with the simulator surrounded by peripheral equipment.
Noise level on the simulator was 69dbA, 13dbA less than in the vehicle.
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4.2 Experiment with the motion simulator

———— o

An experiment wag conducted to test the Research Hypothesgis: of no
difference between performance of a Short Term Memory task under real
and simulated conditions. ‘

This Research Hypothesis is one of validity. That vibration synthesised
on a motion simulator is an adequate representation of that measured in the
vehicle in temms of performance on the task. ‘

%.2.1 Procedure

Under simulated vibration conditions, six subjects each performed
the Short Term Memory task at the three behind level of task difficulty,
in the same way that they had performed it earlier in the véhicle (see
Section 5 for details). The three behind level of task difficulty was
chosen because it seemed to f£ill but not flood the subjects chamnel
capacity. Introspective reports concerning the fidelity of simulation
were also collected.

1.3 Results of simulation tests
The results for individual subjects are shown in figures 22 = 27
in terms of Time, Error and Entropy (Contingent Uncertainty see 5.6.1 below)
performance. The subject average performance on the simulator is shown
in figures 28, 29 and 30.

4.4 Discugsion of results

——" - v

A Student 't' test was used to test the hypothesis of no difference
between performance under real and simulated vibration conditions, Teble 9.
In all cases, Time, Error and Entropy in Teble 9, the hypothesis was accepted
at p = 0.05 level of significance. One concludes from this that the simulated
vibration was an adequate representation of the real vehicle vibration.
A conclusion which the subjective reports (NoT included) substantially
confirmed. : : :
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changes in low intensity randam vibration

In this experiment the effect of low intensity vibration on a high level
mental organisation task is studied.

5.1 The psychological index

A short temm memory task described by Whitfield (12) wag used as the
high level mental organisation task. The task involved randau numbers
displayed on a tube one at a time. In the simplest case in Whitfield's
experiment the subject merely pr essed a push button in accordance with
the number displayed. The numbers and push buttons ranged from O - 9.
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In this straight transmission case the task difficulty is described as O =
behind. To increase the severity of the task the subject is made to store
numbers continuously in the short term memory. To achieve this the correct
response to a number displayed on the tube is made by pressing the push
button not according to the number displayed now, but by pressing the key
according to the number displayed 1, 2, 3, 4 or 5, numbers ago. The

task difficulty ies therefore described in terms of the number of numbers
which must continuously be memorised. It is described as 0, 1, 2, 3, L

or 5 behind. - Knowledge of results were given to the subject in the fomm
of an auditory tone or a red light which came on when a wrong button was
prezsed. The light and tone vanished when the subject again mede a correct
response.

5.2 Research hypothesis

That performance on a short term memory task will be different at
dif ferent levels of low intensity vibration. The direction of difference
being predicted as a reduction in performance with an increase in vibration
Intensivy.

5.3 The experiment

In this experiment the dependent variable was time and error performance
on the short term memory task. The primary independent variables were
" vibration intensity, task difficulty and subjects. Other independent
variables in the experiment which affected either the vibration enviromment
or the subjects are listed in table 1. An indication of whe ther or not
steps were taken to control the variables listed is also included in table 1.

5.3.1 Qgﬁgggﬁf the experimeng

Six subjects were used in the experiment each subject acting as his or
her own control. That is each subject performed the Memory task under all
experimental conditions. Namely at two levels of vibration and five levels
of task difficulty.

For each subject the order of presentation of the conditions were as
follows:

1. Vibration level 1 at task level 1 followed by task difficulty 2 up to 5.
2. Vibration level 2 at task level 1 up to 5.
3. Motion Simulator at vibration level 2 aml task level 3.

In an original design a balanced design was planned where two groups of
matched subjects would perform the task in reverse order with respect to
the two vibration conditions. The merit of this design is that it takes
into account the Welford, Brown, Gabbe effect (13). The balanced design
which used twelve subjects was abandoned in favour of the 6 subject design
because of pressure of time. '
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5.3.2 Choice of the vibration scale points

Two vibration intensities were chosen from the scale of low intensity
(as defined) vibration so that they were a maximum distance apart. The
philosophy being that the psychological index must first be proven with
large differences. For, if it failed to discriminate large vibration
differences it would be unlikely to discriminate amall differences. The
lower limit of vibration corresponding to vibration conditional was taken
as zero. TIn this condition the subject perfommed the task in a stationary
vehicle. The second scale point, vibration condition 2, was determined
by driving a test vehicle over a moderately rough road surface at 30 m.p.h.
At this speed the vibration interferred neither with the driving task or
the willingness of the subjects to sustain the vibration. Although as
revealed in discussion with the subjects it did influence manipulation of
the response keyboard.

Since the points on the vibration scale were fixed by the requiremen ts
of the experiment the vibration variable was considered fixed for the purpose
of analysis of variance of the results.

5.3.3 Choice of task difficulties

—— - - -

In a @revious study Whitfield (12) using the same apparatus and task
in a Study of short term memory had deduced the performance task difficulty
relationship shown in figure 3k.

The 'tick' phenomenon in Whitfield's findings suggested that subjects
found the task easier performing 1 back than O back. Reasons for which are
given in reference 12. In order to construct a scale of increasing task
difficulty the O back task was not used. The task difficulty in this

experiment therefore was minimm at 1 back, maximum at 5 back, with even
steps in between. '

B il

Six subjects were used, four male, 2 female. All subjects were members
of The College of Aeronautics Staff, except 1 who was a student. Their
occupations were: two shorthand typiste, two draughtsmen, 1 postgraduvate
student, 1 apprentice.

Subject attitude towardes the experiment was initially controlled by
usging a standardised briefing sheet Appendix IT. The briefing sheet also
formed the basis of the training scheme. However attitude of the subjects
went out of control due to a 1engthy lag between testing under vibration
conditions 1 and 2.

5.4 Apparatus and conduct of the experiment

——— -~ - W2t ———— -

Conduct of the short term memory task. In both the zero vibration
condition and the road vibration condition the subject performed the task
seated in the front passenger seat of a guall passenger car, a Morris 1100.
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Figure 1. Keyboard and display, which were integral were placed before

the subject as shown in figure 1. The keyboard was adjustable for angle,
height, and distance from the subject. The subjects were allowed to choose
their own keyboard position. The keys were arranged to fit the position

of the fingers, figure 1. The key position was adjustable and subjects
were given the option of adjustment if they found the key position difficult.
The display is shown hooded in figure 1, it consisted of a neon tube.

The hood was necessary to provide sufficient contrast in daylight.

N R

Before proceeding with either of the experimental conditions, the
subjects were given time to practice the use of the keyboard as indicated
in Appendix II. Having mastered and fully learned the keyboard the
subjects were then allowed to proceed to the actual tests vhen their
performance was recorded. '

As a result of lag after the 1lst test condition most suﬁjects suffered
a loss of skill and had to be retrained before proceeding to the second
vibration condition.

The apparatus used to generate the task consisted of a tape reader
and D.I.M.P., Randan numbers used for the stimulus were stored on punched
tape as shown in figure 2. D.I.M.P. figure 5 (Dynamic Immediate Memory
Probe after an experiment of the same name by Whitfield (12)), functioned
as a display generator. In its mémory it stored the numbers that had been
used and dependent upon the 'number back! of the task difficulty compared
these numbers with the number of the key pressed. Tach response of the
. subject gave rise to a Binary coded pulse. The pulses were fed directly
to a S.E.T.A.R. transcription unit which generated a punch tape bearing
in coded form whether the response was correct or incorrect and stating the
time interval between responses. In the second vibration condition, the
response information fram the subject generated by D.I.M.P. was tape
recorded and played back into S.E.T.A.R. after test. The tape recorder
and its electrical equipment can be seen in figureg 3 and L. The experie
mental controller for the task sat in the rear of the test car - figure 2.

Vibration condition 2 was generated by driving the test car at 30 m.p.h.
ovaer a test track. The test track was in fact a delapidated section of
perimeter track belonging to The College of Aeronautics Airiield. The
length of the test surface was such that a vehicle speed of 50 m.p.h. 30-40
responses by the subject were sufficlent to cover the length of the test
track. For this reason, the 600 stimuli were split into 20 groups of 30.
Each condition of task difficulty at vibration level 2 required 20 repeated
test runs. In all each subject performed 100 times on the test track.

5.6 Results.

vy S -

5.6.1 Description of raw data

— . f——— T - s oy Yl ] DU D S Wt U O S S B

- Three descriptions were applied to each set of 600 responses.
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1. Average Response Time (seconds).
2. Total Number of Errors in 400 responses.

3. Average Rate of Contingent Uncertainty between stimulus and response
for 40O responses (Bits/sec.).

For each experimental condition, the subjects made 600, responses (20
trials in groups of 30) only 20 of the 30 responses in a group were used
to calculate the above values. The twenty responses in each group were
taken after ignoring the number of numbers corresponding to the task
difficulty - the number back.

Contingent Uncertainty was calculated because it afforded a means of
cambining time and error. It was hoped that this description would give
a measure of !trade off' by the subject between time and error. It is a
direct measure of the !transmission inefficiency' or 'unpredictability of
response’ of the subject, based on information content of stimulus and
response.

The contingent uncertainty (20) was calculated for each respbhée as: =

H(x:y) = H(x) + H(y) - H(x,¥),

where H(x) is the stimulus uncertainty, H(y) the response uncertainty and
H(x,y) the joint uncertainty between stimulus and response. The stimulus
uncertainty that is the uncertainty associated with the appearance of a
number in the range 0 - 9 was calculated from the actual relative frequency
of each number. It was not assumed that each number was equi probable
with p = 1/10. This was done because the same set of random numbers were
used for each experimental condition. Each subject therefore observed the
set of random numbers 11 times. A1l subjects agreed after the experiment
that they had developed a° strong sense of probability towards the numbers.
They all knew for example that the probability of an 8 was zero.

The digital computer programme used to describe subject perfommance
ig shown in Appendix 3. The programme used to Fourier Transform the
Vibration Autocorrelograms was R.A.E. Pegasus Program 02.01.09.

5.7 Discussion of Results

e " 2o g T W - T B D 0 o

5:7.1 Hypothesis tests

The Null hypothesis of no difference between Short term memory under
vibration conditions 1 and 2 was tested by analysis of variance. A Three
factor test was used the model for which is shown in Appendix IV. The
Three factors were Vibration, Task difficulty and Subjects. . Expected
value for mean squares and 'F' ratios in the analysis of variance test were
calculated according to rules suggested by Winer (1L4). The results of the
analysis of variance test is shown in tables 5, 6 and 7. The test was applied
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to Time, Error and Entropy.

Level of Significance was taken as p = 0.05. The decision is made as
follows:

Ho: Vy = Vs | Accept Reject

Time , : v

Error - Y

Entropy /

In all cases variation in the results was duve to a high contribution )
from individual difference as expected. The variation due to task difficulty
is high for Time and Error but low for entropy. .

Selected 't' tests were also applied to the time, error am entropy
results with subjects ‘and tdsk difficulty gveragéd'out; " The results are
chovn in Table 8. In none of the six tests selected, could the Null
hypothesis Hy : Vi = V2 be rejected at p = .05. This finding really adds
nothing to the interpretation of the results except that it demonstrates the
merit of subtracting out variation or differences due to other factors,
such as individual difference between subjects and task difficulty.

In conclusion, it may be said that although the Null hypothesis HO: Vy = Vo
was not unanimously rejected in terms of Time, Error ard Entropy, the rejection
for time and error does indicate that short term memory may be useful as an
index of vibration effects.

5.7.2 Graphical presentation of data

Twelve graphs are presented in figures 22-33. Six are individual
subject results for Time, Error amd Entropy performance, three Averages with
respect to subjects and three scattergrams plotted for all subjects.

Two facts emerge from the graphs:

1. That the speed of response was better under vibration conditions at
all levels of task difficulty. The response time showing a progressive
increase with task difficulty which varied little between the two
vibration conditions figure 28, A high degree of ccherence in the
response time pattern was found between subjects, figure 31.

2. That a reversal effect in number of errors occured between 1 and 2
behind. Individual difference in errar score figure 32 being too
great to permit an interpretation of the average figanre 29.

The reversal effect in error is demonstrated'more clearly in the Entropy
result, figure 30.
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Clearly, the only really consistent difference between the two
vibration reculte is the time difference. That the direction of this
difference was unexpected is demonstrated by the Research Hypothesis.

The justification for improvement in response time resides either in
learning effects or cortical arousal. The latter explanation appears

to be more acceptable if one compares the results of gubjects SH and EM
with the others. SH and EM were both high speed typists, familiar with
the manipulation of keyboards and highly practiced in continuous short
temm memory . Even they showed improvement under conditions of vibration.

Mediating against an improvemernt in response time in the vibration
condition was the keyboard task. With the keyboard and hand vibrating
the keyboard task was more difficult . Evidence of the keyboard effects
could have been checked by making the subjects respond in the two vibration
conditions without transmitting information, e.g. by keying the numbers
0 to 9 chronologically. ‘

If the arousal theory is correct and vibration does improve cortical
activation the change might be better detected using E.E.G. messures (14).

Regarding the effects of noise in this experiment which were very
different for the two vibration conditions the Motion Simulator results
are thought to offer an explanation. The motion simulator noise)69dbA
compared to 83dbA for the vehicle on the road, was closer to the zero
vibration condition then to the vehicle vibration condition. The good
agreement between the motion simulator result and vehicle vibration result
figures 28-30 which was fairly consistent between subjects figures 22-27
suggests that nolse was not a significant factor.

In pure psychological terms the result obtained in figure 28 confirms
the Whitfield 1964 finding (12). Nemely that Short Term Memory exhibits a
'tick'! phenomenon for response time versus memory span. The toe of the tick
is of course missing in figure o8 pecause the O behind condition was not
investigated.

o - v = S o8 T . B

0.1067 rms g is a lot of vibration. The psychological index test in
this experiment has not entirely demonstrated that it is sufficiently
sensitive to quantify the humen effects of such a large difference in
vibration. In its present fom, the cshort temm memory task is unlikely to
discriminate accurately between emall differences which exist between gimilar
vehicle suspensions. As an evaluation technique and aid to the vibration
engineer it is not yet proven. The best stability in the index appears to
be response time, a measure which appears to be relatively insensitive to the
difficulty of the short term memory task. If a scale of sensitivity were
contemplated in terms of this task, response time would undoubtedly provide
the best scale. It is possible, in view of the results obtained, that the
glope of a contingent Uncertainty line between tagk levels 1 and 2 could
also be used to form a scale.
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The experiment proves the validity of using motion simulation to
gynthesise a vehicle ride spectrum as a laboratory representation of a
real vehicle ride enviromment.

5.9 BE99m?€99§3£93_§92_f935h92;YSEE

1. The objeCtive psychological index of random vibration effects on man, -
used in this experiment should not be abandoned until the experiment has been
repeated with an improved experimental design. By changing the design so
that the subjects perform first in the no vibration condition, second in the
vibration condition, and third again in the no vibration condition, changes
in performance of the short term memory task in the vibration condition can
be normalised to learning effects.

2. Having demonstrated the validity of the motion simulator more use should
be made of its simulation capabilities. Further tests using Short tem
memory could easily include more vibration scale points.

Studies such as those mentioned in gection 1.3 which might lead to a
more precise definition of the Minimum Discomfort Spectrum could be tackled
with the Short term memory and Motion Simulator technlquec.

3. In terms of cardiovascular (blood c1rculatlon) function it is by no
means clear what kind of vibration characteristics constitute a health
benefit or hazard. Again this is a study which a physiologist could tackle
with the aid of a motion simulator.



TABLE 1

- o 1as > o e e - 200 P e G G4 fa SN S B Bt Bt B A Ot W W Vo KT Do

- 19 «

Subject Variables Controlled? Remarks

Motivation No

Altitude Yes Each subject briefed
using same briefing

) instructions

Training Yes Each subject trained to a

) predetermined level of skill

Time of day Yes ‘

Posture No

Position of Keyboard No

Movement No

Enviromental Variables

Noise No Measurement ingide the
vehicle and on the motion
gimulator

Heat/Ventilation No

Other environmental factors No

F ctors which affect the

vehicle vibration

Speed of Vehicle Yes To within the limits

' attainable by a driver

Tyre Pressure Yes

Weight -~ fuel No

' subject No

Road Surface Yes }_ Vibration measured under

General Weather o extremes of wet and dry

External variables

Traffic Yes Test performed on a test

track
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§§sTEM'To BE ISOLATED

————————— -

Stage

1. (D)

3. (D)
(1)

L. (D)

5. (1)

6.

T

Hardwar

- o= -

Required life. Performance
Maintenance Frequency
Probability Statements binding
these demands.

Degree of freedom of the system.
Description of Representative
Vibration Characteristics. In
terms of Amp Prob. Freq. and Time
for each degree of freedom.

Validity of accelerated and real
time lsboratory tests.

(Design) Test Specification for
High Fidelity accelerated on
real time test.

Levels and characteristice of
vibration which impair the life,
performance and increase the
meintenance frequency, of the
instrument to be isolated.

Statement of the levels and
characteristice of wvibration
that the isolation system

~must exclude from the Hardware

Unit.

Statement of the Physical
Properties, Mass, Moments of
Inertia, Centres of Gravity,
Elasticities and damping -
of the hardware unit.

Statement of the Dynamic
Properties. Transfer Function
Frequency Response Function -
Mechanical Impedance ~ Cross
Coupling effects etc.

. G - - 0 P 05 M G A W U S8 e Bm e

Human

Tht Wy we

Acceptable Probability of

Injury. Required Endurance.
and Performance. Fatique
Frequency .

Same

Simulation Techniques
Validity of Simulation
(Design) Real Time Test
Specifications

Levels and characteristics

of vibration which effect
permanent injury and which
affect endurance, performance
and fatigue.

Same - for the human being.

Sam/é

Same



10.

11.
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Degign of Isclation Systenm

Production Information -~
Cost/Value

Design of attachment device

Does the isclation system
meet the system requirementes
of the hardware unit. When
exposed to the vibration
described in Stage 2 and under
operational conditions.

Doeg the Isolation System
Transmit Vibration with levels
and characteristics that should
have been excluded according to
Stage 5.

Same - except consider
human isolation system -
legs and tissue.

"

Design of support restraint
system. :

Design far Human Being -
Evaluate in terms of. system
requirements - endurance =
performance -~ time to fatigue
and in terms of the undesirable
vibration transmitted and the
energy absorbed by the human

' being. When exposed to the

remnant vibration not
isolated.

Finally does the H.0. find
the isolation system acceptable.
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A vibration engineer who has to isolate a delicate instrument from
damaging high frequency vibration would almost certainly consult the instrument
engineer. He would enguire about the dynamic and static characteristiecs
of the instrument and about its tolerance to vibration. In most cases the
ingstrument engineer is likely to be able to furnish the information required
to design a satisfactory vibration isolator.

If the delicate object to be isolated from vibration is a human being,
what information does the vibration engineer require? and what advice can
he expect to get from a Human Factor Specialist? By contrasting the
information required to design and evaluate a hardware isolation system and a
human isolation system some pockets of human factor ignorance can be
ldentified.

The stages in the design, development and evaluation of an isolation
gystem are shown in figure 35. The information required at each stage for
the case of both hardware and human isolation is outlined in the accompanying
table. In most cases the differences which arise between the design for
hardware and human beings is not procedural or in terms of the information
required. The difference arises in the methods of acquiring the information.

In particular, the human factor specialist could be expected to assist
stages 1, 3, 4, 6, 7, 10 and 11.

Evidence for stage 1 is provided by the allocation of function procedures
in system design (15). Stages 3 and 4 cannot proceed’ without some insurance
for the well being of the human being. Studies of tolerance to vibration
have been studied by Coermann (16) and the health hazard by Matthews (17).
Information on the physical and dynamic characteristics of the human body as
a camplex elastic body stages 6 and 7 can be obtained from (18) (16). The
vibration isolation properties of the legs Stage 8 have been studied by
Hornick (19).

Since human beings cannot be integrated with an isolation system using
nuts and bolts, a support and restraint system must be specified. Information
that can assist stage 10 may be found in (20).

Methods of evaluating the efficiency of an isoclation system include
checks to see that the human component in the system, as a result of the
guspension, can adequately perform his function. If he cannot the system
will not meet its objectives.

If it is not possible to evaluate the suspension system in terme of
human performance on the primary task, artificial tasks of greater severity
can be substituted. In the design and development of car suspension systems,
few technigques have been devised for suspension evaluation.
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None of the human factor areas mentioned above in the design stages
of a vibration isolation system have been fully explored by human factor
specialiste. Least of all, techniques for evaluating the effects of
vibration and the efficiency of an isolation systems in human terms. At
present a human factor specialist would find it hard to completely satisfy

the vibration engineer in terms of the quantitative information he needs
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1st Test Series (Immediate Memory)
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Experimental instructions to be read to subject without variation.

Practice session

, In this experiment we are trying fto see if =mall amounts of vibration
have any effect on people's ability to do mental work. The way we will
do this will be essentially to get you to do mental work in this room first
of all and then compare your efforts with those you produce on the same
task when you are a passenger in a car.

The mental work we are going to ask you to do is something similar to
what is involved in looking up and dialling a telephone number and makes
use of what is called your 'immediate memory' . You will see a number
appearing on this display (indicate): now you will have to remember it while
you press the key here (indicate) with the number on it corresponding to
the number which appeared on the display before this present one. Press
the key and a hew number will appear while you of course hold in your memory
while you press the key corresponding to this present one; and so on for
30 digits. On some trials you will have to hold 2 or perhaps 5 numbers
in your head in this way while you operate the keyboard. For convenience
we say you are operating 'l-behind', '2-behind' or '3 behind'.

You will see it is quite like dialling a telephone number where you may
first of all look up the number in the book and then you hold a decreasing
number of digite in your immediate memory as you proceed with dialling.
However, we will explain all this in more detail at later sessions. On this
first occasion all you are required to do is practice the keyboard. You
will not really have to use your memory faculties. You will simply press
the key which corresponds to the number on the display.

I will bring the first number up for you and then you proceed pressing
the keys. PEach new number will come up and you press the appropriate key.

xperimental Sesgions

M e - P S O Y .

(Experimenter: use the first digits of the first trials to demons trate then
alvays rest the tape to begin the first trial proper).

(i) 'One-behind'.
This time we start the trial proper.

Firet of all I will present the first number to you on the display by means
of this button (indicate 'start' button on D.I.M.P.)
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You must remember this number which is ....

Press the zero key to bring up the next number which is
Press the key .... (1) which will bring up a new number ..
Press the key .... (2) and so on for 30 digite.

WD

Thus you are pressing the key appropriate not to the number on the display
at the moment, but the one which appeared just previously, i.e. playing
' one-behind! .

(i1) 'Two-behind',

This time the task is a little more difficult. We want you to try and hold
two numbers in your memory while you deal with a third. Again T will bring
the first number up on the display by means of thig button (indicate !etart!
button on D.I.M.P.)

. You must remember the number which is ....

Press the zero key to bring up the next number which is ....
Press the zero again to bring up the next number which is
Press the key .... (1) which will bring up a new number ..
Press the key .... (2) and so on for 30 digits.

VWD

Thus you are pressing the key appropriate not to the number on the display
at the moment but one which appeared two previously - playing ! two~behind! .

(iii) 'Three-behind' .
Again the task is a little more difficult. Three numbers have to be held

in the memory while you deal with a further. Again T will bring the first
number up on the display by means of the button.

1. You must remember the number which is ....

2. Press the zero key to bring up the next number which isg .

3. Press the zero key again to bring up the next number which is ....
4. Press the zero key again to bring up the next number which ie ..
5. Press the key .... (1) which will bring up a new number ...

6. Press the key .... (2) which will bring up a new number ....

7. Press the key .... (5) which will bring up a new number ....

and so on for 30 digits.

Thue you are pressing the key appropriate not to the number on the display
at the moment but one which appeared three previousgly ~ playing !three-behind!.
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Appendix IV
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3. Mean Square Expectancy
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Figure 1: Display and

G.D. Whitehead

Sound level




Figure 2: Random numbers on tape provided number source.
DIMP computer provided stimulus, checked response
and provided a pulse coded record of response.

G.D. Whiteheod




Figure 3: Shows the magnetic tape recorder und sound level G.D. Whitehead
meter housed in the rear of the test vehicle.




Figure 4: llustrates the omount of equipment that was required G.D. Whitehead
to generate & store swbiect & vibration data.
Picture shows wehicle boet.
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Figure 6: A rigid platform was attached to the underside of the
seat structure for attachment of accelerometers.

G.D. Whitehead




Figure 7: Close-up of the tri-axial cccelerometer configuration G.D. Whitehead
used to measure seat structure vibration.




Figure 8: The motion simulator — electro-hydraulic G.D. Whitehead
jock & vibration platform.




Figure 9: Shows the conditions under which the simulator
tests were conducted. The analogue computer
used to synthesise the vehicle spectrum is in
the centre.

G.D, Whitehead




Figure 10: Analysis procedure for obtaining the G.D. Whitehead
Power Spectral Density Function.
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Figure 11: Frequency Response of Low Pass Filter

G. D. Whitehead
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1.0

Figure 12: Autocorrelation function of vibration
measuredi at the seat structure.

G.D. Whitehead
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Figure 13: Acceleration Power Speciral Density of Vehicle G.D. Whitehead
Seot Structure - .overall average.
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Figure 14: Time Anolysis

Normalised Autocorrelation Function
Vehicle vibration measured at seat
structure — comparison of vibration
under wet & dry driving conditions.
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Figure 15: Acceleration Power Spectral Density of Seat Structure
vibration meoswed under wet & dry road conditions,

5
(Frequency analysis by Fourier transform of autocorrelogram Fig. 14)
é .
s
i
2
X
o
™
o
< 3
‘W
U
\‘«
o~
o
Z
%
&
o 2
e
i
@
(=¥
(el
o
z
o
o
0

G.D. Whiteheaod

Frequency ¢/s




Normalised Austocorrelogram

Power Spectrai Density

Figure 16: Autocorrelogram & Power Spectral Density curves for
vehicle driven on dry road.
P.S.D. expands the 1.56 ¢/s peak in Fig. 13.
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Figure 17: Autocorrelation & Power Spectral Density curve for
vehicle driven on wet road.

P.S.D. expands the 1.56 ¢/s peak in Fig. 13,
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Figﬁre 18: Overall average Power Spectral Density for
i Graph shows Fourier transform pairs.
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Figure 19: Analysis of noise in the vehicle

Power Spectral Density — microbar?/c/s — ‘A" weighted.

& on the Motion Simulator.
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G.D. Whitehead

Figure 20: Power Spectral Density synthesised

on the Motion Simulator.
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Figure 21: Analogue Computer Program for Vibration Synthesis.
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Figure 22: Performance on

SUBJECT D.J.

short term memory task.
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Figure 23: Performance on short term memory task.
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Figure 24: Performance on short term memo:y task.
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Figure 26: Performance on short term memory task.
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Figure 27:
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Figure 28: Average performance of subjects on short term
memory task. In terms of time,
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Figure 29: Average performance of subjects on short term
memory task. In terms of error.
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Figure 30: Average performance of subjects on short term G.D. Whitehead
memory task. In terms of entropy (contingent uncertainty). '
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Figure 31: Scattergram of subject performance on
short term memory task. - Time.
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Figure 32: Scattergram of subject performance on

short term memory task. — Error.
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Figure 33: Scattergrom of subject performance on G.D. Whitehead
short term memory task. - Entropy.
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Figure 34: The Whitfield Tick Phenomonon in

Dynamic Short Term Memory
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Figure 35: Proceedural Structure for the Design & Evaluation
of Vibration Isolation Systems.
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