
7 _

, N76- 676 IEVALUATION OF RIDE QUALITY MEASUREMENT PROCEDURES

BY SUBJECTIVE EXPERIMENTS USING SIMULATORS*

Louis T. Klauder, Jr.

Louis T. Klauder and Associates

Philadelphia, Pa.

Sherman A. Clevenson

NASA Langley Research Center

Summary

For the purposes of vehicle design and procurement,

well-defined procedures are needed for measuring ride quality. A

number of more or less different Ride Quality Measurement Procedures

(RQMP's) have been proposed and/or used in the past, e.g., ISO,

ISO alternate, or Shaevitz exceedance counts.

Since ride quality is, by definition, a matter of pass-

enger response, there is need for a Qualification Procedure (QP)

for establishing the degree to which any particular RQMP does

correlate with passenger responses. Once established, such a QP

will provide very useful guidance for optimal adjustment of the

various parameters which any given RQMP contains.

The present paper proposes a QP based on use of a ride

motion simulator and on test subject responses to recordings of

actual vehicle motions. Test subject responses are used to

determine simulator gain settings for the individual recordings

such as to make all of the simulated rides equally uncomfortable

to the test subjects. Simulator platform accelerations vs. time

are recorded with each ride at its equal discomfort gain setting.

The equal discomfort platform acceleration recordings are then

digitized. A computer is used to apply a prospective RQMP to

each of the equally uncomfortable simulator motions and to determine

the scatter among the ride index values which the RQMP assigns to

these motions. The best RQMP will be taken to the one for which

the scatter is smallest.

*This work was supported in part by _MTRAK and by NASA Langley
Research Center.
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This program has been carried out on a pilot basis using

the Passenger Ride Quality Apparatus at NASA Langley Research
Center, using recordings of 19 passenger railcar ride motions

(vertical and lateral), and working with subjective responses from
a panel of four subjects.

The present paper includes a discussion of various

RQMP's which are available, a description of the experimental

procedure, and preliminary results illustrating the extent to
which several particular RQMP's deviate from ideal correlation

with passenger response.
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i. The Role of Ride Motion Measurement in Vehicle Specifications

This article is motivated to a large extent by the needs

of the engineer who is responsible for drawing up specifications

for railroad or rail-transit cars and who seeks to insure that the
cars will "ride" well.

The engineer can use either or both of the following two
basic approaches:

l) he can set forth a prescription for measuring the ride

motion of the new cars at stated speeds on stated track-

age and require that the measured motion not exceed

stated limits, or

2) he can rely on analysis and/or experience as a basis for

requiring that the new car suspension incorporate specific

ride quality related features he believes will help to

secure a satisfactory ride.

One weakness of the second approach is that it limits the

manufacturer's control over running gear design and may reduce the

likelihood that the manufacturer can be held responsible for the

ride quality consequences of the many other features which he

himself must contribute to the suspension. Thus, for specifications

on which there is to be competitive bidding, the engineer is likely
to be more interested in specifying upper limits for measured

motion of the resulting ride than in specifying details of suspen-
sion design.

A satisfactory specification of the manner in which the

ride motion of a new car is to be tested must include a prescription

for converting the vehicle's actual ride motion (e.g. vertical,

lateral, and longitudinal acceleration as functions of time) into a

number (or set of numbers) which can serve as a "measure" of the

amount of motion as far as ride quality is concerned. A quantita-
tive prescription of this type will be referred to as a measure of

ride motion, or simply as a ride measure.

Section 2 below reviews the nature of the empirical data

on human sensitivity to some particular motions. Section 3 reviews

some ride measures which are available. Section 4 proposes a method

for characterizing the extent to which any given ride measure

represents discomfort as it is actually perceived by passengers.

Section 5 describes an experimental procedure for obtaining the

necessary empirical data. Section 6 describes some recent experi-

mental work using the ride motion simulator at NASA Langley Research

Center. Section 7 presents results of a preliminary evaluation of
several ride measures.
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2. Data on Passenger Sensitivity to Specific Motions

A number of investigators have published results of

empirical studies on human sensitivity to sinusoidal motion and

a few workers have reported on sensitivity to vibratory motion

composed of randomly varying contributions having frequencies

within a narrow band about a nominal central frequency. (See for

example ref. i.) The results of these studies are normally ex-

pressed via contours of vibration amplitude as a function of

frequency with the contours being drawn so that the discomfort

experienced by the average test subject is constant along any one

contour. The contours are sometimes approximated via straight lin

segments for ease of representation.

It will be convenient to have a name for referring to

these contours. While the term isocomfort has been used, we will

refer to each contour of equal discomfort as an isobother. Empiri.

research will presumably reveal that isobothers which differ in

discomfort also show some variation in shape, analogous to that of

the Fletcher-Munson curves for aural sensitivity. However, we will

ignore such dependence and will denote the r.m.s, amplitude of the

acceleration as a function of frequency along an isobother simply
as I(f).

The main appeal of sinusoidal motions is that the

number of distinct sinusoidal motions (e.g., distinct combinations

of frequency and amplitude) which are likely to be important in a

given passenger environment is only about 300 (20 one-third octave_

from 0.5 to 50 Hz , 5 amplitude levels for each one-third octave,

and three directions of motion). This makes it practical to gathe_

empirical data which will cover any sinusoidal motion which might
be encountered.

When attention is turned to motions of a more general

character, it becomes difficult even to find a way to ennumerating

a set of distinct representative motions, and if a comprehensive

ennumeration could be devised, testing of all of the representative

would be a staggering task. On account of the foregoing, more

general motions are not approached with the assumption that all

possible types can be ennumerated. Instead, they are approached

with the assumption that it will be possible to devise quantitative

prescriptions (ride measures) for converting recorded acceleration

histories directly into numerical measures of discomfort.

3. Examples of Ride Quality Measurement Procedures

The term ride measure was introduced at the end of Sec-

tion 1 as a means of referring to a prescription for converting a
record of acceleration as a function of time into a number which

is intended to be a measure of the discomfort produced by the
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corresponding motion. The present section discusses a few examples

of specific ride measures which have been formulated in the past

and a few ways in which they can be generalized.

A. Exceedance Count Measures

These measures are based on counting the number of

times that the acceleration crosses each of several acceleration

thresholds. Prior to the development of modern electronic equipment,

it was a standard railroad practice to have the acceleration

recorded in an approximate manner on a strip chart by pens actuated

mechanically by suspended masses. The thresholds were represented

by grid lines printed on the charts, and the number of times that

the signal crossed a grid line was counted by hand. With modern

instrumentation, these functions can be accomplished electronically,

and at least one firm (Schaevitz Engineering Co.) has marketed a

ride recording instrument package set up on this basis.

If there is a need to determine which of two given rides

is to be considered the more comfortable, and if the exceedance

counts are selected as the basic measured data, then a formula

must be chosen for converting each set of recorded exceedance

counts into a single number which is to be the measure of the

corresponding ride motion.

A formula used by the Pennsylvania Railroad to reduce

exceedance counts from mechanical recorders was as follows: give

each count a weight proportional to the square of the associated

acceleration level and form the weighted average number of counts

per unit time. Or, expressed in symbols,

where RMEC stands for "Ride Measure- Exceedance Count", the

suffix 3 is included in preference to a suffix 2 (the exponent)

for reasons which will appear later, D is the duration of

the time of counting, aL is the acceleration at the _ th thres-

hold, C_ is the count _or that threshold, the summation is over

all of the thresholds, and the factor £_a, which is the spacing

between adjacent thresholds, is included so that the whole expres-

sion will approach a finite limit if the spacing between thres-

holds approaches zero. The factor of 3/2 is included for later

convenience. The symbol_denoting "is proportional to" will

be used for the time being, and a specific normalization will be

suggested at the end of this section.

Having introduced this measure, we will now explore

some of its features.

221



For conceptual purposes it is convenient to work with

the limit in which the spacing between adjacent acceleration

thresholds does approach zero. Thus we will use

R_C3 o_ lira [_la_ a,_ ]

_ a 2

When it is helpful to be more explicit, we can express

the value obtained when this ride measure is applied to the

acceleration signal a(t) as

1 _._dx x 2RMEC3 [a(t_ _ D _ C _(t_ (x)

where C[a(t)] (x) is the number of times that the signal a(t)

passes t_e threshold x during the interval D .

The general properties of C are C(x) _ 0

and C(-O0) = C(u_) = 0 .

for all x

motion,

Applying the foregoing ride measure to a sinusoidal

a(t) = A sin (2TT ft ),

one has

RMEC3 [A sin ] S A a21 da
(2 _T ft OC D -A

3
f A

f D

where f and A are respectively the frequency and amplitude of

the sinusoidal motion. The fact that the result is proportional tc

the third power of the amplitude provides the motive for use of
the suffix 3 .

As there is likely to be interest in a ride measure

which, when applied to a sinusoidal motion, will give a value

proportional to f A2 , we may note two ways of arriving at such

a measure.

From the preceding exercise with RMEC3 it is easy to

see that the measure defined by
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dalal C(a)l:Li_gC 2 _

will vary as the square of the amplitude when it is applied to a

sinusoid.

Another definition with this feature may be obtained in

a somewhat more intuitive manner as follows. Thinking in terms

of the sum over discrete levels and using the a 2 values as

weights, we want to increment the count for a given level only

when that level is the highest (or lowest) one reached by a local

peak (or valley) of the wave form. As that idea can be expressed
in terms of differences between the counts which have been defined

already we can write

2

Putting C_ - C2_ 1 = _C i and going to the limit of zero spacing

between levels, this becomes an integral over acceleration, namely

i[ 2 cx 2dccx]
o

Q

o_ 1 _- Sda a C(a) + _da a
D

1 S da ial C(a)_ D" _

result.

c (a)]

Thus we find that the two approaches give the same

We observe next that various forms of weight function

can be tried in order to see which weight functions lead to ride

measures which correlate best with passenger judgements. In this

vein, let w(a) represent an arbitrary weight function, and

denote the corresponding exceedance count ride measure by

In the interests of a simple notation, we take it as an

axiom that the zero point on the axis of acceleration values is

located at the point of minimum discomfort and that we will

always have w(0) = 0 so that all measures will give the value

zero when a(t) = 0 for all time t.
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Then, integrating by parts, we have
o

If from p_sical symmetry it can be assured that

then the foregoing becomes

1 _[C(x) + C(-x) _ w' (x) dx5 2

However, the original expression in terms of

usually be the more convenient one.

w(-x) = w(x),

dC will

As an example of the application of the general definiti

the value obtained when it is applied to a sinusoid is

RMECw [A 0 + A 1 sin(2_ft)]

o<

I (f/2) [w(A 0

(f/2) [w(A 0

+ A I) + w(A 0 - AI) ] ,

+ A I) - w(A 0 - AI)] ,

if A0_ A 1

if A 0 > A 1

Whereas the above definitions assumed counts based on

preset absolute acceleration values, one can also define counts

based on thresholds whose locations are dependent on the recent

past behavior of the acceleration.

The following is one simple way of obtaining counts

based on moving thresholds. Namely, look at the local peaks

and local valleys of the acceleration waveform and treat the

wave form as a sequence: al, a2, . . ., a where all the odd
members are local peaks and the even members are local valleys

(or vice versa). Then apply one of the previously described

exceedance count ride measures as though the ride consisted of

a sequence of unconnected segments:

from- lal-a21/2 to +lal-a21/2
then

from- la2-a31/2 to +I a2-a31/2

etc.

An indication of the magnitude of the change in results which

will follow from use of moving thresholds may be obtained by

applying the formulae given above for:
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a(t) = A 0 + A 1 sin(2_ ft)

to the case that w(x) is x 2 or x 3 .

With static thresholds we have

RMEC2. [A 0 + A 1 sin (2_ ft)] 2 2

f(A 0 + AI) ' , if A 0 < A 1
[ f(2AoA I) if A 0 > A I

and

RMEC3 [A 0 + A 1 sin (2_ ft)] 23

f ( A I + 3AIA 0 )

The results which applY2if the static thresholds are
replaced by moving ones are f A 1 and f A13 respectively.
Comparison with the preceding results indicates that the choice

of the type of threshold can have a pronounced effect on the
results.

While general discussion of the criteria of ride

measure validity is reserved for Section 4, one criterion will

be introduced here. Namely, if it were to be completely satis-

factory, a ride measure ought, among other things, to yield the

same value for all points on any one isobother (isobother being
the term used in Section 2 to refer to a sinusoidal motion

amplitude vs. frequency contour along which the average person

judges annoyance to be constant).

In the limit that the acceleration discrimination

level spacing tends to zero, any reasonable exceedance count

ride measure can be made to satisfy this particular criterion

exactly. All that is required is that the acceleration signal

pass through a suitably chosen filter prior to counting of the

exceedances.

Let I(f) denote the isobother's amplitude as a fun-

ction of frequency, and let K(f) denote the magnitude of the

transfer function of the filter. Then referring to the earlier

expression for the value obtained when RMECw is applied to a

sinusoid and denoting the even part of w by w , we have

RMECW[Kw(f) l(f) sin (27 f t)] e

and requiring that this expression have a constant value, B,

independent of f , we find

We [Kw(f) I (f)] = B/f
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Thus the desired filter characteristic is determined to be
-i (B/f) / I(f)Kw(f) = w e

where We-i denotes the function inverse to w e . The inverse will

exist because We(X) must be monotonically increasing function

of x if it is to be physically reasonable.

If the criterion of constant value at all points on any

one isobother were assumed to be a sufficient test of ride measur

validity, then the preceding consideration would settle the

question of the relative manner in which any exceedance count

ride measure should treat different frequency components in the

signal it receives. However, the foregoing consideration will be

regarded here as a motivation for introducing the filter rather

than as a basis for deciding what characteristic the filter shoul

have.

Stephens (reference 2) has given interesting data

characterizing vehicle motions in terms of the maximum value of

a(t) in each motion recording. That ride measure can be

regarded as a representative of a group of measures which can be

written in terms of the function inverse to C[a(t)] (x). Namely,
letting A(c) be the acceleration at the largest_threshold which

is crossed c times by the signal la(t)l , one can write a
measure in the form

w[A (c) ] V(c)

c=l

The specific example used by Stephens has w[A] = A, V(1) = 1 and

V(i) = 0 for i>l.

B. Exceedance Time Measures

When reliance had to be placed on mechanical means, ex-

ceedance counts were used because it was easier to count the

number of times that the acceleration crossed each of several

thresholds than it was to determine the cumulative time spent

above each one of them. However, as the development of electroni,

has made it easy to determine exceedance times, exceedance time

measures have become of interest. United Aircraft Corp. was an

early user of this approach.

Let T [a _t) ]

which the acceleration

a(t)

(x) be the cumulative time during

> x if x "_ 0
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and during which

a(t) < x if x < 0

Then the common exceedance time ride measure may be defined as

RMETw
0

1 [ _ w(x) dT(x)

This measure may be more familiar in the guise,

RMETw _ 1 _ D dt w [a(t)]
0

The latter form calls attention to the fact that this exceedance

time measure is the same as the time average of the corresponding

function of the acceleration. It is usually also the more con-

venient form when a(t) is a mathematical function, such as

a sinusoid. (To show the equivalence of the two forms, one may

express the second form in terms of a series based on division

of the acceleration range into a number of equal sized small

segments and then let the segment size tend to zero so that the

series becomes an integral over the acceleration range.)

The weighting function which has generally been used

in past work is w(a) = a2, in which case the exceedance time

measure is the mean square value of the acceleration (for example,

see ref. 3).

Taking w(x) = x 2, and applying the measure to a sinusoid,

one obtains

RMET2 [A 0 + A 1 sin (27rf t)]

2 2

o< A 0 + 1 A 1
2

Thus, with the static thresholds which have been assumed, a

constant term in the acceleration appears to affect exceedance

time measures more strongly than it affects the corresponding

exceedance count measures.

One other specific form of exceedance time measure

which has occasionally been used in procurement specifications

is that based on the weighting function

w(x) = stepA(x)

L 1 if IXl _ A
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In this case it is convenient to integrate the first definition
by parts to obtain

from which we have

RMETstepA = [T(-A) + T(A) ]/D

Thus this measure is seen to give the fraction of the time that
the magnitude of the acceleration exceeds the value A. The
only virtues this measure possesses are that it is easy to under-
stand and easy to implement.

Since the values obtained when exceedance time measures
are applied to a sinusoid are independent of the frequency of
the sinusoid, every exceedance time measure will be consistant
with the isobother data if the acceleration signal is passed
through a filter with transfer function magnitude proportional to
i/I(t) prior to determination of the exceedance times.

Another measure used by Stephens (reference 2) is
defined as the value A such that la(t) l>A for 10 percent of
the duration of the ride. This measure may be treated as being
of the form

0o

-i [ w(x) v(T(x)) aT(x)
D Jv

with T (x) defined as T [ra(t)_ (x) , with w(x) = x , and withl

v(T) = _(T - .9D) (where _ (x) is the symbol commonly used for

the derivative of the unit step function with step at x ---0 ).

The additional freedom which can be introduced by varying the

weighting function v(T) may turn out to be useful.

C. Spectral Measures

Whereas the measures discussed above deal directly

with the acceleration as a function of time it is also possible

to deal with the Fourier transform of the acceleration. To

simplify the discussion, we will assume that suitable weighting

of the various spectral components (such as might be needed for

consistency with isobother data) has already been accomplished

via filtering prior to the Fourier transformation or via numerical

scaling of each of the spectral components after the transformation
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There are two forms of spectral measure which have
been discussed extensively in the past. One is something like
an exceedance count measure and the other is analogous to an
exceedance time measure.

The former is the prescription recommended in Inter-
national Standard 2631 (ref. 4 ). The prior scaling of the
various frequency components is specified based on isobother

data.

The prescription requires ascertaining the r.m.s, value

of each standard 1/3 octave band contribution in the spectrum.

The value assigned by this measure is the largest of the r.m.s.

values obtained in that manner. While this measure is quite

adequate for dealing with sinusoidal motions, it is not a plausible

approach to more general motions. (For example, if two sinusoidal

motions which are separated in frequency by an octave or so are

valued equally by this measure, the motion obtained by superposing

them will receive the same value as either one alone.)

The other spectral measure which has been discussed

frequently in the past (refs. 3, 4, 5) is that obtained by

integrating the square of the magnitude of the transform with

respect to frequency. By Parcival's theorem, this particular

measure is equivalent to the corresponding exceedance time

measure, namely the mean square value of the acceleration.

However, integration of functions of the magnitude of Fourier

transform other than the square will lead to measures which do

not have simple exceedance time measure equivalents.

Mention may also be made of the interesting hybrid

measure introduced by Brickman, Wambold, and Zimmermann (refs. 6

and 7). This measure is based on obtaining the spectra of a succes-

sion of short samples of motion, tabulating transform amplitude

threshold exceedance counts, and forming an average weighted both

with respect to amplitude and frequency.

D. Scaling and Normalization

The specific sample ride measures discussed above

incorporate weighting functions which are proportional to a

power of the acceleration. Thus, they are homogeneous in the
sense that

n
RMn[b a(t)] = b RMn[a(t)]

where _M denotes the measure, b is an overall factor by

which the acceleration function is multiplied, and n is the

exponent of acceleration in the weighting function. Taking the

case of power law exceedance count measure as an example we have
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{: : 7}o n

,x, _c[_a_t_]_x_- lxln _[_ a_t_
where it will be recalled that C[b a(t)] (x) is the number of

times that the signal b a(t) crosses the threshold x during

the interval D.

It follows from the definition of the exceedance count

function that

C[b a(t)] (bx) = C [a (t)] (x)

so that

C[b a(t) ] (x) = C[a(t) ] (x/b)

Thus,

RMECn[b a(t)]

OK
i [_[4jOlxl n dC (t)_ (x/b)_ [a -:IX, n dC[a(t)3(x/b)}

I:; : }n n

2Db' lYln dC[a(t)_(y) -lYl dCEa (t)_(y)
o

n
= b RMECn [a (t) ]

Any measure which is homogeneous may be rescaled so

as to be linear. That is, defining the rescaled measure as the

nth root of the original measure, we have
i/n

LRMn[b a(t)] =_ [RMn[b a(t)] ]

= b LRMn [a (t) ]

230



A linear measure can be normalized so as to assign

the r.m.s, value to sinusoidal motion at some reference frequency.

Then to the extent that the measure correlates well with comfort,

the value which it assigns to any other motion will be the r.m.s.

amplitude of an equally uncomfortable sinusoidal motion with

frequency equal to the reference frequency.

Homogeneity is convenient because it permits a measure

to be interpreted in the simple manner indicated above. However,

it may be found that the ride measures which correlate best with

subjective judgements of ride quality are not homogeneous.

The nonhomogeneous examples which come most easily to

mind are those obtained when the simple power of acceleration

which occurs in one of the homogeneous measures is replaced by

some more general function of the acceleration such as a poly-

nomial or a combination of exponentical functions.

One example using the hyperbolic cosine is

1 SoDdt cosh[k a(t)]
RMET cosh [_a (t)]

where k is an adjustable parameter.

Looking at the example

a(t) = A cos(217 f t)

one has

RMET cosh[A cos (2_ f t)] O_

o_

° [ 71 _-- dt cosh k A cos (2Trft)

D J0

ITT _0 d: _ cosh[k A cos _]

I 0 (k A)

where I0(x) is a modified Bessel function (reference 8 ) whose
behavior is somewhat like that of the exponential function.

This measure may be rescaled so that (ignoring the effect

of preliminary filtering) it assigns the r.m.s, value to any sin-

usoidal motion. Namely, writing I0-1(x) for the function

inverse to 10(x) , the rescaled measure is
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iI fo°IILRMET cosh [a(t)] o_ _ I 0 dt cosh a(t)

Rescaling of the type just illustrated may be applied to any

measure of this general sort, but whereas with a homogeneous
measure the result would be a linear measure, here the result

is a measure which is linear only so long as the motion being

measured is sinusoidal.

In order to facilitate exchange of information, it

might be desirable for all ride measures to have their outputs

scaled so as to assign the r.m.s, value to the motion consisting

of sinusoidal vertical oscillation at a chosen frequency such

as 1 or 6.0 Hz.

4. A Method for Testing and Development of Ride Measures

The need which engineers have for a means of specifying

ride comfort was discussed in Section i. Section 3 has indicated

that there are many different measures available for this purpose.

Supposing that two such measures are under consideration, we come

now to the question of how to decide which one is better. We

will argue that this question has a reasonably definite answer and

that that answer suggests a practical program for ride measure

development and validation.

We take it as a postulate that a ride measure will be

completely satisfactory only if it correlates fully with discomfort

as perceived by the average passenger. (Here, as elsewhere, we
assume that it is meaningful to talk about an "average passenger"

and that the average passenger perceives discomfort due to ride

motion as a scalar quantity. Naturally, the average passenger's

response can be expected to vary depending on duration of exposure,

type of seat, activity during travel, etc.) Expressed symbolicall_

our postulate is that a ride measure, RM , will not be completel_

satisfactory unless it has the property that RM(RI) = RM(R 2) for

every pair of ride motions R 1 and R 2 such that R 1 and R 2 are

equally annoying to the average passenger.

This postulate suggests two different ways of determinin_

how satisfactory a given ride measure is. The first way is to look

at the scatter in the values assigned by the ride measure to a num-

ber of rides which are equally uncomfortable to the average passen-

ger. That is the method which we propose. The other way is to io¢

at the variation in perceived discomfort for a number of rides all

of which are assigned the same value by the ride measure. Since

difference in discomfort is somewhat ambiguous from an experimental

point of view, we regard the proposed approach as the proper one

in principle.
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The first step in conducting either kind of correlation

deficiency test is to make or select recordings of the ride

motions on which the test is to be based. One might seek to

develop a ride measure which could be applied to any motion environ-

ment. However, the specific ride measure which correlates best

with comfort for one mode of travel and range of speeds may not be
the same as the specific ride measure which correlates best with

comfort for a larger group of modes and speeds. To the extent that

this is so, development and testing of a ride measure should be

based on ride recordings exhibiting the kinds of motion that might

actually be produced by the equipment in whose specification the
ride measure is to be used.

The proposed approach (i.e. determine the scatter of

the values which the measure assigns to the members of a group

of equally uncomfortable rides) may be carried out by: I)
using a dynamic ride simulator to reproduce each of the chosen

ride motions, 2) adjusting the overall motion amplitude of each

ride until the test subjects sitting in the simulator judge its'

discomfort to be equal to th_ of each of the other rides, and

3) determining the value assigned to each of the equal discomfort

motions by the ride measure under test.

This method of testing has a feature which makes it

very convenient for the purpose of ride measure development and

optimization. Namely, since the necessary empirical data consists

just of recordings of ride motions which have all been normalized

to a common level of perceived discomfort, the data may be

gathered without reference to any particular ride measure. Once

the normalized ride motions have been recorded in digital form,

the task of testing and optomizing a prospective measure (with

respect to that library of normalized rides) becomes one of

computation alone.

The other method of testing would require that the ride

measure under test be known and in operation for the gathering

of the emperical data and would make the data specific to the

ride measure used. Thus it is not only inferior in principle but

would be very inconvenient in practice as well.

The indicated advantage of the proposed method of testing
is a reflection of the fact that it treats discomfort as the

independent variable and the corresponding ride measure values

measured as dependent variables. Thus, results obtained using

the proposed method are convenient from the point of view of the

engineer who begins with a design goal for comfort and who wishes
to know what limit he must place on the measured value of the

motion.
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Jacobson and Kuhlthau (ref. 3) have described an alter-

native approach to testing and development of ride measures which

has an advantage of greater realism of motion environment due to

gathering of test subject responses in actual vehicle travel but

in which the bases for test subject judgements cannot be as

clearly defined.

5. A Symmetrized Experimental Procedure

The authors' thinking in the area of experimental method

was stimulated by a paper by C. Ashley (ref. 9). Ashley determinec

isobother curve amplitudes at various frequency points by adjustinc

the amplitude until the test subject judged the sinusoid to be

equal in discomfort to a quasi-constant random reference signal

to which the test subject was alternately exposed. Ashley's

procedure constitutes a significant improvement over procedures

which seek to have subjects compare ride motions which differ

in discomfort, and it could be used for the program outlined in

Section 4 above. However, it may be feared that singling any

one motion out as the standard of reference for all of the others

could cause some undetectable bias. (For example, repeated

exposure to the reference motion could cause test subjects to

become unduly sensitive to other motions which were similar to

it.)

Partly from fear of bias, and partly because of aesthetic

dissatisfaction with the lack of symmetry if one motion is singled

out as a standard, the authors have employed a symmetrical

procedure as follows:

Let the number of ride motion samples to be used be n.

Imagine that ride i is fed to the simulator with variable gain

and that it is compared to ride j which is fed to the simulator

with the gain at which it is recorded. Let gii denote the gain

value which makes ride i's discomfort equal to-that of ride j.

Note that gij is defined in terms of a "true" equality and is not
meant to be effected by inconsistancies in test subject responses.

While there are n(n-l)/2 different (i j) combinations, the set of

gii's possesses only (n-l) degrees of freedom; namely they may all

be'determined from the values gnl, gn2' gn,n-i via the relations,

gij = gin gnj

= gnj/gni

On the other hand, let rij denote the corresponding gain

settings as determined from test subject responses during a parti-

cular set of comparisons using a ride motion simulator. Because of

experimental error the rij values will not be transitive (i.e.

rijrjk will not equal rik).
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We, therefore, seek the set of gij values which provides
the best fit to the experimental rij values.

The variables to be determined are gnl, gn2, • • •
g-'-n.,-I' which we will abbreviate as gl, g2, • • • gn-l" For the
error function which is to be minimized we take

z 2 i

E = 1 E Erij/gij - i_ = 1 _ Egirij/g j - 1] 2

i_j i_j

where the prime over the summation symbol is to indicate that

a given (ij) pair is not to be included in the sum if the corres-

ponding rij " was not measured. We presume that the error function
given above is the best choice. However, we are not aware of any

theorem to that effect, and there are other simple positive de-

finite functions which could be used.

The gi values which minimize E are found with the

help of a simple computer code which uses Newton's method and

iterates until the partial derivatives, _ E/ _gi , are all
close to zero.

The level of discomfort to which all of the rides are to

be adjusted is chosen to be that of ride n when its gain is

multiplied by

gn,mean = [gl g2 .... gn-ll I/n

The comfort of ride i is broaght to that level by

multiplying its gain by the factor

Si = gn,mean _ / gni

This choice of settings has the desirable property that the product

S 1 S 2 . . .S n = 1

and thus that the passenger reponses can not cause any rise or fall

in the geometric mean of all of the settings.

Determination of the S i's should be done in two or three

stages with the first one serving to bring all of the ride samples

close to a common level of discomfort so that adjustments in

subsequent stages will be small. The motive here is to minimize

errors which would arise from nonlinearity in simulator and test

subject responses.

As a further detail of procedure, the ride i - ride

pairs are presented to the test subjects in a random order.
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6. Production of a Library of 19 Equal Discomfort Rides

The authors have carried out the steps set forth above

on a pilot basis as follows:

A) Selection of Sample Motions

Seventeen samples of passenger rail car ride motion were

selected so as to include a number of distinctly different types
of disturbing motion as well as several "good" rides. Each rail

car sample included vertical acceleration and lateral acceleration

as sensed by accelerometers located on the floor of the car over

one of the trucks. Two sinusoidal samples were added to the

collection so as to facilitate comparison with work by others.

The numbers of segments from the various sources were:

Car Type Truck Type # of segments

G70 5

G70 4

Metroliner

St. Louis Silver

Liner

Penn Central E5

DOT Test Car

Commonwealth

inside S.H. 2

Pioneer 2

Santa Fe High Level Commonwealth
outside S.H.

Budd Silverliner Pioneer

GE Silverliner

Sine Wave, 6 Hz.

G70

1 lateral, 1 vertical

2

1

1
2

TOTAL -'l-g--

The disturbing motions which are represented were

described when they were recorded by terms such as, brake shudder,

chafing, grinding, resonance, bounding, growling, lurching, and
bottoming.

B) Presentation of Pairs of Rides to the Test Subjects

The ride motion simulator used in this work was the

Passenger Ride Quality Apparatus (PRQA) at NASA Langley Research

Center. Data were gathered on the basis of responses from

three men and one woman seated in aircraft "tourist class" type
seats.

Let A and B denote two ride motions being compared.
The two rides were fed to the PRQA in accordance with the

following protocol:
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ride A

pause
ride B

pause
ride A

, i0 sec

, 2 sec

, i0 sec

, 2 sec

, i0 sec

stop tape drive

have subjects say which ride

was more annoying

manually adjust the separate

gain controls provided for

rides A and B so as to reduce

the difference in annoyance

ride B

ride A

ride B

sample and pause

durations as before

stop tape drive.

have subjects say which ride

was more annoying

manually adjust gain settings
so as to further reduce the dif-

ference in annoyance.

The above sequence was repeated until the test subjects

indicated that the two rides were equally annoying. At that

point the gain settings for both rides were recorded and the test

tape was run forward to the next pair of rides.

The 10 sec and 2 sec durations appeared to be

satisfactory. The ordering of pairs on the test tapes was

randomized. Independent control of the gains for rides A and

B was accomplished by means of an electronic control module

located between the tape drive and the PRQA and controlled by

timing and switching signals on tape channels 7 and 8.

The person conducting the test was kept informed of the identities

of the individual rides via a digital read out operated by coding

on tape channels 9 through 14. That module also operated a pair

of lights for keeping the test subjects informed as to whether the

ride in progress was A or B.
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C) Determination of Gain Settin@s for Equal Discomfort

0.496 times the

factor of 0.496

be over driven.)

isons were:

The testing accomplished to date has consisted of only one

cycle. Thus the gain setting ratios, rii , which have been

measured are fairly large. However, the procedure set forth in

Section 5 has been carried out and a recording of simulator plat-

form motion has been made for each ride with gain setting equal to

S i value defined in Section 5. (The extra

was introduced to assure that the PRQA would not

The final gain settings based on 76 pair compar-

RIDE NO. GAIN SETTING

1 0.621

2 0.525

3 0.504

4 0.362

5 0.306

6 0.509

7 0.429

8 0.482

9 0.572

10 0.362

ii 0.531

12 0.384

13 0.302

14 0.800

15 0.609

16 1.500

17 0.860

18 0.360

19 0.300

The characteristics of the signals fed to the gain control module

and of the accelerations of the PRQA platform pursuant to the

final gain settings are both illustrated by the computer generated

oscillograms reproduced in figures 1 through 19. Figures 20 and 21

show the r.m.s, values of the vertical and horizontal components of

each of the rides both by half octave band and overall.

For the recording of the PRQA motions in response to

the rides at their final settings, the PRQA was ballasted with 3

passengers and 68 kg (150 Ibs) of bagged sand. Rides 1 through 19

were played in sequence with brief pauses between rides. As a

matter of curiosity, each passenger was asked to rate each ride

on a numerical scale from 0 (no discomfort) to 8 (maximum discom-

fort). No further verbal instruction was given. The results were

as follows:
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DISCOMFORT RATINGS BY "BALLAST" PASSENGERS

(ratings shown for each subject have been divided by

the mean value of the ratings which that subject assigned)

RIDE

1

2

3

4

5

6

7

8

9

i0

ii

12

13

14

15

16

17

18

19

S

SUBJECT MEAN

1 2 3 X

1.28 .57 1.02 .96

1.06 .75 1.02 .94

1.17 .94 1.02 1.02

1.40 1.64 i.i0 1.38

1.01 .50 1.02 .84

.84 1.01 1.00 .95

1.01 1.13 1.02 1.05

.67 1.07 1.02 .92

I. 01 1.38 i. 05 1.15

1.51 1.57 1.30 1.46

1.89 1.19 1.02 1.03

.61 .88 .97 .82

1.17 1.32 1.02 1.17

.50 157 .90 .66

1.06 1.19 i.i0 1.12

.84 .75 1.02 .87

1.01 .31 .27 .53

1.56 1.13 1.05 1.25

.45 1.31 1.05 .88

.31 .36 .19 .23

SAMPLE

STANDARD

DEVIATION

S

.36

.17

.12

.27

.30

.i0

.07

.22

.20

.14

.15

.19

.15

.21

.07

.14

.42

.27

.37
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• ° i

The "ballast" subjects appear to find some significant differences

in discomfort among the final rides. The following may be noted

as possible sources of difference:

o

o

o

the "ballast" subjects rode in the simulator

for a much shorter time than the original

subjects

the empirical gain ratios were larger than
one would wish because circumstances have not

yet allowed for a second stage of comparisons

with the starting gains equal to the final gains

from the first cycle.

the judgements of the ballast subjects may
have included some extra randomness due to

ambiguity as to frame of reference.
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7. Preliminary Evaluation of Several Ride Measures

We have begun to carry out the program of section four

using the library of 19 rides described in section six. Work to

date has been limited to an initial scrutiny of the family of

ride measures given by the formula

RM "--

+

4 band k n

Z Z
k=l i

= bassi k[ _ _ ] n+ B iog(f) H
i i

where _ and H i are the magnitudes of the vertical and lateral

accelera-tion Fourier components at frequency fi , where i is summed

over the frequency points in each of the bands into which the

frequency range is divided, and where the disposable parameters

of the measure are the exponent n, the constants A k and B k

which define the semi-log straight line weighting function in

frequency band k, and the locations of the boundaries of the

bands in the frequency range. The A's and B's are constrained

so as to make the weighting function continuous at the band bound-

aries. Thus, for any fixed choice of frequency band boundaries,

the weighting curves offer eight disposable parameters. Overall

normalization effectively reduces that number to seven. This

ride measure is convenient for purposes of exploration because

it depends linearly on the weighting function height parameters.

A least squares fitting routine was used to find the

weighting curve height parameters which minimize the error
function

19

2Error = ( RM. - i )
i

i=l

where RM i is the value assigned to the ith ride.

This fitting was done with the exponent, n, and the

frequency band boundary points fixed and was repeated for several

combinations of exponent and frequency band boundaries.

For the purpose of comparing measures with different

exponent values we use the sample standard deviation of the line-

arized form of each measure, namely
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I }19 i/n 2

Deviation = 1 RM i - 1

Table 1 shows some sample results with the weighting

curve heights scaled so that each curve has height unity at the

beginning of the fourth band of the vertical spectrum. An exponent

value of four was also tried but was found to give residual

errors larger than those obtained with the exponent value three.

One may note that some of the weighting curve heights

are negative. While it is clear that the occurrance of negative

weighting values can be legitimate relative to a fixed set of

ride motions, it is also clear that a ride measure with some

negative spectral weights will fail badly if it is applied to a

sinusoidal motion with a frequency such that the corresponding

weighting is negative. Thus for results which are to be used

in practice, the weighting would need to be made everywhere

positive, either by constraint, or by augmenting the library of

equal discomfort rides with rides having appreciable energy at

frequencies where negative weights had been obtained.

While the specific results obtained to date must be

considered tentative because of the limitations of the equal

discomfort ride data base both as to number of rides and as to

likelihood of scatter in actual discomfort, they suggest the
following three conclusions.

First, to obtain parameter optimization results which

are not unduly sensitive to minor variations in the structure of

the model, the empirical data base of equal discomfort ride motions

will need to be a good deal larger than the one discussed here.

Second, for rail car comfort the upper portion of the

frequency range appears to be more important than the isobother

type data would suggest.

Third, the square of the acceleration appears to provide

a better measure than does either the first or the third power.
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