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: ABSTRACT: Using roadprofile topredict the way in which human beings will rate the ride-
| ability of aroad surface requiresboth aceurate profiles and correct psychophysical scaling.
| The GM-MDSH Rapid Travel Profilometer (RTP) is a significant advance in achieving ac-
| curate profiles. However, psychophysical scaling remains relatively undeveloped and, as
| such, is a barrier to valld ride predication by profiles or any other means. The purpose
| of thisreport is toghow the relationships between profile parameters, roughometer values,
{ and subjective response. A collateral finding is that the variety of methods used to meas-
i ure human subjective response to ride, or serviceability, result in mathematically dif-
! ferent psychophysical formulas, In short, the paychophysical function chtained depends on
| the assumptions of the scaling procedure.
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INTRODUC TION

One primary reason for measuring road profiles (either elevation,
slope, acceleration or jerk) is to predict their effect on driver response.
Studies of human response to motion have often been strictly confined to
laboratory investigations; directly relating known physical inputs (accel-
eration) to their physiological or psychological consequences. Experiments
such as those conducted in the AASHO Road Test (1) have sought toempir-
ically establish relationships between physical road properties and sub-
jective driver response, These experiments differ in two important ways
from traditional research.

First, the physical input (roadprofile) is not experienced by the subject
(driver) directly, but through the complex modifying machinery of the auto-
mobile. Thus, even if the road input were originally known, it would be
substantially transformed by the interposition of a vehicle between road and
driver., Depending on vehicle speed and resonances, the longer, gently
rolling profile elevation differences (long wavelengths) would cause the
driver to experience very low frequencies (in cycles-per-second) while the
short choppy differences would result in relatively high frequencies; most
of which would be attenuated by the vehicle and human body systems.

The second difference is that human response to this band of frequen-
cies isboth physiological and psychological. While some research hasbeen
devoted to the former (2) the AASHO-type studies and the present investiga-
tion seek to measure the latter. The reason for this emphasis is that, re-
gardless of the motions to which drivers are subjected, it is their sub-
jective opinion or response that is most relevant. This report and others
(3) show that measurement of subjective response has both limitations and
pitfalls; moreover, the psychophysical functions may depend on the meas-
urement technique used. Nevertheless, it is a goal of sufficient importance
to warrant continued effort.

In this study, the interposition of vehicle betweensubject and road will
be acknowledged only to the extent that different vehicles are used. No ve-
hicle characteristics are examined, since our purpose is to examine pos-
sible relationships between road profile per se and subjective response.



The Rapid Travel Profilometer

The General Motors-Michigan Department of State Highways Rapid
Travel Profilomeier (RTP) is ideally suited to the measurement of the road
profiles for reasons discussed in reference (4). Some of the pertinent ad-
vantages are briefly reviewed here.

1. True Profile - A serious problem with moving straightedge pro-
filometers is that they introduce distortions into the measured profile. Put
another way, these instruments do not have ''flat" frequency (cyclesper ft)
response characteristics. The RTP frequency response is flat for a fre-
quency range much larger than that required by roughness research.

2. Unwanted Profile Frequencies - Many of the problems discussed in
the roughness literature center around the question of which profile fre-
quencies are relevant to road roughness (5, 6). Clearly, those low frequen-
cies induced by the long, 'hill-valley" profile wavelengths, while passed
by the vehicle and experienced by the driver, are not responsible for what
we call roughness. Similarly, the very short, choppy wavelengths induce
such high frequencies that they are largely dampled or filtered-out by the
vehicle~-human body system. There is, then, a middle range of profile
wavelengths which. best relates to roughness. Attempts to filter profiles
have usually been aimed at eliminating the longwaves (detrending) and have
required arbitrary decisions on method and degree. Moreover, these
methods often color the resulting profile, thereby compromising its value.
The RTP can be pre-set to recover from the total profile only those fre-
quencies thought relevant to roughness.

The regulting filtered profile is then analyzed by examining elevation
deviations from an average elevation base line. It is mathematically con-
 venient to square these deviations, sum them, and divide by the profile
length. The resulting quantity (parameter) is called meansquare deviation
(from the mean), or variance, However, the total variance is composed of
contributions from each wavelength found inthe filtered profile. By asuit-
able technique called power spectral density analysis (PSD) the contributions
to total variance made by the various wavelength regions canbe estimated.
The value of PSD analysis is that these variance contributions can be inde-
pendently examined for their relevance to subjective response. Once the
desired range of frequencies is determined, RTP equipment can be adjusted
accordingly, thereby producing aprofile specifically of interest to ride re-
search.



Subjective Response Measurement Methods

Even if roughness can be satisfactorily obtained from profiles, there
remains the question of how to measure subjective response or opinion.
Highway and automotive researchers have generally used category scales
for measuring generalized subjective response (Fig. 1), Thesescales re-
quire the subject to pick a catepgory ina manner consistent with the depgree
of subjectively experienced roughness (some studies such as the AASHO agk
for judgements on "'serviceability'')., A special caseof the category scale,
the graphic rating scale, has achieved considerable popularity in road serv-
iceability and automobile ride studies, following the lead of the AASHO
Road Test (7, 8, 9, 10). Briefly, the subject is required to mark ona line
his response tohighway roughness or serviceability. All forms of category
scaling are affected by sucharbitrary experimental constraints as the num-
ber of "anchors' and the length of the interval continuum (11).%

An entirely different approach to the problem of psychological meas-
urement--sometimes used in psychophysics-~is found inthe magnitude es-
timation methods. These require the subject to compare several objects
or experiences and report their subjective ratio. Often one experience is
held constant and called the standard; although this is not necessary. Un-
fortunately, the category and magnitude methods do not produce the same
scales. This is an instance of a general problem in psychophysics con-
cerning which we quote Btevens:

... measurement, inthe broadest sense, is defined
as the assignment of numerals to objects or events
according to rules. The fact that numerals can be
assipned under different rules leads to different
kinds of scales and different kinds of measurement,

(12).

If only a ranking of psychological responses is desired, choice of scaling
techniques makeg little difference, i.e., both methods should generate the
same relative subjective order. I, however, we wish to mathematically
manipulate the scale we must be able to measure psychological ratios, or
at least differences. Under these conditions, choice of scaling methods
could affect the mathematical relationship between subjective response and
road roughness, whether measured by roughometer or profilometer. If,

(1) "Anchors" are generally wordsplaced at various positions onthe scale

to direct the subject's response.
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spectrum) depends on where
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head.

First subjective scale: de-
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First public expressionof (JS)
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(SRS) scale averaged over
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Figure 1. Scale levels associated with psychophysical phenomena,



in turn, we expect to relate subjective response in terms of either rough-
ness or serviceability (which are closely related, see reference (9) ) to
design and construction variables, as inthe AASHO Road Test, these rela-
tionships could also be affected., The implication is that for this type of
experiment, the relative importance of the various design factors may
depend on the scaling method used in meaguring human judgements.

Field Experiment: Series I

In order to explore these problems, two field experiments were con-
ducted (Fig. 2). The first consisted of 96 observers rating 16 roads at var—
ious speeds (Fig. 3), and was designed to: (1) examine differences among
types of category rating scales, (2) examine the differences between sub-
jective responses under normal driving conditions and under conditions of
restricted sight and sound (blindfolds and ear insulators) and, (3) examine
the effects on subjective response of different passenger car sizes. The
three category scales selected each for exclusive usewith 32 observersare
shown in Figure 4.

1, Graphic Rating Scale

A card bearing a line as shown in Figure 4awas presented toeach pas-
senger with the instructions to "rate'' the ride of each roadusing the anchor
marks for reference (Fig. 5). Anchor marks were obtained from a pre-
liminary study inwhich 80 subjects rated 92 words on an eleven point "rough-
ness' continuum (Fig. 6). A cumulative frequency distribution of the 11 cat~
egories for each word was drawn up and the interpolated medianwas taken
as the scale value (Fig, 7). The following five words (some different from
the example) were chosen because of their narrow distributions: Excellent,
Smooth, Stable, Unsteady, and Unbearable, The scale position of each
word was then projected on the rating line shown in Figure 4a.

2. Gray Paper Scale

A geries of photometrically evenly spaced (in Munselunits) gray papers
were arranged as sectors of a circle representing nine categories of ride
roughness from "Excellent"” to "Unbearable" (Fig. 4b). Each subject was
asked topick a sector consistent with his subjectively felt sensation of road
roughness.
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TEST VEHICLE
SECTION AVG. SPEED

{ MPH)

30
35
50
50
50
45

('

DRY RUNS
AL

MTMOoOOD >

45
50
45
50
50
35
35
35
35
10 50
I 50
12 50
13 25
14 25
15 25
. |6 33

CONOObdbWN-—

TEST SERIES
A

Figure 3. Vehicle speeds: Test Series I,
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INSTRUCTION SHEET
Project 67 F-92

The purpose of this study is to evaluate road rough-
ness. For this reason, you will be driven over a series
of test roads representing a broad range of motoring con-
ditions. You are to concentrate on the riding quality of
each test road and mark the Ride Evaluation Scale pro-
vided. There are guide words on the scale to assist you
in placing your judgements. For example: If you judged
the ride of a particular test sectionas slightly better than
"adequate, " you might mark the scale as follows:

RIDE EVALUATION SCALE
Project 67 F-52

- Superlor Teat Beclion No. Bpeed

Chserveras Comments

—+ Good

%

L% o
P

<

Reacorderg menta
4 Unsteady *
T

—L shattering

Figure 5, Instructions for using graphic rating scale.
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3. Word Scale

Eleven of the 80 words prescaled (as above)by aword rating panel were
printed on 2~ by 3-in. cards and sequentially presented in pairs to each sub-
ject immediately after experiencing each road. The words and their scale
values are shown in Figure 8. The first word pair presented was always,
"Relaxing-Annoying. " Depending onwhich of these was chosen to deseribe
- the ride, one of two second pairs was then presented, and so on. The sub-
ject's judgement was thus refined untila final word was chosen represent-
ing a point beyond which subjects were probably incapable of further dis-
crimination. From the panel's ultimate word choice distribution, a rank
ordering of road roughness could be generated.

Additionally, the three scales were cross-classified with eight dif-
ferent passenger cars (spanning the range of automobile weight found on
U. 8, roads today). As a check on visual aural "halo" effects (contamina-
tion of subjective response due to stimuli other than those under measure
cf: references (38, 13) ), half of the 96 subjects were blindfolded, andhalf
were provided with sound-insulating earphones.

The 96 subjects were able to use the three category scales with equal
effectiveness; the rank agreement among subjects, as measured by the coef-
ficient of concordance, was about the same (W = 0,85; 1,0 implies perfect
agreement) for all scales. Also, the three category scales apgreed very
closely (W = 0, 89) on the ranking of the 16 roads, ConSequently, ho evi—
dence was found fo sugpgest that the type of category scale selected has any
hearing on either subjective road rating agreementor position. Differences
of mean values on the same scale due to blindfolds and ear insulators were
virtually unmeasureable; differences due to cars were measureable but not of
gufficient magnitude to significantly affect the main issue of this report.
However, there did appear to be some difference in the average perceived
riding quality rank of the six heavy and two light cars. Moreover, this dif-
ference may be a function of road roughness--smooth roads show wide av-
erage rank differences between car groups while rough roads show little
or none (Fig. 9). FEven though subjects probably use the full scale range
regardless of the car in which they are riding, response differences due to
cars exist. The implication is that these differences are meaningful on
only the smoother roads. At about 600-~700 inches per mile, no scaling
procedure used in Field Test Series I detected subjective response differ-
ences afttributable to car weight,

~12-
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Because the three category scales were in essential agreement, it
seemed reasonable to combine their data into a common scale based on 96
subjects. The three scales cannot be combined directly into an overall
scale because category sizes for different scaling procedures are not nec~
essarily comparable. However, there is a technique whereby information
from each of the three scales can be merged into a common scale., The
method, first developed by Thurstone {13, 14, 15, 16) is generally known
as "pair comparison'" scaling. Ordinarily, pair comparison scaling re-
quires that each subject judge which of a pair of stimuli has the greater
amount of some property. In the case of ride evaluation studies, the sub-
jeetwould only report which road of each pair was the rougher (or smoother).
This method has the advantage of asking for only very simple subjective
judgements. One need not worry about such scaling problems as the in-
fluence of anchor word meaning and position. The price paid for this sim-
plicity is inefficiency--many more subjects, as wellas judgements per sub-
ject, are required for reliable results (17). In the present study, subjects
were not asked to compare roads in pairs, rather they were asked to use
various category scales for their evaluations. However, each person's 16
category scale responses canbe rank ordered, and this rank ordering implies
which road ineach of all possible pairs is the rougher. Thus we can artifi-
cally generate a pair comparison matrix in which each road is compared
with each other.

The pair comparison scale is developed from the following formula of
basic statistics:

8. -8 =z, —‘/02_+03,—2cr. T. T.. sesosaaes (1}
1] 1 ] 1]

i i 1]
where:
Si = Subjective response to stimulus (road) I
Sj = Subjective response to stimulus (road) J
O'Ei = Variance of subjective response (Si) to stimulus (road) I
O'Bj = Variance of subjective response -(Sj) to stimulus (roéd) J
rij = Correlation between subjective response (Si) and subjective
response (Sj)
- 7. = Standardized normal deviate representing witha normal curve

of unit variance the proportion of times (Si) is greater than
(8,)
]

-15-



Thus, by knowing only the proportion of subjects stating that Si is

greater (rougher) than Sj we can generate the distance on the subjective

scale between Si and Sj.B This is true only if the other variables in Equa-

tion (1) are known, or if they can be assumed constant or zero. The cor-
relation term in Equation (1) is generally assumed to be zero or constant.
Totest this assumption, the graphic rating scale responses for 32 subjects

were intercorrelated for all 120 road combination pairs in Test Series 12

The existence of road intercorrelation canbe explained by the fact that
the subjects tend to impress personality and experience on the response
scale. For example, if some subjects generally rate roads rough, and
others tend to rate roads smooth, this will show up as positive correlation
among the road ratings. Figure 10 is aplot showing the relationship between
all possible 120 intercorrelations and the ratio of the corresponding pair of
R Greater
R Lesser
roughness, subjective responses tend to correlate positively, while roads
having great roughness differences are not subject to intercorrelation at
all. This isprobably due to the fact that subjects distribute their responses
differently. Some subjects use the full scale range provided, while others
confine their responses to only a narrow segment. Consequently, variance
among responses will vary among subjects. How this could affect response
intercorrelations is shownin Figure 11. Subject A tends to be conservative

roughness values, i.e., . Apparently, for roads comparable in

(2) The scale development from Equation (1) does not follow the conven-
tional procedure expounded by Thurstone. The matrix of all possible
proportions P was converted to the z matrix as usual. This matrix

was then multiplied by the -\/crgi + O'Bj -0y 05T matrix, Thispro-
vided 16 road scales each based on relationships toa given road. The
16 scales were then regressed on each other providing revised esti-
mates of road separations. This process was iterated several times
until the correlation matrix converged to an average value of 1.0,
(3) 1t ig recognized that these intercorrelations are produced by means of
a scaling procedure at issue in this report. However, comparison of
scaling procedures using and excluding the correlation term in Equa-
tion (1) indicate that itis of minor importance. Consequently, the ap-
proximate correlation values obtained by virtue of the linear scale
should be adequate,

~16-
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and confine his responses to a relatively small range about the scale mid-~
point. On the other hand, subject B is more free with his judgements, and
tends to utilize all scale space provided. The correlation of two roads
similar in roughness (1 and 2, or 3 and 4) will tend to have the same sign
while roads with dissimilar roughness values (1 and 3, or 2 and 4) will tend
to have the opposite sign. Because no negative correlations were found, it
is presumed that the above mentioned effect is more pronounced at the high
(smooth ride) end of the scale. Thus, people may use the low end of the
scale similarly in rating poor riding roads, and the high end disimilarly
inrating good ridingroads. This implies that whenusing the graphic rating
scale, subjects can agree more onwhat constitutes poor ride than good ride.
In terms of the inner-quartile range (a2 measure of variability) the two
roughest (also lowest rated) roads had less graphic rating scale variability
than any roads in the series.

Assuming that the correlation coefficient in Equation (1) functionally
depends onthe particular .road pair rated, itwas decided toestimate, rather
than measure it directly from the data. For this study, then, the correla-
tion coefficient in Equation (1)is computed from the following equation deter-
mined by least squares from the data shown in Figure 10.

R

T :_.56 ].Og “‘—G+.59 00890 0sL s E0 e 8 (2)
GL R

L

Figure 12 shows that the conventional graphic rating scale (Fig. 4a),
as used in the AASHO study, can be reproduced by Equation (1) when the
variance terms crgi , and crgj are held constant and equal.

Under these conditions Equation (1) becomes:

Si - Sj = zij '\/Z—C- \/1—-rij

Since —/2C is a factor in all scale separations (Si - 8.}it is omitted and
Equation (1) becomes: ]

S.-S, = 2 ]-_r.. -n-‘-o---ooc—o--.---n--’- (3)
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The units in Figure 12 are unimportant since these are interval sub-
jective scales, and have no meaningful zero point. Consequently, the slope
and intercept are also irrelevant. What is important, however, is the
degree of fit exhibited by the two scaling methods. Figure 12 shows excel-
lent agreement (correlation of 0, 99)betweenthese two methods. Therefore,
itis evident that the graphic rating scale is a special case of the pair com-
parison scale when the variances of subjective response are assumed (or
defined) constant throughout the full roughness range.

We are now in a position to examine the effects of roughness level on
response variance and, consequently, the subjective scale itself. Attempts
by others at assessing response variability have been made by directly
taking the individual graphic rating scale responses for a given road and
directly forming their variance. Plots of variance {0®) vs meanpanel rating
tend to show that 0® is greatest inthe mid-range of roughness. Also, Yoder
and Milhous (9) suggest that panel rating variation is a minimum for very
rough and very smooth pavements. For thedata of Test Series I, the graph-
ic rating scale responses were first standardized to eliminate individual
idiosyneracies and a common measure of variability (the inner-quartile
range) was plotted against median responses (Fig. 13). This procedure
shows the same contraction of dispersion at the scale end points as sug-
gested by Yoder and Milhous. The question arises as to whether these re-
sults are inherently characteristic of human response toroad roughness, or

are merely due to a distortion introduced by the scaling procedure.

Intuitively, it would seem that subjective response dispersion should
not increase, reach a maximum, and then decrease as indicated by Fig-
ure 13. Rather judgement difficulty,'and hence response dispersion, should
increase with roughness; the maximum occurring at the rough end of the
scale ("dispersion' and "variability" are general terms referring to the
spread of data; variance and inner-quartile range are each mathematical
measures of it). Moreover, there is a wealth of psychophysical experience
which conflicts with the curve of Figure 13,* and we appear to have good
reason to doubt the uniform- variance assumptionof Equation (3). However,
because this doubt is based on Weber's Law, we must assume a linear cor-
respondence between the physical and psychological scale upon which dis-

(4) Weber's Law states that the difference in physical magnitudes cor-

responding to their psychologically "justnoticeable difference’ is pro-
portional to their average magnitude, i.e., AM = KM, Weber's Law
and its variations are reputed to be applicable over a very large range
of psychophysical phenomena.
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Figure 14. Relationship between rough-
ometer roughness and category scale
subjective response,




persion is measured., But it is precisely the nature of the psychological
scale that is in question. Therefore, the issue of whether or not to assume
constant response dispersion becomes a matter of definition. On the one
hand, we may define psychological units interms of dispersion units thereby
assuming constant response variance over the stimulus range. Onthe other
hand, we may ignore dispersionin our definition and thereby permit response
variance to vary overthe stimulus range. The first case is represented by
Equation (3). The scale produced by Equation (3) is plotted against rough-
ometer values (R) in Figure 14, Notice that the relationship is of the form:

I T £ BPNCY)

Equation (4) is predictable (18) and is generally found when category
scales are plotted against physical input (19, 20). For example, the log of
slope variance was selected as the best predictor of "'serviceability" inthe
AASHO Road Test (1).

Field Experiment: Series II

The second testseries of this study was designed to contrast the scale
~ produced by magnitude estimation techniqueswith thatof the category meth-
ods discussed above. In this series, 37 test sections were evaluated by 40
observers by requiring them to report the ratio of the riding quality of each
section to the preceding one. Twenty subjects rated "roughness' and 20
rated "smoothness" in order to remove possible bias associated with the
direction of ratio estimation. 'Because the responses are ratios, they must
be sequentially multiplied (the first roadis defined as 1.0 onthe subjective
scale) to penerate scale values (21, 22), This procedure, while yielding
magnitude estimates, is subject to considerable error in view of the num-
ber of multiplications necessary (37 for the last ratio in Test Series II).
Randomization of test roads would distribute these errors; however, it was
found administratively necessary topresent the roads in the same order to
each subject. It would not be possible to present all combinations of roads
directly without contaminating the ratio judgements with considerable ir-
relevant intervening roadway. Nevertheless, a large variety of roughness
ratios were available from the 37 roads. It hasbeen found (11, 19, 23, 24)
that magnitude estimates of subjective response {S) ratios are related to
physical input (R) ratios by the power law:

% Ry ’
— :<.__> llllllllll [ BN B N A R B 4 & 8 8 0B (5)
S, R,

] ]
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or in general:
S—_-Im¢ lll....II.Il.l.‘l.‘.".l.ll.lll"'l!. (6)

Where K isa scalefactor and ¢ isan exponent related to the type of physical
input, ‘

Equation (6) can be used for both estimates of roughness and smooth-

ness, Thirty-six estimates each of ¢S and ¢R are distributed as shown in

Fipurel5., Median o for ”roughriess" is 1,10 and median ¢S for "smooth-

ness' is ~1,10, While the combined, '"roughness' and "smoothness'' data
have an absolute median value of approximately 1.0, it is not known if the
individual ¢'s are randomly distributed about these values. To test the as-

sumption of randomness, a control chart was constructed as follows (Fig.
16):

For any two roads, it would seem intuitive that the dispersion of ¢i'

for example: ¢ P or @, 2 would be directly related to average road rough-
i i
ness, and inversely related to the particular roughness difference between
the road pair for which ¢, is computed. Empirical plots (Fig, 17) show
i
that a very good relationship exists of the form:

Il'C'l-..'..ol‘le.llll.llllll.ll.lﬂlll!". (7)

TEST SERIES I1

[MED @p|+MED Fsi ° °
- .

z
T

-]
o o

1
T
o

o
g
b4

5o
) -l
i ﬁ

- £ §

a
L]
a
a
° S “__ ROUGHNESS
a (20 SUBJECTS)

3
T
%ag,

SMOOTHNESS
{20 smasﬁs)"“‘}

-
e
1

Figure 15, Cumulative frequency
plots of "roughness' and '‘smooth-
ness'' ratings.

5
T

CUMUJLATIVE ﬂnmcv, LY
s 2 3 H
T T |
-]
-]

-
1

o

o

-22-



a |-
APPROX 31% WITHIN & 2@
BUT SHOULD BE APPROX 95%
T A - ROUGHNESS RATING
D - SMOOTHNESS RATING
[} —
A
5 -
4 |-
4
— " 3 .
© ]
4 A
2 |- 4 o
+}2- —————————————————————— 8 ' g Q 4
e TTTTTTTom—e & o
———ge_..__ 8o
| ? } B A N Ao —n~§)-«_-q_a%_
e o L B
________________ a g o
I I A 2
o
4 A
-1 o]
4
-2
-3 | ! IR T S N T B | i I R A B R
10 12 14 1.6 8 20 2.5 4 5 BIO 50
IDAR/R

Figure 16. Control chart for ¢ and roughness difference ratios with RR.

1000
0.0
-
b -
1.O—
- .
L s ®
ol ; ool Lol 1 T I
"ol 1.0 0.0 i00.0
A
aR

Figure 17, Relationship between ¢ based on "roughness™
rating and "smoothness’ rating.




The slight curvaturein the low % regionis probably due tothe inflation
of cr¢ by small errors inthe roughness measurements used inthe computa-

tionof each d: ona log-log plot these errors would be noticeable only in the
low O'd) region. Using Equation {8), control limits were plotted {on recip-

rocal paper) to show acceptable variability (2U¢) for ¢ as a function of -é—R

As can be seen in Figure 16, the "process' is definitely not in control gsince
far too many 'roughness" (:br) and "smoothness" (¢S) slope estimates lie

outside the 2¢ b limits. Therefore, we conclude that estimates are biased
individually regardless of the road rating direction (smoothness or rough-

ness). While an overall estimate of slope ( ¢ ) can be made by averaging
(or taking the median) of the 37 average roughness or smoothness ratios
( ¢ ), it isimportant to remember thatindividual slopes for particular road
pair combinations will probably not converge to a common value (such as
1.0) regardless of the number of rating subjects. Also, examination of
. Figure 16 reveals that both "roughness" and "smoothness" estimates of ¢
deviate from the average (1,0} in the same direction and toabout the same
degree. This supgests that '"roughness' and "smoothness' ¢ values are
correlated, and are not independent estimates of ¢, The high depgree of this
correlation is shown in Figure 18, This isthought to be due to any or sev-
eral of the following factors not reflected in roughometer measurements:
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1, Qualitative roughness differences not reflected in the amplitude
frequency spectrum could affect general subjective judgement (i, e., rolling).
Subjective judgements of ride ratios are general in that the subject must
make a single evaluation--taking into account all qualitative and quantitative
aspects of ride. It is likely that subjective roughness ratios will be sub-
stantially influenced by differences in this ride frequency "color.” This
in itself could preclude convergence of ¢ to a common value shared by all
road comparisons.

2., Road comparisons could be biased by extraneous background con-
ditions such as traffic density, road condition, and geometry considerations
(general psychological evaluations tend to reflect general impressions or
attitudes; which inturnmay be influenced by factors not under examination).

3. Intervening roadway between the roads being compared may con-
taminate estimates of roughness ratios. While these stretches were made
as short as possible, it is likely that they did affect subjects’ memories
and hence ride ratio evaluations.

Despite this problem, it appears that there is little, if any, difference
inroughness rating as opposed to smoothness rating, and that thetwo values
canbe averapged to provide a ¢ estimate basedon all roads sampled of 1,10,
This means that subjective response is directly related to roughness:

8 = I{Rl‘lo
or
SETR ..., cereaen et e (8)
This result is contrary tothat obtained previously with category scal-
ing; i.e., 5 = Alog R teessesausitusonseno P 3

Recalling that Equation (4) was based on category scaling with the sub-
jective response variance terms assumed constant, itis of interest todeter-
mine what these variance terms must be if category and magnitude methods
are to produce compatible (linear transforms) scales. For this prupose,
the following development will relate ¢® to R:

In 81 - In §j
By equation (5), ¢ = —M——
In Ri - In Rj
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2 3 2 5
andsincecr;:(—) USia + (9_’1) o'Sa +(M) o ¥ _B_i) R
58, as 3 i

which is evaluated at §i . S

sj,ﬁi,’ﬁj, and $ (25),

R, \2 0g 2 og ?
i i j
o ® In — = — + _] when terms involving
0 R, '\ 8°? S.?
] 1 ]

R and O'BR are neglected because of their relatively small size.
i ]

0_2

Substituting from Equation (7), we have,
5 R, ? og, R 0g, @
B ..3..._ ln _1 = _1 + — i = C
AR Rj Siz S B

It turns out that for most roughness comparisons,

.8Z C € 1,2 or C is relatively constant (Fig. 19). Therefore,

3
o o 2

S, S,
1 4+ 1 = constant, consequently
—2 '—-'2 .
Si Sj
=] <]
g s
_,_1 = — U constant
S3 52

1 j
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By gubstitution from Equation (5),
S R \2°¢
R i)
2 ] ﬁ.

The value of ¢ is not the same forall road comparisons; however, as Fig-
ure 15 shows, the median ¢ over all road comparisons should be about 1.0,
By this assumption,

21}
" »
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|
S ¢
13}
=)
()
O

That is, when the standard deviation of subjective response to road rough-
ness is assumed proportional to the roughometer value, category scaling -
will give the same results as magnitude scaling.

The implication of Equation (9) is that when roughness figures are sub-
stituted for ¢ in Equation (1) the resulting category scale turns out to be of
the form S = R (rather than S = log R) as was found directly by ratio
scaling (Eq. 7). The correlation of this subjective response scale with
roughness is shown in Figure 20, and should be compared to the correla-
tion with log roughness shown in Figure 12,

Thus, we have found that when subjective response to road roughness
is measured with a category scale, it istacitly assumed that the subjective -
response variance does not change over the stimulus range. On the other
hand, if magnitude estimation methods are re used, itis assumed not only that
the variance is not constant, but is proportional tothe square of the rough-
ness maghitude itself. Consequently, each scaling method involves quite
different assumptions concerning the nature of units on the psychological
scale: category scaling assumes that the psychologlcal units are propor-
tional to the response standard deviation; magnitude scaling assumes that
they are constant. Since this is a definitional matter; one cannot decide on
logical grounds that one or the other method gives the correct psychological
scale. However, as discusesed later, there are practical reasons for pre-
ferring the magnitude estimation method.
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Subject Measurement and Road Profile Spectra

Analog processing of RTP data provide sufficiently filteredprofiles to
enable computation of power spectral density plots (amplitude variance
spectrum) (4). Spectra for each wheel track profile and its first three de-
rivatives were computed from automatically digitized RTP data. Generally,
the two wheel tracks for each road were similar, with the high frequency
contribution to amplitude variance always somewhat greater for the out-
side wheel track, as would be expected.

Wheel-track spectra were averaged and plotted with wavelength {A)
on log-log coordinates as shownin Figure 21 (all plots are presented in Ap~
pendix B). As is generally known, these plots are well approximated by a
straight line; hence,

AVD :Dxx LR AR B B I R B I B I B B L B B B B B B B B R I L IR I R R IR I I R (10)
where AVD is amplitude variancedensity (power), D is a constantreflecting
the general variance density level (probably the best overall parametric
correlate of subjective response). Correlations of AVD parameterswith
subjective response are:

D: -0.88
x: 0,54
Multiple of D and x: 0.89

The exponent x, ranging from about 1.5 - 2,5 is essentially unrelated to
subjective response. Linear correlations of log AVD and log ) averaged
0.98 for the 16 roads of Test Series L,

Total amplitude variance (within the limits of measurement) of thepro-
file or its derivatives is often used as aride indicator (1, 5, 9). However,
this method ignores the unequalvariance contributions of wavelength inter-
vals to subjective response and is therefore an imperfect indicator. Be-
cause roughometer measurements do correlate well with subjective response
(r = 0,98) either this instrument or subjective responses can be used to
select time frequencies or road wavelengths relating best to ride (Fig. 22).
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Correlations between roughometer measurements aswell as subjective
response and AVD were poor for low frequencies (1-5 cps) and improved to
a maximum (r = 0, 99) for the 18-36 cps range (Appendix C). Because this
frequency range (for the vehicle speeds used: 25-50 mph) results from a
very narrow band of road wavelengths itwas possible to simplify the analysis
by relating subjective response directly to the profile (Appendix D).

Figure 22 also shows the correlations of the variance contributions of
the 3-ft wavelengths for the profile and its first three derivatives with rough-
ometer figures. The lines are parallel and separated roughly by a mul-
tiplier of four. Successive differentiation of (sin wt)? indicates that they
should be in the ratio 1 : 3 : 27 because A = 3. Moreover, the slopes show
the general equation relating amplitude variance to roughness (in/mi) tobe:

396

R = E (AVD) ceeenn e, (11)

where E depends on the derivative order. The exponent of .395 compares
with ,365 given in reference (26), At =3, correlations are all high, but
‘this is not truefor the greater wavelengths. Figure 23 shows that the fall-
off of correlation with subjective response is greatest for the third deriv-

TEST SERIES I , A3
HNUMBER CF SUBJECTS : 98

g 3 3 3 H
T

UNEXPLAINED VARIANGE (1-r3), PERCENT

»
=]

[ a F 3o 40 o L4 T o0 " o
PROFILE WAVELENGTH AN, FT

Figure 23. Relationship of amplitude variance
density and subjective response for various
wavelengths and derivatives.
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ative and least for the‘first derivative, As far as total variance is con-
cerned, it appears that the slopeprofile is best suited for ride predictions.
However, the best correlations are obtained with the very short wavelengths
for all derivatives.

There seems fo be little point in measuring variance contributions
from wavelengths much above 5 ft as far as ride research is concerned,
However, if the full spectrum is to be considered, some transformations
of it are better correlated with subjective response than others. Some
examples are shown in Figures 24 through 28. In general, total variance
correlates better with subjective response when logarithms are first taken
of amplitudes. This has the effect of attenuating the large amplitudes found
with the lower frequencies or longer road wavelengths. These regions of
the spectrum donot seem to influence subjective opinion, and as previously
mentioned, could be eliminated without loss of predicting power. Also,
profile derivatives seem to have the same effect--the shorter waves are
amplified by the derivative operator, and these are the ones of interest in
ride research. Thus, rather than concernoneself with only the shortwave-
length bands, one can choose suitable transformations of the full spectrum
(subject to initial filtering considerations) and achieve the same results.
A common property of these transforms should be the enhancement of the
shorter waves or the supression of the longer waves.

If graphic or category rating scales are used to measure subjective
response, we find by substituting equation (10) in equation (4) that:

S = F1og (AVD) terrriernseeesnereannneesnnnneenns  (12)

The log transform of slope variance (variance of the first derivative of the
profile) appearsin the PSI equations® and can bhe expected to appear in any
ride or serviceability experiment where category scaling is used (Fig. 29);
serviceability is properly infroduced into this discussion since it is so
highly correlated with roughness (9). When magnitude scaling is used,
or category scaling is accomplished with Equation (1) utilizing the dispersion
relationship: o = R, the results agree with Equation (8), i.e., S =R, Be-
cause R = E(AVD) 2°% 8 = E(AVD)?°® (Fig, 30).

(8) Wavelength composition is not published.
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Figure 30, Relationship between subjective response and amplitude variance

density when magnitude estimation scaling is used.
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Evaluation of Methods of Psychological Scaling

At this point, the possible reasons for the different functional forms
obtained by the two scaling methods will be discussed. Suppose that subjects
find it easy to discriminate small roughness differences at the smooth end
of the scale and difficult at the rough end. The effect onthe category scale
will be as follows: At the smooth end where discriminationis best, a large
portion of the scalewill be used to reflect small but perceivable differences
in roughness. Whereas, at the rough end, where discrimination is poor-
est, the same small roughness differences are less easily detected and will
tend to be lumped intoa single category or confined to asmall scale range.
For example, the differences between 100 and 200 in. per mile is easily
detected and would, therefore, show up asa sizeable scale separation con-
sistently reported. However, the difference between 600 and 700 in. per
mile, while arithmetically the same, is more difficult to detect and con~-
sequently will show up as a smallscale difference not consistently reported
(Fig. 31), In addition, if many subjects are used and their judgements com~
bined intoa single average for each road, disagreement and hence variance
differences may result from differential sensitivity and attitudes to fre-
quency and amplitude. For example, subjects might respond similarlyto
low frequency vibrations, but differently tohigh frequencies, or they might
respond similarly to smooth roads and differently to rough ones. The re-
sult in each case would be good agreement at one end of the scale, and poor
agreement at the other. Under these conditions, the resulting category
scale will probably not be a linear transform of a scale based on direct
estimates of psychological magnitude ratios.

Because the level of inter- and intra-subjective response agreement
can determine the disparity between the magnitude and category scales,
one can theoretically produce an infinity of category magnitude scale trans-
forms by merely controlling the background factors that affect subjective
response agreement, For example, since one personis usually more con-
sistent than several, a category scaleproduced from replicated judgements
of asingle individual would probably not be linearly related toa scale pro-
duced from the combined judgements of a group. Consequently, the exact
mathematical form of the relationship betweensubjective response as meas-
ured on category scales and physical input may depend on experimental
conditions and technology. Should changes in experimenté—l_ conditions or
improvements in technology alter the functional relationship between re~
sponse agreement and input level, laws depending onthe affected variables
would have to be updated accordingly, This defines the first disadvantage
of measuring subjective response toroughness with category scaling meth-
ods.
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The second disadvantage of category scales is that measurements based
on them will not confirm laws utilizing magnitude scales. The problem is
especially acute for laws derived from intuitive formulations, These for-
mulations generally involve variables that are traditionally measured on
magnitude scales as in the physical sciences. To be sure, 2 logically co~
herent system of laws based on either scaling system could be evolved; how-
ever, those based on category scale measurements would not benefit from
intuitions growing out of everyday experience with the magnitude scales.

A third disadvantage could occur if, with the use of a group of subjects
inaride experiment, several proved more telerant of inereased amplitudes
at all frequencies. This might be due fo the ride experience the subject
brings with him to the experiment. Thus, if a subject is familiar withonly
very smooth Interstate roads, he will tend to down-rate the rougher roads
more than a subject whohas encountered the latter inhis daily experience.
On the other hand, a subject habitually adapted to very rough gravel or sec-
ondary roads, will necessarily view all primary and Interstate highways as
superior. The full range of test responses for this subject would show a
bias toward the high or smooth end of the scale. In addition, experience
withthe testseries of the experiment itself probably affects the distribution
of subjective responses as well as their general location bias or "adaptation

Adaptation level is defined as a neutral point from which psychological
judgements are made, and is defined as the midpoint of the category scale.
It has been suggested that as far as a test series is concerned, this point
corresponds to the geometric average on the physical scale of all the rated
or judged objects inthe experiment. Accordingly, the psychological neutral
point will follow the mean of the series, which, of course, is a function of
the roads selected for testing (Fig, 32). In ride research one prefers that
the psychological neutral point which is marked by the difference between
say, "acceptable" and "unacceptable, ' be independent of the experimentor's
choice of fest roads (Fig. 33). It has been argued that the category scaling
methods are particularly sensitive to these adaptation level problems.

In the writer's opinion, some magnitude estimation methods are rel-
atively free of adaptation level effects, for it is reasonable to assume that
a subject can decide onthe ratio of riding quality of two roads without bias
due to the other roads in the series.
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CONCLUSBIONS

1., When human subjective regponse to ride is measured by means of
magnitude estimation methods (subjects reporting ride ratios), the relation-
ship between subjective response and physical input is of the form:

(Subjective Response)~ (Physical Input)

When human subjective response toride is measured by means of cat-
egory or graphic rating scales, the relationship between subjective response
and physical input is of the form:

(Subjective Response)~ log (Physical Input)

Physical input can be measured by roughometer roughness or the amplitude |
variance density of any of the commonly used profile derivatives.

2. When measurements of human subjective response to ride were made
on category scales (subjects choosing from categories provided), very little
difference was detected between category scale types, automobiles, or per-
ceptual conditions produced by various degrees of sight and hearing restric-
tions. Not only did subjects rank the test roads about the same for each
test condition, but they closely agreed among themselves within each con-
dition. These results are probablydue to "adaptationlevel" problems often
found with category scaling. methods,

3. The best correlation of subjective response with physical input,
using magnitude estimation methods, is obtained for the profile wavelength
region under about five feet. Little, if any, improvement is obtained from
the inclusion of greater wavelengths.,

4. The equations predicting ride from physicalinput by means of mag-
nitude estimation scaling are to be preferred because;

a) They give results which are independent of inter- or intra-sub-
jective disagreement or error variance.

b) Theoretical formulations are generally based on variables
measured on magnitude scales.

c) There is reason to think that magnitude estimation procedures
can be administered without adaptation level problems.
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5. Profile derivatives (slopes, acceleration, jerk) no not appear to
offer any advantage in predicting subjective response over the profile
itself (displacement).

6. Prediction of subjective response was not significantly improved
by utilizing vehicle speed data. Good results canbe obtained from an exam-
ination of road profile alone, provided the test vehicle speed range is not
large.

7. Differences in ride between cars is a decreasing function of road
roughness,

The opinions, findings, and conclusions expressed in this publication are
those of the author and not necessarily those of the Bureau of Public Roads.
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APPENDIX A

Cumulative Frequency Distributions of Category Scale Values for Roads

in Test Series I.
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APPENDIX B

Power Spectra for Each Road in Test Series I,
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i APPENDIX C

Amplitude Variance for Various Frequency Bands Plotted Against

Subjective-Response for Roads in Test Series I,

-58-
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APPENDIX D

Correlation of Amplitude Variance for Various Road Wave Lengths

and Subjective Response to Roads in Test Series I.
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