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Recent controlled experiments concerning passenger ride comfort in in-
tracity buses and intercity trains are reported and compared with past
airplane ride-comfort studies. The primary methaod of analysis is linear
regression of environmental and motion factors versus passengers’ per-
ceived ride comfort. The regression coefficients so obtained are com-
pared among the three transportation modes for similarities. Transverse
acceleration, vertical acceleration, and noise appear to he the dominant
determinants of ride comfort in airplanes, roll is the major determinant
of ride comfort in buses, and noise and roll are dominant in trains. De-
spite the differences in the dominant variables, the estimated regression
coefficients for the different motions and noise are similar across all
three modes. This suggests the possibility of a single general model in-
corporating all motions and environmental factors.

The modeling of passenger ride quality in transportation
systems has received much attention in the past several
years. Most of the work can be separated into three
general areas. The first of these is laboratory studies
that deal mainly with reactions to motion stimuli; the
second is field studies that use captive subjects to deter-
mine reactions to the general environment (not exclu-
sively motion); and the last is field studies that use fare-
paying passengers. These studies have been reviewed
elsewhere (1,2, 3, 4),

Basically, past ride-quality studies have determined
the relations between subjective comfort response and
motion or multiple stimuli (e.g., motion, noise, and
temperature). These models take the form of either
equi-sensation-type contours (5) or regression models
(6,7,8), in which comfort is the dependent variable and
the various environmental parameters (such as vertical
acceleration, transverse acceleration, roll rate, tem-
perature, and pressure) are the independent variables.

This paper compares ride-quality models developed
at the University of Virginia with field studies of both
captive and fare-paying passengers on buses, trains,
and airplanes. The results for the airplane models are
well documented (7, 8,9, 10, 11, 12) and will not be re-
ducted in a manner similar to the bus and train studies
described here.

DESCRIPTION OF BUS AND TRAIN
EXPERIMENTS

A pair of experiments were performed to develop data

on the effects of the environment of a vehicle on passen-
ger comfort in intracity buses and intercity trains.

These experiments were designed to simultaneously col-
lect information on the vehicle's environment and the
passenger's comfort ratings in that environment. The
data on the vehicle's motion were collected by using the
University of Virginia's portable environmental measure-
ment system. This equipment consists of a portable
measurement box and a standard tape recorder. Itis
capable of measuring and recording three linear acceler-
ations, three angular rates, temperature, pressure, and

noise. Analog measurements are FM-multiplexed on
the tape recorder for later retrieval and reduction by
analog and digital computers. For the present study,
the data so collected were analyzed by using root-mean-
square (RMS) values, where deviations are measured
against the mean value of the data., This gave a set of
RMS values (mean biased out), with the linear accelera-
tions in ¢gs and the angular velocities in degrees per
second, The test period was subdivided into approxi-
mately 1-min segments, each with a somewhat different
environmental stimuli. The subjects were asked to rate
the comfort of the ride in each of the segments on a
scale of 1 to 7, with the following scale characteriza-
tion:
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Comfort Level

Very comfortable
Comfortable

Somewhat comfortable
Neutral

Somewhat uncomfortable
Uncomfortable

Very uncomfortable
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The subjects were not coached as to the motion levels
that define these comfort levels; all responses were sub-
jective, with the subject himself or herself defining what
was comfortable or uncomfortable.

The bus experiment was designed so that the subjects
would ride on two different buses, one with a good sus-
pension and one with a poor suspension. A route in the
Hartford, Connecticut, area was selected for the ex-
periment such that many different levels of motion would
be experienced by the subjects.

The train experiment used four different passenger
coaches on the New York to Boston line in the Stamford
to New London area., Because it was impossible to con-
trol the route in this case, data were gathered =2t peri-
odic intervals (every 6 min). Again, different coaches
were used with different suspension characteristics.

The table below shows the experimental design for both
the bus and train experiments,

Subject Vehicle Suspension
Group Trial 1 Trial 2
A Poor Good
B Good Poor

In these experiments, the subject groups were matched
for age (young, middle, or older), sex, and frequency
of vehicle use (seldom or frequent), and each trial, in
which the data were collected over fifteen to twenty 1-
min trip segments, was conducted over the same pre-
selected test route,



Table 1. Statistical comparison of bus, train, and

5 . Commercial
airplane motion. Information Bus Train Airplane
Subjective response
Mean 3.4 2.9 3.2
sD 1.1 0.7 0.9
Range 2210 6.5 1.7t0 4.8 2to0
Roll rate, “s
Mean 2.4 1.4 1.0
SD 0.4 0.3 0.7
Range 1.11t04.6 0.9 to 2.6 0.11 to 3.6
Piteh rate, s
Meah 2,1 0.51 03
SD 0.5 0.10 0.25
Range 1.2 to 3.4 0.76 to 1.1 0.05t02.2
Yaw rate, ¥s
Mean 2.1 1.3 0.26
SD 0.6 0.3 0.37
Range 1.1 to 3.5 0.8 to 2.7 0.009 to 3.6
Longitudinal acceleration, g
Mean 0.044 0.012 0.014
SD 0.015 (3.004 0.012
Range 0.017 to 0.073 0.007 to 0.022 0.001 to 0.076
Transverse acceleration, g
Mean 0.075 0.029 0.014
SD 0.028 0.010 0.012
Range 0.031 to 0.134 0.009 to 0.064 0,001 to 0.080
Vertical acceleration, ¢
Mean 0.082 0.030 0.044
SD 0.027 0.007 0.031
Range 0.036 to 0.152 0.018 to 0,049 0.008 to 0.19
Noise, dB(A)
Mean 75.8 70.4 87
SD 2.6 4.4 2.1
Range 70 to 83 62 to 82 81 to 94
Temperature, °C
Mean 22.2 23.3 20.0
SD 1.8 3.6 6.0
Range 18.3 to 23.9 20.0 to 27.8 12.2 to 30.56
Note: “C=("F -32)/1.8
Table 2. Correlation coefficients for bus data.
Subject Longitudinal Transverse Vertical
Item Response Roll Pitch Yaw Acceleration Acceleration Acceleration Noise Temperature
Subject response 1.00 - - - - = = = -
Roll 0.76 1.00 - - - - - - -
Pitch 0.22 0.57 1.00 - - - - — -
Yaw 0.05 0.39 0.63 1.00 - - - - -
Longitudinal acceleration 0.48 0.57 0.50 0.48 1.00 - - - -
Transverse acceleration 0.28 0.59 0.80 0.77 0.61 1.00 - - -
Vertical acceleration 0.57 0.71 0.68 0.60 0.62 0,77 1.00 — -
Noise 0.07 0.28 0.47 0.52 0.25 0,56 0.51 1.00 -
Temperature -0.08 -0.29 -0.41 0.29 -0.43 -0.29 -0,08 1,00

-0.35 =0

Figure 1. Mean subject response versus {RMS) roll rate for bus

experiment.
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RESULTS OF BUS AND TRAIN

EXPERIMENTS

Bus

400 - 4.50  5.00

In the bus experiment, environmental data and the re-

sponses of 30 subjects were collected for each of 52
road segments. Within each segment, the variation
among the individual responses had a standard deviation
(SD) of approximately 1.3, The measure used in the
following discussion is the mean of the 30 subjects' re-
sponses for each segment.

Table 1 summarizes the statistical information
gathered in the bus, train, and airplane studies. The
data display a relatively wide spread in all of the motion
variables, The coefficient of variation for all motion
variables exceeds 25 percent; only in the noise variable
is the spread much lower, with a coefficient of variation
of 3 percent [this, of course, is misleading because the
dB(A) measure is logarithmic rather than linear]. The
data on pressure are not given because of the insignifi-
cant variation in this variable.

Table 2 gives the Pearson correlation coefficients of
the mean responses, motion variables, noise, and tem-
perature. The relations among the responses of the
subjects and the individual motions can be seen more
clearly in Figure 1, which relates the mean response
(on the vertical axis) and the mean roll rate (on the hor-
izontal axis) for the collected data.

Because of the high colinearity among the independent
motion variables, stepwise linear regression was used
to examine their relationship with the dependent variable
(comfort), [The stepwise regression technique has been
used in similar studies (7) with satisfactory results. ]

The results of the regression analysis can be ex-
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pressed by a comfort-model equation having the following
form:

C=A+Bwg )
where
C = comfort rating,

A and B = coefficients, and
we = roll rate (/s).

Table 3. Comfort models using bus experimental data.

A B

Category of Level of
Subjects Value SE* Value SE" R* Significance
All 0.87 0.32 1.05 0.13 0.58 ~0.001
Seldom riders 0.79 0,31 112 0.12 0.62 <0.001
Frequent riders 0.93 0.33 0.97 0,13  0.53 <0,001
Ages 16 to 24 1.71 0,31 0,91 0.12 0,53 ~0.001
Ages 25 to 48 0.84 0.38 1,01 0.15 0.47 <0.001
Ages <49 -0.22 0.37 1.28 0.14 0.61 <0.001
Males 1.25 0,31 0.99 0.12 0.56 <0.001
Females 0.47 0.35 1.09 0.14  0.56 <0.001

# SE = standard error,

Figure 2. Comfort versus roll rate by category of subject.
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The coefficients, R® statistics, and levels of significance
for all categories of riders are given in Table 3. RMS
roll rate is the dominant variable in all cases, It is
noteworthy that the R? statistic is greater than 0,50 ex-
cept for the ages 25 to 48 category and that the level of
significance in all equations is better than 0.001.
Although the stepwise regression enters yaw, pitch,
and vertical acceleration into the equation at the 0,05
level of significance, these variables are not included
in the model., The coefficients of these variables are
not all positive, a counter-intuitive result., For exam-
ple, the second variable to enter the equation (for all
subjects) is yaw, resulting in the following equation:
C=A+Bwy -Dwy (R? =0.65) 2)
where D = coefficient and wy = yaw rate (”/s). The co-
efficients and standard errors (SEs) for this equation
are given below.

Coefficient Value SE

A 1.68 0.39
B 1.20 0.13
D 0.55 0.18

It is not realistic that increased yaw in a vehicle's mo-
tion will increase the comfort of the passenger for the
range of frequencies encountered. These additional
terms are therefore not used because they do not reflect
a theoretically sound basis for a comfort model.

Graphic representations of the individual regression
equations, by category, are shown in Figure 2, Both
the constants and the slope coefficients are of interest,
The three categories of subjects will be considered
separately. First, seldom riders have a lower inter-
cept coefficient, but a higher slope coefficient than do
frequent riders; however, these results are not statis-
tically signiticant because of the relative magnitudes of
the standard errors and should only be considered as
trends. When subdivided by age, young riders are
generally less satisfied with the bus ride, as evidenced
by the large intercept coefficient, but are more tolerant
of the roll motion; older riders are generally more sat-
isfied with the ride, but are more sensitive to the rolling
motion., In the male and female categories, the inter-
cepts are significantly different, but the slopes are not.
Males tend to be generally more intolerant of the ride
than are females, but their responses to the vehicle mo-
tion are approximately the same.

Train

In the train experiment, the responses of 30 subjects were
collected on each of 79 track segments. As in the bus
analysis, the dependent variable is the mean response

of these 30 subjects,

The train data are summarized in Tables 1 and 4.
Table 1 gives a statistical summary of the environmental
data, including the mean, standard deviation, and range
of each variable for the 79 segments. The motion data
collected in the train experiment had noticeably less
variation than that collected in the bus experiment. For
example, the train data have coefficients of variation
of 20 and 11 percent for roll and pitch respectively with
others in the range of 23 to 35 percent, Table 4 gives
the partial correlation coefficients for the train data,
The noise level has the highest correlation with the sub-
ject responses, and the roll and transverse acceleration
have partial correlations of 0.44 and 0.34 respectively.

The stepwise regression approach used in analyzing
the train data produced regression equations of the
following form:
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C= A+ EdB(A) + Bwy (3)

The coefficients, R® statistics, and levels of significance
of these equations for all categories of riders are given
in Table 5. In these models, the noise and roll vari-
ables together explain 52 percent of the total variance

in the subjects' responses. The next variable to enter

is longitudinal acceleration, which increases the R”
statistic from 0,52 to 0.54, This small increase does
not warrant inclusion in the model, and this variable is
not entered.

AIRCRAFT DATA

Data were taken on flights of four different commuter
airlines, each flying different aircraft with flight times
of 15 to 60 min, The aircraft involved were all small
(15 to 30 passengers) and short haul [<800 km (<500
miles)], In addition, flights onboardanin-flight aircraft
simulator were conducted using special subjects to ob-
tain responses to motion environments not experienced
in present-day commercial aircraft. These flights are
described elsewhere (13), Stepwise linear regression
analysis yielded the following models for comfort.

For the commercial flights, the data are summarized
in Table 1, and the correlation coefficients are given in
Table 6. The motion terms with the highest correlation
with comfort are vertical and transverse accelerations
and roll, Noise is a smaller contributor; however, it
is included here for completeness. Because the comfort
equation is nonlinear, two equations were fitted to the
airplane data depending on the relative magnitudes of
the transverse and vertical accelerations (8). These

Table 4. Correlation coefficients for train data.

equations are given below:

C=2.1+189%y +12%1a¢

+0.19[dB(A) - 85.5] (ay> l.6at) (4a)
C=2.1+1.6ay +39.8ar
+0.19[dB(A) - 85.5] (ay < l.6ar) (4b)

where a. and ar are vertical and transverse accelera-
tions respectively. For these two equations, R® = 0.41,
and the sample sizes are 2000 and 1680 respectively,

Although no sex-specific or age-specific models have
been generated, it has been observed (9, 10) that women
are less sensitive to motions than are men.

In the airplane-simulator flights, it was possible to
generate motions that allowed the investigation of one
variable at a time. In this paper, only the response to
roll rate is presented to allow a comparison with ground
modes (13):

C=1.34+0.76wy &)

where the dominant frequency for the roll motion is 1
Hz. This is chosen to conform with the lowest dominant
frequencies of the ground modes, No high-frequency
roll-motion data are available because this type of mo-
tion does not occur in the air mode.

COMPARISON OF BUS, TRAIN, AND
AIRPLANE MODELS

Before proceeding with comparisons of the models them -

Subject Longitudinal Transverse Vertical

Item Response Roll Pitch  Yaw Acceleration  Acceleration  Acceleration Noise Temperature

Subject response 1.00 - - - - - - - -

Roll 0.44 1.00 - - - - - - -

Pitch 0.31 -0.03 1.00 - - - - - -

Yaw 0.20 0.62 -0.14 1.00 - - - — -

Longitudinal acceleration 0.43 0.06 0.18 0.05 1,00 - - - -

Transverse acceleration 0.34 0.56 -0.18 0.77 0.07 1.00 - - -

Vertical acceleration 0.08 0.41 -0,38 0.18 -0,05 0.26 1.00 - —~

Noise 0.63 0.15 0.43 0.05 0.46 0.04 -0.13 1.00 -

Temperature 0.24 -0.04 -0.06 -0.03 0.21 -0.03 -0,22 027 1.00

Table 5. Comfort models using train experimental data. A - B
Category of — Level of
Subjects Value SE' value SE* Value SE’ R? Significance
All -5.26 0.96 0.10 0.01 0.96 0.21 0.52 <0.001
Seldom riders -4,26  0.96 0.08 0.01  1.05 0.22 0.48 <0.001
Frequent riders -6.30 1.06 0.11 0.01 0.88 0.24 0.51 <0.001
Ages 16 to 25 -5.86  0.94 0.11 0.01 0.81 0.21 0.54 <0.001
Ages 25 to 48 -3.04 1.03 0.06 0.01 1.01 0.23 0.37 <0.001
Ages =49 -6.67  0.26 0.12 0.02 1.00 0,28 0.46 <0.001
Males -6.20 1.09 0.11 0.02 0.86 0.24 0.50 <0.001
Females -4,33  0.92 0.08 0.01 1.06 0.21 0.50 <0.001

? SE = standard error,

Table 6. Correlation coefficients for airplane data.

Subject Longitudinal Transverse Vertical

Item Response Roll Pitch  Yaw Acceleration Acceleration  Acceleration Noise Temperature
Subject response 1.00 - - - - - - - -
Roll 0.71 1,00 - - - - - - -
Pitch 0.56 0.81 1.00 - - - - - -
Yaw 0.30 0.50 0.66 1.00 - - - — -
Longitudinal acceleration 0.30 0.41 0.54 0.25 1.00 = - — -~
Transverse acceleration 0.68 0.86 0.78 0.57 0.40 1.00 - - -
Vertical acceleration 0.74 0.91 0.78 0.40 0.39 0.82 1.00 - -
Noise 0.18 - - = = - s 1.00 -

- - - - - - L.

Temperature -0.13

=}
1=




Figure 3. Normalized lateral-acceleration power spectra for bus,
train, and airplane motion.
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Figure 4. Normalized vertical-acceleration power spectra for bus,
train, and airplane motion.
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selves, it is important to note several differences in the
data, First, the frequency distributions of the three
modes are different (Figures 3, 4, and 5). The airplane
motion is dominated by low-frequency components (i.e.,
<2 Hz) for roll rate and vertical and lateral accelera-
tion, but the bus motion, and to a lesser extent the train
motion, have more high-frequency components. A sec-
ond difference is the range of motion encountered for
the three modes. Table 1 indicates that there is less

angular motion on the airplane than on the ground modes,

In addition, there are significantly higher noise levels

on board the aircraft, Of course, as in any regression
analysis, caution should be used in applying the models
to situations outside the range of the experimental data.

Figure 5. Normalized roll-rate power spectra for bus, train, and
airplane motion.

10.

AIRPLANE

1/Hz

FREQUENCY (HZ)

Table 7. Regression coefficients by mode and motion.

Stimulus
Vehicle Type Roll Vertical Transverse Noise
Bus 1.05+0.13 16,6 +5.2° — -
Train 0.96 + 0.21 = 28,6 * 8,5 0.10 = 0.01
Airplane (a, = 1.6a,) 0,76 18,9 £ 1,0 12.1 + 0.2 0.19 +0.03"
Airplane (a, < 1.6a;) — 1.6 + 0.7 39.8 + 8.6 0.19 £ 0.03
2 Not an important variable for mode.

Although the models obtained are somewhat different
in nature, they do have similarities. However, as re-
gression models apply only within the limited range for
which there are data, it is not surprising that different
travel modes have different regression models, These
differences suggest an examination of the influences of
the environmental variables. In Table 7, four vari-
ables—roll rate, vertical acceleration, transverse ac-
celeration, and noise—are compared. The three major
models are summarized below:

1. Bus: C=0.87 + 1.05wk,

2. Train: C = -5.27 + 0.96wr + 0.10dB(A), and

3. Airplane: C=2.1+ 189a, + 12.1ar + 0,19 [dB(A)
- 85.5] for Ay 2 1,6a;r and C = 2.1 + 1.6ay + 39.8ar + 0.19
[dB(A) - 85.5] for ay < 1.6ar.

Within the statistical accuracies given (and remem-
bering that some of the variables are secondary influ-
ences for a particular mode), the agreement is good.
The roll coefficients are similar, with those for bus,
train, and airplane all in the range of 0.76 to 1.05. The
vertical coefficient for the bus data (16.6) lies between
the coefficients for the two airplane models. This is a
reasonable result, with the a,/ar ratio for the bus and
train motion approximately unity (Table 1). Because
this is close to the changeover point of a 1.6 ratio in the
airplane equations, it is unclear which of the two air-
plane equations should be used in the comparison, There
is a similar result in the transverse accelerations,
where the train coefficient of 28.6 lies midway between
the airplane coefficients of 12,1 and 39.8. The noise



Table 8. Roll-rate regression coefficients for bus and

train data.
Bus Data Train Data

Category of Subjects Valie SE* Value SE
All 1,05 0.13 0.96 0.21
Seldom riders 1.142 0,12 1.05 0.22
Frequent riders 0.97 0,13 0.98 0.24
Ages 16 to 24 0.91 0,12 0.81 0.21
Ages 25 Lo 48 1.01 0.15 1.01 0.23
Ages <49 1.28 0.14 1.00 0.28
Males 0.99 0.12 0.86 0.24
Females 1.09 0.14 1.06 0.21

* SE = standard error

coefficients of 0.19 for airplane and 0.10 for trains are
also in the same range, although statistically different
(at a 0.05 level of significance). Table 8 gives addi-
tional information on the roll coefficients for bus and
train subject subpopulations by age, sex, and frequency
of ridership, Here again there is substantial agreement
between the bus and train modes,

SUMMARY AND CONCLUSION

The data presented suggest that passenger sensitivity

to the different vehicle motions are similar, regardless
of the mode. Because of the dissimilarities in the
dominant motions and in the frequency ranges encoun-
tered, conclusions beyond this must necessarily be
guarded. Nonetheless, the results presented show a
similarity in the marginal response to linear and angular
motions that is reasonable from a physiological point

of view and suggests the possibility of a general model
of ride comfort that might be used on a variety of trans-
portation modes. This general model might take the
form of a multivariate model in which different motions
and environmental factors are included or excluded de-
pending on their relative dominance. This speculation
is not unreasonable, given the similarity of the regres-
sion coefficients in the bus, train, and airplane ride-
comfort models.
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