! REPORT NO. DOT~TSC-RSPD-77-1,11

wh -

DEVELOPMENT OF TECHNIQUES AND DATA
FOR EVALUATING RIDE QUALITY
Volume 11: Ride-Quality Research

R.D. Pepler
L.L. Vallerie
1.0. Jacchson
R.W. Barber
L.G. Richards

Dunlap and Associates, Inc.
One Parkiand Drive
Darien CT 06820

\1_‘ OF Thy Ay,
o
)

&
Stargs ot~

FEBRUARY 1978

FINAL REPORT

OOCUMENT IS AVAILABLE TO THE U.S. PUBLIC
THROUGH THE NATIONAL TECHNICAL
INFORMATION SERVICE, SPRINGFtELD,
VIRGINIA 22161

r Prepared for

: U,S, DEPARTMENT OF TRANSPORTATION
RESEARCH AND SPECIAL PROGRAMS DNIRECTORATE

0ffice of Transportation Programs Bureau
O0ffice of Systems Enaineering
Washington DC 205an



NOTICE

This document is disseminated under the sponsorship
of the Department of Transportation in the interest
of information exchange. The United States Govern-
ment assumes no liability for its contents or use
thereof.

NOTICE

The United States Government does not endorse pro-
ducts or manufacturers. Trade or manufacturers'
names appear herein solely because they are con-
sidered essential to the object of this report.

™y



a,

L

LY

. .
.‘/.to‘l

Technical Report Documentation Page

DEVELOPMENT OF TECHNIQUES AND DATA FOR

EVALUATING RIDE QUALITY February 1978

1. Report No. 2. Governmenr Accession No. 3. Recipient's Cotolog No. i
DOT-TSC-RSPD-77-1, II
4. Title and Subtitle 5. Report Dote

6. Peorforming Organizotion Code

Volume II: Ride-Quality Research

8. Porforming Orgonizotion Report No.

7. Avhe's) B D. Pepler, L.L. Vallerie, I.D.

Jacobson, R.W. Barber, L.G. Richards ED77-1(II)

9. Performing Orgonization Nome ond Addrass 10. Work Unit No. (TRAIS)
Dunlap and Associates, Inc.* 0S849/R8505

One Parkland Drive 11, Contract or Grant No.
Darien CT 06820 DOT-TSC-1090 -2

n 13. Type of Report and Period Covered
USSP BEB ALY B it hnsportation

Research and Special Programs Directorate Final Report
Office of Transportation Programs Bureau Jupe 1975 - March 1977
Office of Systems Engineering 13. Sponsoring Agency Code
Washington DC 20590

15. Supplomontory Notes U.S. Department of Transportation

Transportation Systems Center

*
Under Contract to: Kendall Square

Cambridge MA 02142
16, Abstract

Ride-quality models for city buses and intercity trains are pre-
sented and discussed in terms of their ability to predict passenger
comfort and ride acceptability.

This, the second of three volumes, contains a technical discussion,
of the ride-quality models developed during the research effort using
the data gathered on city buses and intercity trains. The methods and
procedures employed to derive the models are also presented, together
with examples of how models are used to evaluate the ride quality of
existing and future transportation systems. The raw data used as a
basis for the models are presented in the appendixes to this volume.

Volume I is a summary, and Volume III contains procedural guide-
lines to be employed by transportation specialists in developing ride-
quality models and in using them to evaluate passenger comfort in
existing or future systems.

17. Key Words 18. Distwribution Stotement

Ride Quality (Bus/Train)
DOCUMENT IS AVAILABLE TO THE U.S. PUBLIC

Passenger Comfort THROUGH THE NATIONAL TECHNICAL
Ride Acceptance INFORMATION SERVICE, SPRINGFIELD,

Ride-Quality Models VIRGINIA 22161

19. Socurity Classif. {of this report) 20, Security Classif. (ef this pego) 21. No. of Pages | 22. Prico

Unclassified Unclassified 164

Form DOT F 1700.7 (8-72) Reproduction of completed page authorized



b

.



<)

L 1)

"

PREFACE

This study of ride quality, which developed predictive models of
passenger comfort and ride acceptability, was conducted by Dunlap and
Associates, Inc., under Contract No. DOT-TSC-1090 in close cooperation
with the University of Virginia as subcontractor. The project was under the
direction of Dr. Richard D. Pepler, Vice President of Dunlap and Associates,
Inc, The design and conduct of the field data collection was the prime re-
sponsibility of Mr. Leroy L. Vallerie, Principal Associate of Dunlap and
Associates, Inc., and the data analysis and model development was the re-
sponsibility of Dr. Ira D. Jacobson, Associate Professor, Department of
Engineering Science and Systems, University of Virginia. Mr. Vallerie was
supported by Ms. Joan M. Edwards, and Messrs. Charles A. Goransson and
John J., Henschel of Dunlap's professional staff. Dr. Jacobson was assisted
by Drs. Richard W. Barber and Larry G. Richards and by Messrs. Steven
Troester, Steven Schaedel and George Cushnie of the University of Virginia.

The success of the project depended on help of many kinds from many
people. In particular, wc would like to acknowledge the cooperation and
assistance received from Mr. Charles Abell, Mr. Raymond Binheimer and
the bus drivers of Connecticut Transit in arranging for and collecting data on
city buses during the experimental trials and on regular scheduled services.,
Similarly, we thank Mr. Joseph Schmidt, Mr. Ross Higginbotham and Mr.
Robert Breese in Washington and Mr. Thomas Fortier and Mr. Tim
Salveson in the Hartford office of the National Railroad Passenger Corpora-
tion (AMTRAK) for their assistance in arranging our use of selected passen-
ger rail cars and in contacting AMTRAK passengers. We are especially
grateful to those men and women who volunteered to participate in our ex-
periments and to those groups of passengers on scheduled services who had
agreed in advance to provide additional ride quality data,

Finally, we would like to express appreciation for the support, guidance
and encouragement that we received from Dr. E. Donald Sussman, Technical
Monitor and Ride Quality Project Manager, and Mr. Edward A. Sands, Con-
tracting Officer, Transportation Systems Center, U.S. Department of Trans-
portation; and from Dr. Robert J. Ravera, Transportation Advanced Re-
search Program (TARP) Manager, Office of Systems Engineering, Office of
Secretary, U.S. Department of Transportation, Washington, D. C.
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SYMBOLS AND ABBREVIATIONS

ar = RMS transverse acceleration of vehicle
ay = RMS vertical acceleration of vehicle
ar '~ =RMS longitudinal acceleration of vehicle
wgp = RMS roll rate (rotation around longitudinal axis)
wP = RMS pitch rate (rotation around transverse axis)
wY = RMS yaw rate (rotation around vertical axis)
m,, = mean transverse acceleration (sustained component)
m,, = mean yaw rate (sustained component)
g = gravities, or 9. 8 meters per second squared
°c = degrees Celsius
oF = degrees Fahrenheit
R2 = the proportion of variance in comfort judgments '"explained' by
regression equation; the square of the multiple correlation
coefficient.

dB(A) = decibels measured using the A-weighting system

deg/sec = degrees per second, a measure of angular velocity

RMS = root mean square; the data are processed to remove the long time
constant (the mean)

C = mean comfort rating (empirically derived)

c' = mean comfort response predicted by a model

CPR = predicted comfort response

a = the level of significance for a hypothesis test

o = standard error of the coefficient

E s = that value of a variable (say roll, w_) such that some percent

in the sample lies within the range ap + E B’ that is within

E,B units from wp:



GLOSSARY

ACCEPTABILITY: Degree to which a vehicle or system will be used by
passengers.

BANDWIDTH: Range of frequences contained in a given motion.

COMFORT: A subjective state of the passenger, assessed in the present
research with a seven-point rating scale.

DECIBEL: A unit of measurement of sound intensity or power level.

EXCEDANCE COUNTS: Number of times a variable exceeds some chosen
level in some unit of time.

FACTOR ANALYSIS: 'A set of techniques for determining the dimensionality
of a set of variables, usually by finding the rank of the matrix of inter-
correlations among the variables.

g-LEVEL: Amount of acceleration referred to the acceleration of gravity.

JERK: Rate of change of acceleration, usually pertains to the longitudinal
direction.

LATERAL DIRECTION: In an x, y, z coordinate system, with x oriented in
the direction of travel of the vehicle, and z oriented perpendicular to the
plane of the vehicle and idrected into the supporting surface, the y axis
represents the lateral direction.

LONGITUDINAL DIRECTION: In an x, y, z coordinate system, with x oriented
in the direction of travel of the vehicle, and z oriented perpendicular to
the plane of the vehicle and directed into the supporting surface, the x
axis represents the longitudinal direction.

MODEL: A mathematical (abstract) representation of some object, event or
process.

PEAK VALUE: The maximum value of a variable.
PITCH: Rotation about the lateral axis (see lateral direction).

POINT OF PERCUSSION: Point about which vehicle can be considered to be
in pure rotation giving rise to equivalent motion.

oX-
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ROLL: Angular motion about an axis in the direction of travel, i.e., the
x axis in the coordinate system adopted in this report (see longitudinal
direction).

RMS: Root mean square of a variable.

SPECTRUM: The distribution of the values of any quantity.

TRANSVERSE DIRECTION: In an %, y, z coordinate system, with x oriented
in the direction of travel of the vehicle, and z oriented perpendicular to
the plane of the vehicle and directed into the supporting surface, a trans-

verse direction would be somewhere in the yz plane.

VEHICLE INPUT: The inputs to the vehicle from external sources, e.g.,
road roughness, track irregularities, winds, turbulence, sea state, etc.

VERTICAL DIRECTION: In an x, y, z coordinate system, with x oriented
in the direction of travel of the vehicle, and z oriented perpendicular to
the plane of the vehicle and directed into the supporting surface, the z
axis represents the vertical direction,

YAW: Rotation about the vertical axis (see vertical direction).

-xi-/-xii~-
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I. INTRODUCTION

For many years, transportation specialists have recognized the need to
develop a quantitative tool for measuring and evaluating the ride quality of
existing and proposed vehicles. Such a tool would permit them to compare
the relative merits of two competing systems, to write vehicle specifications
and to initiate cost effective design changes. Currently, designers and
planners of transportation systems must rely on the use of comparative ''as
good as'" criteria, subjective rating methods and guidelines established for
human tolerance to vibration, none of which can reliably be employed to
assess or predict passenger comfort or acceptability of ride.

A. Background

In general, the existing guidelines for ride quality provide little informa-
tion that can be used for tradeoff analysis or design purposes. In fact, none
of the guidelines has been validated on actual vehicles in the field. The
most well known guidelines available are those presented by the International
Standards Organization (ISO) (1969). These guidelines present acceleration/
frequency curves for three linear degrees of freedom which are not to be
exceeded for acceptable ride comfort. As will be shown in this study, there
is no reason to believe that this method of assessing ride quality should apply
in cases where any of the angular degrees of freedom become important. In
addition, the guidelines give no means of combining vibration in more than
one degree of freedom, the assumption being that they are independent and
not additive. This is intuitively difficult to accept. The applicability of
present day guidelines is reviewed by McKenzie and Brumaghim (1976).

Ride quality research through 1972 has been reviewed in Jacobson (1974).
Most of the relevant work since then has been summarized in the proceedings
of the first and second ride quality symposia (NASA, 1972 and 1975). Until
most recently, the study of ride quality was undertaken as a laboratory exer-
cise, primarily to determine the influence of vibration (almost exclusively
in the vertical direction) on subjective judgments of motion and comfort.
More recent laboratory work (Dempsey, 1976a and b; Stone, 1975) using
simulation facilities at Langley Research Center is aimed at determining the
way in which various components of motion, as well as noise, combine to in-
fluence subjects' judgment of comfort,

Field studies aimed at determining the comfort of passengers have also
been conducted. Most of the work has been carried out in this country by
Jacobson and Richards (1975, 1976 and 1977) and Kuhlthau and Jacobson (1972).
In the United Kingdom, Clarke and Oborne (1975 and 1976) have studied
passenger reaction to public service vehicles, particularly cross-channel



hovercraft, helicopters and trains. Manenica and Corlett (1973) assessed
rider reaction to traveling on a hovercraft and a local bus service. In Japan,
panels of experts have been employed to evaluate specific vehicles (Miwa,
1967).

"

Richards and Jacobson (1975 and 1977) surveyed airline passengers con-
cerning their reactions to the flight environment and their perceptions of
factors influencing their level of comfort. On one questionnaire, passengers
were asked to rank the importance of various factors in influencing their
comfort; seat factors were seen as most important, followed by noise,
temperature and motion. A second questionnaire allowed passengers to in-
dicate the degree of discomfort they associated with each of a set of environ-
mental factors. These passengers also rated the comfort of their flight and
their satisfaction with the trip. Ratings concerning noise, vibration, motion
and seat variables were significantly associated with comfort judgments and
trip evaluation. Passenger comfort was also strongly related to willingness
to fly again. Comfort helped determine the acceptability or attractiveness of
the mode of transportation, in this case, aircraft,

Jacobson and Richards (1976 and 1977) obtained continuous recordings of
the motion characteristics of planes while test subjects rated their level of
comfort at intervals throughout the flight. Regression equations in the form
of ride quality models, involving RMS values for vertical and transverse
accelerations, were found to predict the comfort ratings of the test subjects. -

Jacobson, Kuhlthau and Richards (1975) showed how quantitative models
of this sort could be used as a tool by system designers and evaluators to
evaluate or predict passenger satisfaction with the ride environment of a
vehicle., The general method, as outlined, has been proposed as a general
approach to ride quality evaluation (McKenzie and Brumaghim, 1976) in other
contexts. This approach was used in the current research effort involving
city buses and inter-city trains.

[£]

B. Research Objectives

The goal of this program of research was to develop quantitative models
of the subjective reaction to the ride environment of city buses and inter-city
trains.using field data obtained from both paid subjects as well as regular
passengers. The goal has been to develop a model which can be used for a
variety of purposes. Among these are:

. Provide a quantitative basis for ride quality specifications.

. Evaluate ride environments on current transportation
vehicles.
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Provide tradeoff data on alternative design approaches.

Evaluate relative effectiveness of roadbed (guideway) vs.
vehicle specifications in providing acceptable ride quality.

To meet these aims, the program was designed to have several objec-
tives. These were:

Collect field data on passenger comfort responses to
bus/train ride environments.

Generate ride quality model(s) able to predict comfort
responses from vehicle motion inputs.

Validate model(s) using data from passengers on
commercial services.

The model(s) developed in this program are not meant to apply to all
transportation vehicles--past, present and future; rather, they are specific
to the city bus and inter-city train. There has been some attempt, as dis-
cussed below, to develop a composite model for hybrid types of transporta-
tion systems that might be applied more broadly than any of the vehicle
specific models. More work is needed, however, on combining the data for
many transportation modes (e.g., air, high speed train, automobile and
ship) to evolve a general model for predicting the reactions of passengers
to future systems.



II. METHOD

The goal of the program of research was to develop ride quality models
for city buses and inter-city trains that can accurately predict those levels
of vehicle motion considered both comfortable and acceptable to the majority
of potential passengers. To achieve this goal, the research program was
carried out in two phases as shown in Figure II-1. The first phase dealt with
model development and the second phase dealt with model validation. Both
phases included the collection of data on passenger comfort and vehicle
motion. In Phase 1, selected riders were employed to judge ride comfort
and acceptability over a wide range of vehicle motion conditions. Independent
variables associated with the vehicles' ride environment and subject charac-
teristics were carefully controlled in experimental settings. In Phase 2,
actual passengers provided the judgments of ride comfort and acceptability
on vehicles in actual revenue service. In this way, it was possible to vali-
date the models developed in Phase 1.

A, Research Design

The passenger's perception of ride comfort and acceptability depends on
the ride environment and on his own physical and psychological character-
istics. The ride environment consists of a large number of variables which
fall into three major categories: the external inputs to the vehicle, the char-
acteristics of the vehicle itself, and the internal environmental conditions to
which the passenger is exposed. Figure II-2 illustrates these three cate-
gories as well as the procedures used to measure and control them.

In Phase 1, a wide range of these external variables and vehicle charac-
teristics were included in the research design; otherwise, models would be
developed using too limited a sample of the ride environments for the par-
ticular transportation mode. Also, selected variables, e.g., temperature,
noise, time duration and sequence, known to influence the ride environment
and passenger comfort, were systematically controlled in accordance with
good experimental practices. In this way, any possible effects of the order
in which ride motions change that might bias passenger judgment of ride
comfort were attenuated, and the major external and vehicular variable(s)
responsible for the differences in vehicle motion identified.

Both the physical and psychological traits of passengers are known to
influence their perceptions of comfort and ride acceptability. Passenger
traits per se and their influence on ride comfort were not of primary in-
terest in this research effort. Nevertheless, age, sex and riding experi-
ence, known to influence passenger judgment of ride quality, were accounted
for in Phase 1 of the study by stratifying riders with these traits across the
various experimental conditions in a systematic manner. In this way, it was

[}
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possible toensure that the selected riders were representative of the
traveling public.

1. Phase 1 Bus Study

The design used for the development of the bus models during Phase 1
is shown in Table II-1. In this design, a route was carefully selected so that
it contained good, intermediate and bad road surfaces in terms of smoothness
and condition of repair, as judged and measured by the experimenter. A total
of nine road segments, three of each surface condition, were presented to two
groups of approximately 30 subjects each, using two different buses, one with
good suspension and the other with poor suspension, as determined by vehicle,
age and condition of repair. Subjects were selected to represent approxi-
mately equal nummbers of males and females; young, middle-aged and older
persons; and frequent and infrequent riders of city buses. To attenuate order
effects, the sequence of segments was different for each bus. Each segment
lasted approximately one minute, during which time vehicle motion, noise, tem-
perature and speed were recorded, and the subjects rated ride comfort on a
seven-point scale, as described in Section II. C. Average time between seg-
ments was approximately five minutes. Subjects were given a 20-minute rest
period after completion of the first nine segments on one bus (about one hour)
and before starting the next nine segments on the next bus.

Since different ride quality models might be appropriate under differ-
ent driving situations, data were collected under several types of conditions:
straight/level roads and hills, curves and acceleration/deceleration. Section
III. A. discusses the results of the straight/level roads and hills experiments
as well as those for acceleration/deceleration (Part 1). SectionIll.D. discusses
the curved roadway experiments (Part 2). The above design was replicated for
Part 2, using two additional subject groups each consisting of 30 subjects.

2. Phase 1 Train Study

Essentially the same design was used for the train study as shown
in Table II-1. for buses, The train study utilized four different passenger
coaches on the New York City to Boston train line between Stamford and
New London, Connecticut. Since it was impossible to control the route in
this case, data were gathered for one-minute segments at intervals of four
to six minutes for the duration of the trip. Again, different coaches were
used with different suspension characteristics. The train route included
a good cross-section of track characteristics, with some good and some
poor track, welded and unwelded sections, and switch areas. Two matched
groups of 30 subjects each were employed to provide comfort data during the
Phase 1 train study. As in the bus study, subjects were selected to repre-
sent approximately equal numbers of males and females; young, middle-aged
and older persons; and frequent and infrequent riders of trains.



TABLE 1I-1. PHASE 1 DESIGN FOR PARTS 1 AND 2
OF THE BUS STUDY,.

Route Group A (30 Subjects) Group B (30 Subjects)
Segment* Bus P Bus G Bus G Bus P

1 a b a b
-2 b a a

3 c c c c

4 b a b a

5 c c c c

6 a b a b

7 c c c c

8 a b a b

9 b a b a
Total: 9 9 9 9 =36

36 Segments x 30 Subjects = 1080 Comfort Ratings**

Each road segment was approximately 1 minute in duration,
*¥¥ Design was replicated for Part 2--curved roadways.

Good (smooth, new) surface condition

Intermediate (some cracks, holes) surface condition
Bad (pot holes, bumps, needs repair) surface condition
Poor Suspension (> 10 years old and in poor repair)

Good Suspension (< 2 years old and in good repair)

o
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3., Phase 2 Bus Validation Study

In an attempt to assess and validate the ride quality model developed
on the initial bus data gathered during Phase 1, additional data were collected
from volunteer passengers on regularly scheduled city, commuter buses
operating in the Hartford, Connecticut, area. Data were gathered in the
morning and afternoon on two consecutive days. There were 113 passengers
in all; 59 male and 54 female; 101 of them used the bus daily and repre-
sented a wide range of age levels (16-24 years, 15 persons; 25-34, 44 per-
sons; 35-48, 31 persons; 49 and older, 23 persons). Since the bus routes
were established and fixed, motion characteristics were not under experi-
mental control. Less extreme motions were therefore to be expected for this
study. Data were obtained on a total of 29 segments of road.

4., Phase 2 Train Validation Study

. Attempts to obtain train validation data resulted in only limited
success. On two occasions, the data collection effort had to be aborted; in
one instance due to power failure and in the other due to excessive passenger
drinking. On a run between New Haven, Connecticut, and New York City,
reliable data were obtained from 49 passengers over 14 segments of track.
Track was sampled for one-minute intervals every 3-4 minutes. Among the
passengers were 16 males and 33 females; all but 3 were licensed drivers;

26 used the train monthly, 2 rode weekly, and 21 said their use was ''seldom. "
Nine persons were between 16 and 24 years old; 17 between 25 and 48 years
old; and 23 persons, 49 years and older.

B. Environmental Measurements

The instrumentation, used to collect ride environment data throughout
the various phases of the study, consisted of the Portable Environmental
Measuring System (PEMS) developed by the University of Virginia. The
PEMS is battery operated, contains three linear accelerometer, three rate
gyros, a temperature transducer, two channel tape recorder and a 7 interval
pulse generator. All of the data were FM multiplexed and stored on a single
channel of the recorder. The other channel was used for voice entry of
vehicle speed, temperature and noise level. A hand-held sound level (dB)
meter was used for measuring noise and a thermometer for measuring
temperature. The instrumentation was calibrated and tested using a standard
test facility prior to its use in the field.

The motion data consisted of analog recordings of motion in six degrees
of freedom. These data included accelerations along the three linear direc-
tions and angular rates about the three rotational axes. The environmental
measurements taken and their units of measure are shown on the following

page.



Environmental Characteristics Variable Measure

Longitudinal Acceleration RMS about the mean g
Transverse Acceleration RMS about the mean g
Vertical Acceleration RMS about the mean ’ g
Roll Rate RMS about the mean °/ sec
Pitch Rate RMS about the mean °/sec
Yaw Rate RMS about the mean °/sec
Noise Mean dB(A)
Temperature ’ Mean °c

C. Subjective Response Forms

Passengers' ratings of ride comfort and trip acceptability are the primary
dependent measures used for model development and validation. Comfort

level was rated on a seven-point scale as follows: .

Comfort Level Comfort Scale

Very Comfortable
Comfortable

Somewhat Comfortable
Neutral

Somewhat Uncomfortable
Uncomfortable

Very Uncomfortable

N O W N

Passengers rated the comfort of each segment of their trip using this scale.
They were told to rate according to what they perceived as comfortable or
uncomfortable. At the end of the trip, passengers were asked to rate the
overall comfort of the trip using the same seven-point scale.

Each individual also rated the acceptability of the trip using the following
five-point scale from Richards and Jacobson (1975):

Considering the ride you have just rated, if you had a
choice, would you:

Be eager to take other rides?

Take other rides without hesitation?

-10-
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Take another ride, but with some hesitation?
Prefer not to take another ride?
Not take another ride?
The numerical values 1 through 5 were assigned to the answers for data

analysis. This type of data is needed to determine what level of ride quality
is acceptable to a majority of the passengers.

Questions on passenger reaction to seating, leg room and temperature
were also included during both phases of the program. A five-point attitude

rating scale was used in conjunction with a definitive statement about some
aspect of the ride environment such as the following:

Your seat is comfortable:

Strongly Agree Agree Neutral Disagree Strongly Disagree

The subject indicates how strongly he agrees or disagrees with the state-
ment by checking one answer for each statement.

The above described rating scales were arranged in a booklet given to
each passenger at the beginning of the trip. Each segment and its associated
comfort scale were identified by a letter code. Comfort scales for individual
segments appeared at the beginning of the booklet; questions and scales deal-
ing with overall comfort, acceptability of ride, and other features of the
environment appeared on the last few pages of the booklet.

During Phase 2 of the program, when actual revenue vehicles were used,
information was also collected on the characteristics of the passengers who
volunteered to participate in the study. Such information included sex,
household income, frequency of travel and purpose of trip. These data
helped to ensure thatthe individuals usedto validate the model were repre-
sentative of the traveling public. A copy of the response booklet used in the
validation studies is reproduced in Appendix A.

D. Subject/Passenger Selection

A number of riders were needed to participate as subjects during the
Phase 1 data collection effort. Subjects were selected to be representative
of the traveling public in terms of age, sex and usage of the transportation
mode under study.

For the Phase 1 studies, subjects were solicited from local businesses,
civic organizations and universities. Leaders of such groups were contacted,
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the purpose of the study explained and their cooperation sought well in
advance of the date set for data collection. In an effort to select a repre-
sentative sample of the public, subjects were drawn from many different
groups. Advertising and travel agencies were employed prior to the Phase 2
studies to obtain passengers for the validation effort.

A total of 120 subjects were selected for Phase 1 of the bus study and 60
were selected for Phase 1 of the train study. For each part of the study,
60 riders were assigned to two matched groups of equal size. Each group
was balanced in terms of passenger age, sex and riding experience. For
their participation in the Phase 1 studies, remuneration of subjects was
fixed at a rate of twenty dollars which was considered commensurate with
their time and effort spent on the study as well as the inconvenience and cost
involved in traveling to and from the departure site.

During Phase 2, actual passengers on regular scheduled vehicles were
used to provide data for model validation and refinement. Solicitation of
passengers on board the vehicle or immediately prior to departure was con-
sidered impractical. Instead, volunteer passengers, who normally use this
service, were solicited well in advance of data collection. In this way, it
was possible to determine how many passengers to accommodate and thereby
be able to carry out the study without disturbing other passengers who did not
wish to be involved. In the train validation study, the passengers rode in a
rail car located next to the last car of the train. During the bus study, they
rode in a reserved vehicle which followed the regular bus.

Experience has shown that some incentive must be given to regular pas-
sengers for volunteering to participate in a study of this sort; otherwise,
sufficient numbers of riders will not be obtained to validate the model. For
this reason, passengers were allowed to ride in the reserved vehicle without
paying a fare during the Phase 2 validation studies.

E. Route Selection

Ride comfort and acceptability are significantly influenced by the ex-
ternal inputs to the vehicle. Among these inputs are variables associated
with surface conditions, track type and vehicle speed. To ensure that the
models would be based on a representative sample of the vehicle's ride en-
vironment, every effort was made to employ a wide range of these variables
in the research design. To this end, bus routes and train track, employed
in the Phase 1 effort, were carefully selected and pre-tested in advance of
actual data collection. Roads with different types of surfaces and conditions
of repair, in Hartford, Connecticut, were found and vehicle motion measured
while traveling over them at typical vehicle speeds. Final selection of road
segments for use in the Phase 1 studies were based on an examination of the
recorded vehicle motion.

-12-
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The track between New London, Connecticut and New York City was
chosen for the train study because it contained welded and unwelded sections,
switches and curves which produced a wide range of typical motions and
noise.,

During the Phase 2 validation effort, a high degree of control over ex-
ternal vehicle inputs was not possible since scheduled services over existing
routes hadto be used. However, it was possible to choose routes that, based
on inspection, provided a typical range of vehicle motions. Both train and
bus routes were pre-tested to ensure they provided a full range of typical
vehicle motions for the Phase 2 validation studies.

For the train study, it was impossible to pre-select specific route seg-
ments for data collection due to the difficulty of predicting train speeds, and
identifying segments using mile markers. For these reasons, the ride en-
vironment was sampled for approximately one minute at periodic intervals,
at which times the passengers were asked to rate ride comfort. With this
technique, many samples of the ride environment were taken rather than a
limited number of carefully chosen ones as was done during the bus study.
The route segments were found to provide a typical range of vehicle motions.

F. Data Collection Procedures

The first task during the data collection effort of both phases was to
set up the motion recorder near the vehicle's point of percussion. At the
same time, in Phase 1 data collection, the operator and crew members
were briefed on the route to be followed, speeds to be maintained, tempera-
ture regulation and other items necessary to ensure that the ride environment
was controlled in accordance with the plan.

Once subjects arrived at the departure site, response booklets were
handed out and seats assigned in accordance with a pre-established scheme.
A seating plan was necessary to determine the locations and distances of
individual subjects from the vehicle's point of percussion. Subjects seated
in the rear of the vehicle, for example, may have experienced more motion
and rated the ride less comfortable than those seated elsewhere.

Once the subjects were seated, they were briefed on the procedures to
be followed during data collection. This briefing contained simple instruc-
tions on how they should complete the rating scales and when they would be
asked to do so. Following the briefing, questions were solicited from the
subjects and answered before the start of the first segment.

The researcher alerted the subjects when the vehicle approached,
entered and left the test segment. At the end of each segment, the subjects
were instructed to rate the comfort of ride. The start and end of each
segment were marked on the motion recorder tape. Noise, temperature
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and vehicle speed were also measured and recorded during each segment. In
addition, the instrument operator recorded a verbal description of the ride
environment during each segment. This record contained a description of
any unusual circumstances, e.g., traffic conditions, sudden stops, violent
maneuvers and weather conditions, that may have influenced the subjects'
responses and would assist in the analysis of anomalous data.

A rest period of 20 minutes was given after a maximum of one hour of
running time on board buses. This period was also used to change recorder
tape, switch vehicles and assign new seats. In the Phase 1 train study,
approximately one hour elapsed between trains in New London. During this
time, passengers had lunch and rested before boarding for the return trip.

When the last segment was completed, the subjects were requested to in-
dicate their comfort rating for the overall trip and the acceptability of ride.
Response booklets were then collected and the subjects were paid for their
participation in the study.

In Phase 2, essentially the same procedures as described above were
used (except for those that follow). Operators were not requested to maintain
control over their vehicle in accordance with a plan but allowed to operate as
they normally would in regular service. Passengers were also not assigned
seats but were permitted to sit wherever they desired within the reserved
vehicle. Rest periods were also not given since trips typically lasted less
than one hour and none are given in real life. Finally, passengers were not
paid but allowed to ride in a reserved vehicle without paying a fare.

G. Data Reduction

The data gathered during both phases of the program were reduced and
analyzed for use in model development. The data reduction effort consisted
of two tasks. The first task involved the reduction of the subjective response
data gathered by means of the rating scales. The second task was concerned
with the reduction of the physical measures of the ride environment.

1. Subjective Response Data

Reduction of the subjective response data was accomplished in a
three-step process. The responses were first scaled utilizing the techniques
described above. The scaled responses were then tallied for each segment,
experimental condition, and subject variable using a matrix based on the origi-
nal research design. Once the cells in the matrix were filled and the tally
completed, the frequencies for rows and columns were calculated and cross-
checked for accuracy. The final step in the process was to compute the mean
and standard deviation for each segment and variable using standard statistical
techniques.

-14-
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Histograms were also prepared using the reduced data to evaluate
trends, to identify anomalies and to evaluate the sensitivity of the data to the
variables included in the research design. Such techniques, however, were
not necessary for model development.

2. Environmental Data

The environmental data consisted primarily of recordings of vehicle
motion in six degrees of freedom--accelerations in the three linear direc-
tions and angular rates in the three rotational axes.

As illustrated in Figure II-3, the first step in the reduction process
was to demultiplex the recorded signal using discriminators to extract the
individual signals for each degree of freedom. Each signal was then filtered
to remove high frequency noise using an analog computer. This resulted in
a frequency range of 0 to 25 Hertz. The analog computer was also employed
to produce differentiated signals for each degree of freedom. All signals
were then converted to digital form by means of an analog-to-digital con-
verterata rate of 50 to 100 per second. As the final step in the process,
the digitized signals were reduced into means, rms values, excedance
values, and power specctra for use in model development, together with the
reduced subjective response data.

Since all of the above procedures are standard ones, described in
any text on the subject, they are not repeated here except for the differ-
entiation of signals. A simple circuit that was used to differentiate signals
is shown in Figure I1-4, taken from Fairchild and Krovetz (1965). This
circuit wastested and found to introduce approximately 5% error which was
considered acceptable.
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III. RESULTS OF THE BUS STUDY

The bus study was carried out in two phases. Phase 1 dealt with the
collection of comfort responses from selected subjects under controlled
field conditions and the development of quantitative model(s) able to predict
those levels of vehicle motion considered both comfortable and acceptable
to the majority of potential passengers. Phase 2 dealt with the validation of
the model(s) utilizing additional comfort ratings obtained from volunteer
passengers in regular scheduled bus service.

Phase 1 of the study was conducted in two parts. Part 1 involved the
collection of data over straight/level roads and hills, and conditions of
acceleration and deceleration. During Part 2, data were gathered while
traveling on curves, both banked and unbanked. Two separate models were
developed using these two sets of data as presented below.

A. Bus Mddel for Straight/Level Roads and Hills (Part 1)

Data for 52 different ride segments of straight roadways were collected
during the initial part of the Phase 1 bus study., Thirty comfort ratings were
obtained for each segment in addition to the environmental measures. The
raw data can be found in Appendix B. The mean comfort rating for each seg-
ment is the dependent variable used in the following analyses.

Table II-2 .shows a statistical surnmary of the data obtained in the bus
study as well as comparable data from the train study and previous work
with aircraft (Jacobson and Richards, 1977). The RMS values are equiva-
lent to standard deviations of the motions observed in each ride segment.
The means and standard deviations shown are based on variation in the
motions encountered and not on central tendency. RMS values for the bus
data display a relatively wide spread for all motion variables; the coefficient
of variation exceeds 25% on all of them. Roll rate is the dominant motion
variable for the bus data, having the largest mean and greatest range. The
subjective responses had a mean value of 3.4, representing '"moderately
comfortable,' with observed values ranging from 2.2 to 6. 3.

Intercorrelations of the various physical measures and comfort ratings
are shown in Table II-3, Temperature was eliminated from the set of physi-
cal variables because it did not show sufficient variation and thus could not
correlate with subject responses. Since temperature levels were extremely
restricted in this study, the correlation of temperature with comfort was
necessarily low., Clearly, if temperature had varied widely, it would be
expected to correlate with rated comfort.
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TABLE 11-2. STATISTICAL COMPARISON OF BUS,

TRAIN AND AIRPLANE MOTION.

) e . Bus Train Commercial
Variable Statistics Phase 1% Phase 1% Airplane
mean 3. 4% 2, 9k 3, 2%
Subjective Response std. deviation 1.1 .8 .9
range 2.2—6.3 | 1.7-4.8 2-6
mean 2.4 1.4 1.0
Roll Rate (deg/sec) std. deviation .8 .3 .7
~ range 1.1—4.6 .9—2.6 113, 6
mean 2.1 .95 .3
Pitch Rate (deg/sec) std. deviation .5 .10 .25
range 1.2—3.4 | .76—=1.1 . 052, 2
mean 2.1 1.3 .26
Yaw Rate (deg/sec) std. deviation .6 .3 .37
range 1.1—3.5 .8—-2.7 |.009-3.6
Longitudinal mean .044 .012 .014
oS pm ( std. deviation .015 . 040 . 009
cceleration (g) range .017—,073 |. 007, 022 | . 001->. 076
Transverse mean .075 .029 .014
Acceleration ( std. deviation .028 .010 .012
g) range .031—>, 134 |, 009 -, 064 | .001-. 080
Vertical mean . 082 . 030 . 044
Acceleration ( std. deviation . 027 . 007 . 031
g) range .036—>.152|.018-», 049 .008-.19
mean 75.8 70.4 87
Noise (dB(A)) std. deviation 2.6 4.4 2.7
range 70— 83 62 — 82 81— 94

* Both subject groups combined

**% Somewhat comfortable.
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TABLE II-3. CORRELATION COEFFICIENTS FOR BUS DATA
FROM STRAIGHT/LEVEL ROADWAY STUDY (PART 1 OF PHASE 1).

Subject RMS
Variable Response Roll
Subject Response 1, 00
RMS Roll (deg/sec) .76 1.00
RMS Pitch (deg/sec) .22 .57
RMS Yaw (deg/sec) .05 .39
RMS Long. Acceleration (g) .48 .57
RMS Trans. Acceleration (g) .28 .59
. 57 .71

RMS Vertical Acceleration (g)

Noise

.07

.28

Pitch

1.00
.63
. 50

.80
. 68

.47

RMS RMS RMS
RMS Long. Trans. Vert.
Yaw - Accel. Accel. Accel. Noise
1. 00
.48 1.00
.77 .61 1.00
. 60 .62 .17 1.00
.52 .25 .56 .51 1.00



The motion variables are highly intercorrelated. A principal components
analysis of the correlation matrix for the six motion variables was done to
assess the extent of colinearity. The first principal component accounts for
68. 7% of the variance in the motion variables. Loadings on the first com-
ponent vary from . 76 for roll to .92 for transverse. Since the motion vari-
ables were so highly intercorrelated, the designer who controlled one of
these variables would, in effect, control all of them. If he could reduce roll
rate, the other motions would also be affected. The first three principal
components account for 88, 5% of the variance in the motion measures, A
varimax rotation was done on the first three components: yaw, transverse
and pitch load strongly on the first rotated component; roll and vertical on
the second; and only longitudinal on the third.

Comfort ratings for the initial bus data correlate most strongly with roll
rate (r = . 76) and vertical acceleration (r = . 56); thus, they relate to the
second component above., A stepwise regression procedure was used to
relate the environmental variables to rated comfort. Such a procedure
would, of course, initially bring roll into the regression equation, then
other variables which contribute independent information (predictability) re-
garding comfort. For the present data, insignificant gains in predictability
result from variables other than roll. The equatioun:

1

C

.87 + 1.05wp (1)

(o)

(.32) (. 13)

yields an R of . 76, thus 58% of the variance in comfort responses is
accounted for by roll alone. The numbers in parentheses are standard
errors (0) for the corresponding coefficients.

The subjective responses given by passengers to any given ride segment
showed some variability; indeed, it was not uncommon to see passenger re-
sponses at four or more comfort levels for any given segment. For exam-
ple, a typical set of responses for nine ride segments is displayed in
Table II-4. Notice that six different responses were registered by the pas-
sengers for the first road segment, from ''very comfortable' to
"uncomfortable. "

The ride quality model shown in Equation (1) is an average passenger
response model. It is based on the mean response from a group of passen-
gers to the set of environmental stimuli. For any motion input, it can be
used to predict the mean comfort response. The problem of variability in
passenger response is more complex and will be dealt with in two ways.
One way is to develop a model which specifies a predicted response distri-
bution--a set of values and the predicted probability of occurrence of each.
Such a distributive response model would permit assertions about the per-
cent of passengers who would rate a given segment at a certain level or
better. Such a model is presented in Section VI of this volume.
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TABLE II-4. "TYPICAL' SUBJECTIVE RESPONSES
IN BUS STUDY (PHASE 1) FOR SEGMENT NOS. 1 THROUGH 9.

Number of Passenger Responses

Segment Very Very
Number Comfortable Uncomfortable
1 2 3 4 s s 1
1 1 5 3 1 4 1 0
2 2 6 3 2 1 1 0
3 1 1 6 5 1 1 0
4 2 4 2 2 3 1 1
5 1 2 4 1 5 1 1
6 5 5 4 1 0 0 1
7 2 5 4 2 1 0 1
8 3 7 3 1 0 1 0
9 0 0 0 1 1 3 10
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The second way to deal with passenger variability in comfort responses
is to determine whether those responses are related to identifiable charac-
teristics of the passengers (that is, to individual differences). The two groups
of subjects used in this study were stratified in terms of age, sex and fre-
quency of bus use. In Table II-5, separate comfort models are shown for
the seven categories of riders. The regression equation for all subjects is
also shown. In all eight equations, RMS roll rate is the dominant variable.
The various groups of subjects may be compared in terms of their regres-
sion coefficients and the R resulting from each equation. Comparing equa-
tions for different age groups, young riders are generally less satisfied with
the bus ride, as evidenced by the large intercept constant, but are more
tolerant of the roll motion; older riders are generally more satisfied with
the bus ride but are more sensitive to the rolling motion. Within the male
and female categories, the intercepts are significantly different, but the
slopes are not. The males tend to be generally more intolerant of the ride
than the women, but their response to the vehicle motions is approximately
the same. Infrequent riders have a lower intercept but a higher slope co-
efficient than do frequent riders., The regression equation for infrequent
riders accounts for more variance in comfort responses than does that for
frequent riders.

.

The usual reason for stratifying the sample in this way is to improve
the predictive validity of the regression equations. Equations constructed
for the various subgroups will predict the reactions of the subgroup better
than the overall regression equation will, In the present study, there were
too few subjects in each of the subgroups to make much of the resulting
equations, Thus, our discussion simply notes the trends in the data.

For a vehicle designer, the whole issue of disaggregation, or stratified
subject groups, is academic. He must design to the aggregate or overall
model; there is only one kind of vehicle which must be designed to the pas-
senger population as a whole.

B. Field Validation of the Bus Model

During phase 2 of the bus study, field validation data were gathered while
traveling over 20 segments of roadway used in scheduled commuter bus ser-
vice. The number of passengers who participated and their characteristics
are shown in Table II-6. Mean responses of the passengers were computed
for each segment. Summary statistics on the motion and comfort measures
are shown in Table II-7 and the intercorrelation matrix for these variables
appears in Table II-8. Comparison of the bus statistics from Table II-2 with
the values in Table I1I-7 shows that motions were less extreme in the validation
segments than in the initial bus data gathered during Phase 1 above. The
greatest problem is the restricted range on the roll rate: in the validation data,
the range is only 1/3 of that in the original bus data; the coefficient of variation
was 33% in the original sample and is only 20% in the validation sample. The
range Qf comfort judgments is also restricted somewhat in the validation sample.

-23-



TABLE II-5. COMFORT MODELS USING BUS DATA FROM
STRAIGHT/LEVEL ROADWAY (PART 1 OF PHASE 1).

Category of

Passgsenger Comfort Model
Total Sample . C= .87 + 1.05mR
o=(.32) (.13)
Infrequent Riders C= .79 +1l.12uw,
o= (.31) (.12)
Frequent Riders c= .93 + .97mR
o = (.33) (.13)
Ages 16-24 C=1.71 + .91«)R
o=(.31) (.12
Ages 25-48 C= .84 + 1.0luy
o= (.38) (.15)
Ages 49 and older C=-.22 + 1.28mR
o= (.37) (.14)
Males C=1.25 + .99mR
o= (.31) (.12)
Females C= .47 + 1.09%

o= (.35 (.10}

C = Mean comfort rating

wR = Roll rate (°/sec)

o0 = Standard errors in ( )
Frequent = Daily or weekly use of bus
Infrequent = Less than weekly use of bus
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.62

.53

.53

47

‘61

.56

.56

Level of
Significance
<.001
<.001
<.001
<.001
<.001
<.001

<.001

<.001
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Category

Age

Sex

Frequency
of Ridership

TABLE II-6. PASSENGER CHARACTERISTICS
IN BUS VALIDATION STUDY (PHASE 2).

Characteristics Number of Subjects
16 - 24 15
25 - 34 44
35 - 48 31
49 and older 23
T 113
Male 59
Female 54
113
Daily 101
Weekly 6
Monthly 3
Infrequent 3
113
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TABLE II-7. STATISTICAL SUMMARY OF BUS VALIDATION DATA

(PHASE 2) FOR STRAIGHT/LEVEL ROADWAYS.,

Variable
Subjective Response
Roll Rate (deg/sec)
Pitch Rate (deg/aeci
Yaw Rate (.deg/ sec)
Longitudinal Acceleration (g)
Transverse Acceleration (g)
Vertical Acceleration (g)

Noise (dB(A))

*Somewhat comfortable.

Mean
3.2%
1.5
1.5
1.8

.032
. 043
. 041

71

-26-

Standard

Deviation

0' 7
0.3
o. 5

0.7

.014
.015

.011

1.9

Range
2,6 - 5.2
1.1 -2.3
1.0 - 2.8
0.9 - 3.6

.008 - .063
.021 - .085
.025 - ,054

68 - 74
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TABLE 1I-8. CORRELATION COEFFICIENTS
FOR BUS VALIDATION DATA (PHASE 2).

Subject Long. Trans. Vert.
Variable Response Roll Pitch Yaw Accel. Accel. Accel, ‘ Noise
Subject Response 1.00
Roll (deg/sec) .69 1.00
Pitch (deg/sec) .76 .72 1. 00
Yaw (deg/sec) .31 .12 .15 1.00
Longitudinal Acceleration (g) .11 .11 . 04 .08 1.00
Transverse Acceleration (g) .53 .59 .49 .58 .28 1.00
Vertical Acceleration (g) .74 .79 .61 -.02 .57 .28 1.00

Noise (dB(A)) .00 .26 -.03 -.23  -.44 .13 .31 1. 00



A principal components analysis was done on the motion intercorrelations
shown in Table II-8, The first component accounted for 50. 3% of the vari-
ance in the motion measures. Three components accounted for 87. 4% of the
total variance. Component 1 had substantial loadings on roll, pitch, vertical
andtransverse acceleration; Component 2 was yaw; and Component 3 was
longitudinal acceleration. The varimax rotated factor matrix differs from
the principal components solution in that transverse acceleration loads highly
on both Components 1 and 2 of the rotated space.

The first row of Table II-8 shows the correlations of rated comfort with
the various physical variables., Judged comfort correlates highly with roll,
pitch, vertical and, to a lesser extent, transverse acceleration. Clearly,
comfort judgments are related to the first principal component of the motion
variables. If a stepwise regression procedure was followed in the validation
study, pitch would be the first, and only, variable to appear in the equation,
However, pitch and roll are highly correlated, and roll is restricted in range
in the validation data, so the effects of roll are attenuated.

A test of the degree to which the validation data fit the model may be ob-
tained by using the model to predict comfort. The predicted comfort responses
(CPR) and the actual comfort responses, gathered during the Phase 2 validation
study, can then be correlated with each other. The size of the resulting corre-
lation coefficient indicates the '"goodness of the model.'" Comfort responses
were predicted for each of the 29 validation segments using the formula:

CPR = .87 + 1. 05w (2)

R

The correlation of CPR with mean rated comfort was . 69 which is significant
at @ = .00002. The standard error of estimate is . 203 and r2 is . 47. This
degree of correlation indicates that the validation data do validate the bus
model.

C. Bus Model for Curved Roadway (Part 2)

The initial bus model was developed using data from straight/level roads.
and hills, and acceleration/deceleration conditions. Curved roadways are a
special case of vehicle operation needing a separate modeling effort. Conse-
quently, an additional experiment was conducted during Phase 1 using paid
subjects. Data were collected from 50 passengers, similar in characteristics
(e.g., age, sex and experience) to those used in the initial modeling effort.
These data can be found in Appendix B. City buses traveled over curved
roadways in the Hartford, Connecticut area. Both right- and left-hand curves
were included, and a variety of road conditions were represented. Thirty-one
road segments were involved. For each segment, both the mean and RMS
values for each of the six degrees of freedom of motion were calculated, along
with a mean comfort rating based on judgments from the 56 subjects.
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Table II-9 contains summary statistics for each of the physical measures
used in this study; subjective response statistics are also shown. Table II-10
presents the intercorrelations of these variables. The highest correlations
with mean comfort ratings are found for mean yaw rate and mean transverse
acceleration. RMS transverse acceleration is also strongly related to judged
comfort., RMS vertical acceleration and RMS roll rate correlate about . 50
with subjective response.

Stepwise multiple regression was used to develop various models for the
data from the curved roadway experiment. Since transverse motions are
dominant under curved roadway conditions, selective variable entry was used
to bring them into the regression equation first. The following models
resulted:

2

c'=1.83+ 10.27m,, R” = .48 (3)
o =(.28) (2.00)

' 2 _
C' =1.40 + 7.7m_, + 8. 252, R = . 54 (4)
O =(.34) (2.29) (4.08)

Additional variables did not significantly improve the predictive capacity of
the model.

Thus, the model appropriate for curved roadway conditions differs from
that developed for the straight roadway data. Whereas roll rate is important
on a straight/level roadway, transverse acceleration is important on curves.
Equation (4) reveals that, at a given speed, ride comfort diminishes with in-
creasing rate of curvature on a turn (implying greater mean transverse
acceleration) and with increasing '"bounciness' in the transverse acceleration.
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TABLE II-9, STATISTICAL SUMMARY OF BUS DATA
FOR CURVED ROADWAY (PART 2 OF PHASE 1), °

Variable Mean Standard Deviation Range
Subjective Response 3.0% 0.8 2.0 - 4.9
Roll Rate (deg/sec) 2.9 .8 1.5 - 4.2
Pitch Rate (deg/sec) 2.6 .7 1.4 - 3.5
Yaw Rate (deg/sec) 5.1 1.5 2.3 - 7.4
Longitudinal Acceleration (g) .036 .015 .021 - .086
Transverse Acceleration (g) .092 .036 .036 - .167
Vertical Acceleration (g) .055 .011 .037 - .081
Noise (db(A)) (deg/sec) 76.3 2.6 72 - 83
Mean Roll Rate™* (deg/sec) 1.2 1.1 0.1 - 3.3
Mean Pitch Rate’ (deg sec) 0.1 1.4 -3.0 - 2.7
Mean Yaw Rate*™™ (g) 8.1 3.0 1.4 - 12.9
Mean Longitudinal Acceleration'’ (g) . 006 .028 -.030 - .077
Mean Transverse Acceleration** (g) .128 .064 .031 - .248
Mean Vertical Acceleratio: * (g) 1.002 .021 .958 - 1.045

* Somewhat comfortable
**These are the absolute values of the means in these cases.

+ Positive pitch is arbitrarily defined as being when the front end
is pitching upward.

++Positive longitudinal acceleration is arbitrarily defined as being
in the reverse direction.
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Variable

Subject Response
RMS R»oll

RMS Pitch

RMS Yaw

RMS Long. Accel.
RMS Trns. Accel.
RMS Vert. Accel.
dB(A)

Mean Roll

Mean Pitch

Mean Yaw

Mean Long. Accel.
Mean Trans. Accel.

Mean Vert. Accel.

TABLE II-10. CORRELATION COEFFICIENTS
FROM BUS STUDY ON CURVED ROADWAY (PART 2 OF PHASE 1).

Mean Mean
Subject Long. Trans. Vert. Mean Mean Mean Long. Trans.
Response Roll Pitch Yaw Accel. Accel. Accel. dB(A) Roll Pitch Yaw Accel. Accel.

1.00
.50 1.00
.31 .94 1.00
.35 .21 .12 1.00
.19 46 .46 .55 1.00
.60 40 .31 .79 .48 1.00
.52 .76 .74 -.02 .32 .39 1.00
.55 .55 .51 15 .41 .57 .69 1.00
A4 54 .45 .26 .27 .43 .57 .50 1.00
.21 .18 .12 -.08 .06 -.03 .12 .07 -.05 1.00
.67 .65 .57 .50 .49 .59 .58 .51 .60 .17 1.00
.02 .13 .13 .08 .48 -.20 -.10 -.12 -.11 .56 .16 1.00
.65 .64 .57 .30 .44 .56 .59 .62 .37 .28 .72 .13 1.00
.26 20 .13 -.01 .13 .10 .20 17 -.02 .98 .22 .49 .37

Mean
Vert.
Accel.

1.00



IV. RESULTS OF THE TRAIN STUDY

The train study was also carried out in two phases. Phase 1 dealt with

the collection of comfort responses from selected riders while traveling over

track between Stamford and New London, Connecticut, and the development
of ride quality model(s) based on these responses, During Phase 2, the
model(s) were validated using data obtained from preselected volunteer pas-
sengers in regularly scheduled service.

A. Train Model

Thirty ratings of comfort were collected on all 79 ride segments in the
train experiment. As in the bus analysis, the dependent variable is the
mean comfort response based on the responses of two groups of 30 subjects
each. The raw data can be found in Appendix C.

The train data are summarized in Tables II-11 and II-12, Table II-11
displays a statistical summary of the environmental data, including each
variable's mean, standard deviation, and range for the 79 segments. Motion
data, collected in the train study, displayed noticeably less variation than
that collected in the bus study: coefficients of variation were 20% for roll
and 11% for pitch with the others ranging from 23% to 35%.

Table 1I-12 displays the correlation coefficients for the train data. The
noise level displays the highest correlation with the subject responses. Roll
and transverse acceleration have correlations with comfort of . 44 and . 43,
respectively.

A principal components analysis was done on the correlation matrix for
the six motion variables for the initial train data., Three components
accounted for 79% of the variance in motion measures, and four accounted
for 91%. The first component had high loadings on roll, yaw and transverse
acceleration, and the second on pitch and longitudinal acceleration. Vertical
loaded about . 50 on all of the first three components; its loading was negative
on the second.

Since noise correlated most strongly with comfort and showed significant
correlations with several motion variables, a second principal components
analysis was done on the train data; the entire matrix shown in Table II-12
was used. Here, three components account for 69% of the variance, and
only three have eigenvalues exceeding unity. Additional components are
statistically justified, but they are usually marked by only a single variable.
The first two principal components were interesting because both had
respectable loadings for comfort. The first component is marked by roll,
transverse acceleration and yaw; the second by noise and pitch. Thus, both
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TABLE II-11.

Variable
Subjective Response
RMS Roll Rate (deg/sec)
RMS Pitch Rate (deg/scc)
RMS Yaw Rate (deg/sec)
RMS Long. Acceleration (g)
RMS Trans. Acceleration (g)
RMS Vert. Acceleration (g)
Noise (dB(A))

Temperature °F, 0C)

STATISTICAL SUMMARY
OF TRAIN FIELD EXPERIMENTAL DATA.

Mean
2.9
1.4

w95
LS
.012
.029
. 030
70.4

74,23

Standard

Deviation*

.8
.3

. 10

. 004

. 010

. 007

4.8, 2.7

* The mean value of the RMS variables represents the average RMS

seen across all experimental segments.

1.7-4.8
L9 - 2.6
(TS 1.1
.8 -2.7
.007 - . 022
.009 - . 064
.018 - .049
62 - 82
68 - 82, 20 - 28

values

#¢The standard deviation represents the dispersion of the individual RMS
values from the mean defined above.
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TABLE II-12. CORRELATION COEFFICIENTS
FOR TRAIN FIELD EXPERIMENTAL DATA.

Subject Iong. ° Trans. Vert.
Variable Response Roll Pitch Yaw Accel. Accel. Accel. Noise Temperature
Subject Response 1.00
Roll (deg/sec) .44 1.00
Pitch (deg/sec) .31 -.03 1.00
Yaw (deg/sec) .20 .62 -.14 1.00
Longitudinal Acceleration .43 .06 .18 .05 1.00
Transverse Acceleration .34 .56 -.18 .77 .07 1. 00
Vertical Acceleration .08 .41 -,38 .18 -,05 .26 1.00
Noise (dB(A)) .63 .15 .43 .05 .46 .04 -.13 1,00

Temperature (°F) .24 -.04 -,06 -.03 .21 -,03 -.22 .27 1.00
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motion and noise are necessary to account for judged comfort for the train
data.

A stepwise regression solution yielded Equation (5) as a model for the
Phasel traindata. Noise, of course, entered the equation first, followed by
roll. These two variables account for 52% of the variance in mean comfort
responses.

C'=.73+.10 (dB(A)-60)+.96wR, (5)

g

(.96) (.01) (.21).

The multiple correlation coefficient for this model is R = .71. Thus, both
ground-based vehicles have roll rate as an important determinant of passen-
ger comfort; for trains, comfort also depends on noise levels.

Table II-13 presents a set of train ride-quality models for different sub-
categories of subjects. Of particular interest is how the roll coefficients for
the train models compare to those for the bus models.

The roll coefficient for the overall train model is .96 versus a coefficient
of 1. 05 for the bus model. However, the standard errors for the train and
bus models are .21 and .13, respectively. Thus, the difference between the
two coefficients is statistically insignificant. The similarity of the two co-
efficients suggests an individual's response to rolling motion does not depend
on vehicle type.

The stratified roll coefficients from the train data are similar to those
from the bus models. Coefficients from the two models for various groups
of subjects are displayed below:

Passenger Bus Roll Train Roll
Category Coefficient Coefficient
Total Sample 1.05 .96
Infrequent Riders 1,12 1.05
Frequent Riders .97 .88
Ages 16 - 24 .91 .81
Ages 25 - 48 1.01 1.01
Ages 49 and Older 1.28 1.00
Males .99 .86
Females 1.09 1.06



TABLE II-13., COMFORT MODELS FOR DIFFERENT

PASSENGER CATEGORIES FROM TRAIN FIELD EXPERIMENT.

Category of

Passenger Comfort Model 53
Total Sample C= .73 + .1(dB(A) - 60) + .96 Wp «52
o= (.96) (.01) (.21)
Infrequent Rider C= .54 + .08(dB(A) - 60) + 1.05 wp .48
g= (.96) (.01) (.22)
Frequent Riders C= .30 + .11(dB(A) - 60) + .88 we .51
‘ o= (1.06) (.01) (.24)
Ages 16 - 24 C= .74 + .11(dB(A) - 60) + .81 we .54
o= (.94) (.01) (.21)

Ages 25 - 48 ‘ C= .56 + .06(dB(A) - 60) + 1.0l w .37
(1.03)  (.01) (.23)

Q
n

Ages 49 and older C= .53 + .12(dB(A) - 60) + 1.00 wp .46

o= (1.26) (.02) .(.28)

Males C= .40 + .12(dB(A) - 60) + .86 we .50
o= (1.09) (.02) (.24)

Females Ca .47 + .08(dB(A) - 60) + 1.06 luR .50
g= (092) (001) (-21)

C = Mean comfort rating

w = Roll rate (o/sec)

R
dB(A) = Noise level in dB(A)

o = Standard errors in ( )

Infrequent = Less than weekly use of train

Frequent = Daily or weekly use of train
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<,001
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The coefficients for each category from the two vehicles are statistically
indistinguishable. In addition, the coefficients display the same general
trends within the different rider categories. In both the train and bus studies,
infrequent riders have larger roll coefficients than frequent riders. Thus,
infrequent riders are more sensitive to roll than are frequent riders; roll
influences their comfort judgments to a greater extent. Older riders have
larger roll coefficients than younger riders; and female riders have larger
roll coefficients than male riders. Thus, similar trends in comfort response
are apparent for both types of vehicle. The differences in reaction of the
various types of passenger would probably be stable and significant with a
larger sample of passengers.

The train model was compared to the bus model, developed for straight/
level roadways, because about 80% of the train data represent straight and
level roadbed. The data represented a variety of different roadbed conditions,
but, given the train routes from which data were obtained, hill and curve
data could not be gathered separately.

B. Field Validation of the Train Model

The train validation data were limited; only 14 ride segments were ob-
tained, and these showed an extremely limited range of noise levels. Two
additional trips had to be aborted due to a power failure in one case, and ex-
cessive passenger drinking in the other, which made passenger judgments of
minimal value. The validation data, reported below, were gathered while
traveling over relatively good segments of track and from straight-level
roadbed conditions between New Haven, Connecticut and New York City using

volunteer passengers.

In deciding whether the model for the train data, based on the passenger
sample, fitsthemodel based on data gathered during Phase 1, we have two
problems: 1) the small number of segments (N = 14) obtained for validation,
and 2) the peculiar distribution of noise levels obtained in this sample.

In the Phase 1 data set, based on 79 segments, noise levels varied from
62 to 82 dB(A) with a mean of 70.4 and a standard deviation of 4.4. These
data included segments in which the train doors were open. Such conditions
are common on many trips. In the validation data of Phase 2, noise levels
were limited in range from 66 - 71 dB(A) with a mean of 68. 43 and a standard
deviation (SD) of 1.9 since all doors were closed. The actual distribution was:

dB(A) 66 67 68 69 70 71  ALL
N 3 3 1 1 4 2 14

Thus, the effective range of the noise data in the validation sample was about
1/4 that in the original sample. Restricting the range of a variable used in a
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correlation matrix can drastically alter the pattern of correlations of that
variable with others.

In the present case, the restricted range of noise levels did produce
peculiar results. The correlations between roll, noise and comfort for the
two data sets are:

Original Sample (Phase 1) Validation Sample (Phase 2)
r =.15 r = -.34
dB, wR dB,w R
TdB,Cc =.63 = ..24
A *aB,c "~
Tw_,C =.44
R’ : *w_,C = .54

RD
The negative correlations found in the validation study are surely spur-
ious, effects of restricted range and the peculidr distribution of the noise
variable. If we test the hypothesis that P dB’ o = 0, we cannot reject that

R
hypothesis, even at & = .10; similarly for p 4B.C - 0. Thus, the only mean-
»

ingful results will involve the two variables whose range was closer to that
encountered in the original study.

In the two data sets, the means and standard deviations for roll and
comfort were:

Original Sample (Phase 1) Validation Sample (Phase 2)
z_ SD Range Z SD Range
Roll 1.4 .3 .9-52.6 1.4 .4 1l.0-2.1
Comfort 2.9 .8 1.7-4.8 2.3 .8 1.5-3.9

Thus, these two variables have distributions which are similar in the two
data sets. Note above that, for the original data, r wR C = .44 and, for the

validation data, Twr C =.54. A test of the difference between these
correlation coefficient yields a z value of .41 which would not be significant,
even if @ = .50, Therefore, we accept the hypothesis that the relationship
between comfort and roll does not differ between these two samples. Similar

tests show thatthe correlation of noise with roll, and noise with comfort do
differ significantly between the two samples.
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The multiple regression equation for the initial train data (Phase 1) took
the form:

C=.73+ .10 (dB(A) - 60) + .9 w (6)

R
O =(.96) (.01) (.21)

The numbers in parenthesesare the standard errors (0) corresponding to each
coefficient. This equation was used to predict the comfort responses (CPR)

for the validation sample. The correlation of calculated CPR with mean rated
comfort from the validation sample was . 44, which yields an & value of . 06.
Given the small sample size (N = 14) involved in the validation, this level of
significance indicates reasonable agreement between the above model and the
validation data. With an increased sample size for the validation study, the
correlation should be larger and more significant as was found in the bus study.
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V. COMPOSITE RIDE-QUALITY MODELS

[{Y

The models presented so far in this volume represent bus and train
_environments likely to be encountered in existing vehicles. For future bus
and train designs, these models should be adequate for evaluating ride
quality. However, for future vehicles which combine aspects of these two
modes or which deviate significantly from both, other models might be better.
Two models are now considered which are equations based on composite data
sets: the first is for just ground-based vehicles; the second includes data from
the air mode.

tv

A. Composite Model for Ground-based Vehicles

The data from the Phase 1 bus and train studies were pooled to allow
construction of a composite model for ground-based vehicles. There were
131 ride segments for which both physical and subjective data existed. The
correlation matrix for this composite data set is shown in Table II-14. Roll
has the strongest correlation with comfort (R = .63), while noise, vertical
and lateral acceleration are moderately correlated with comfort.

A principal components analysis of the correlation matrix yielded only
one eigenvalue greater than unity. The first principal component accounted
for 71% of the total variance. The six motion variables had loadings between
.85 and . 94, noise loaded . 70, and comfort . 54. With three components,
90% of the variance wasaccounted for; these three components were rotated
to a varimax solution. Rotated Component 1l is motion, 2 is comfort, and 3
is noise, Component 2 also involves roll and, to a lesser extent, noise,
vertical and lateral acceleration,

Clearly, a composite model for these data will involve roll and noise in
the prediction of comfort, A stepwise regression solution yields:

c'=1.42 + 69wy + .04 (dB(A) - 60), (7

ag

(.20) (.10) (.02) ,
This equation has a multiple R of . 65, thus accounting for 42% of the variance
in comfort judgments. As a general descriptive model for ground-based

vehicles, this is acceptable.

B. Comparison with Air Mode

In previous papers (Jacobson and Richards, 1976 and 1977), models for
predicting comfort judgments from motion variables were developed for air-
craft. Several differences are apparent in the data for air versus ground
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TABLE II-14., REGRESSION COEFFICIENTS
BY MODE AND MOTION,

Vehicle Type Roll Vertical Transverse Noise
Bus 1.05+.13  16.6% 5.2 NA¥* NA
Train - .96 +.21 NA 28,6+ 8.5 .10+ .01
Airplane (2> 1.6a_) .76*+ NA 18.9+1.0 12,1 + .2 .19°t.03
Airplane (a.V <1.6a.T) NA 1.6+ .7 39.8 +8.6 .19+.03

* Not an important variable for mode

*%*¥NA indicates a coefficient is either not available or was
statistically meaningless
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vehicles., First, the spectral content of the three modes are different. The
airplane motion is dominated by low-frequency components (i. e., <2hz) for
roll rate, vertical and lateral acceleration. In contrast, the bus data, and
to a lesser extent the train data, exhibit more high-frequency content. A
second difference is the range of motion encountered for the three modes.
Table II-2 indicates that there is less angular motion on the airplane than
on the ground modes. In addition, higher noise levels were encountered
on-board the aircraft,

Models of passenger comfort for the air mode emphasize vertical and
transverse accelerations. The general model developed in Jacobson and
Richards (1977) is:

C'=17V + 17T + 2. 14 (8)

for data from three commuter planes and one helicopter. The ground-based
models emphasize roll and noise. Note, in Table II-3 and Table II-8, that
roll is correlated with both transverse and vertical accelerations. Noise
levels (see Table II-2) vary substantially only for the train data. On planes,
noise levels are unacceptable; passengers say that they are disturbed by the
noise (see Richards and Jacobson, 1976). However, since noise levels are
generally high across planes, they do not covary with comfort judgments to
the extent that motion does. A model for planes employing both noise and
motion was reported in Rudrapatna and Jacobson (1976):

' -
.C'=2 +17a_ +17a; + .1 (dB(A) - 65) (9)

If Equation (9) is used to predict comfort judgments for the bus/train
composite data set, a correlation of . 47 results, which is significant at
p .01, A model incorporating features of both planes and ground vehicles

is:

c'=1.0 twp +.1 (dB(A) - 63) + 25T + 15V (10)

When it is applied to the ground-based data, the correlation with observed
comfort levels is . 54,

Another possible composite model is:

"= - © (11
C .5+17av+17aT+.l(dB(A) 70)+.5wR (11)

It has a multiple R of . 53. While these correlations are not as good as roll
alone for the ground-based data, it is possible to predict comfort levels in
ground-based vehicles using models developed in the air mode. This con-
firms the hypothesis that there are similarities in the way people react to
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to motion in these various vehicles. Given sufficiently extensive data sets,
it should be possible to obtain general models of human reaction to motion
independent of vehicle type.

It is important to realize that the coefficients for these models repre-
sent a compromise and that such models will not fit any of the other three
existing data bases as well as the mode-specific equations that were de-
veloped earlier. However, in cases where the vehicle environment differs
from any of the specific existing modes, the above models may provide use-
ful guidance for estimating the ride quality or determining tradeoff benefits
of a future vehicle.

The dominant factors influencing comfort judgments for the air mode
are different from those for buses and trains. Vertical and transverse
accelerations are dominant motions for planes; roll rate is dominant for
ground-based vehicles, Table II-14 shows the similarities in response to
these motion variables and noise for the three vehicles for which models
have been developed. There are two rows for the air mode because a differ-
ence in comfort reaction is apparent depending on whether ay > 1.6 aq or
not, Data for which ay < 1. 6 ap has been gathered on simulators. In
commercial vehicles, ay 2 16 ar.
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VI. A DISTRIBUTED RESPONSE RIDE-QUALITY MODEL

Ride quality models predict overall (average) passenger response to
vehicle motions, but additional assumptions are needed to characterize the
distribution of responses among passengers. Investigators have long
realized that a particular set of vehicle motions elicits different comfort
responses from different individuals. For example, on a standardized scale
of 1 - 7, from ""very comfortable'' to ''very uncomfortable,' it is not un-
common to observe four or more different passenger responses to a given
set of vehicle motions. The distribution of passenger responses in the bus
and train studies is shown in Appendix D.

If a response distribution can be estimated for a vehicle, then one may
estimate the probability that, say, 90% of the passengers are ''comfortable. "
The criterion level defining '"comfortable'’ is set by the user of the model,
but it will be a certain mean comfort rating. Conversely, if it is desired
that a stated percentage of the population is to be comfortable, the model
estimates the allowable motions level which would yield that level of comfort.

This analysis of the response distribution is based on the empirical bus
and train data gathered during Phase 1 as presented in Sections III. A. and
IV.A. The underlying model to be used is based on the binomial distribution.

A, Binomial Model

The binomial distribution is a reasonable choice in approximating a dis-
crete probability density function such as the present response distribution.
One can envision the mean comfort response as representing the response
for the average individual; particular passengers, with particular individual
traits, will vary in their response around this average. In other words, the
vehicle motions and environment will lead the "average'' subject to respond
at the mean comfort level; individual passengers will respond ''near' this
mean level, but not necessarily exactly at that level. The binomial distri-
bution may be defined over seven values and is governed by a two parameter
probability density function (pdf). Before describing this distribution, how-
ever, it is useful to modify our passenger responses fromal - 7scaletoa0-6
scale, a change which makes the scale more conformable to the binomial pdf:

Original Modified
Description Comfort Rating = Comfort Rating
Very Comfortable 1 0
Comfortable 2 1
Somewhat Comfortable 3 2
Neutral 4 3
Somewhat Uncomfortable 5 4
Uncomfortable 6 5
Very Uncomfortable 7 6

113



-~

Given this change, the binomial pdf is defined as follows:

fx(x) =(:) px(l-p)n -, 0<x<n (12)

where n and p are the two parameters of the distribution, These two
parameters are defined by the expectation, E(x), and variance, V(x), of the
binomial pdf, where:

E(x) = np (13)
and

V(x) =np (1 - p). (14)

In the case of the passenger responses, the ''n'' parameter is equal to six,
the maximum value in the modified response scale. Therefore, only one of
the above equations will be used in estimating the second parameter 'p'", to
be called the probability parameter. In particular, the equation for E(x) will
be used. Note that because n is fixed, we have two equations and one un-
known. If both the variance and mean are observed from empirical data, the
P parameter is overspecified.

The following equation, which follows from Equation (13), may be used
to estimate p as a function of an observed or estimated mean comfort value,
¢, on the original comfort scale:

c -1
p=<g (15)

Having estimated p, the complete response distribution may be estimated
using Equation (12), This equation, which defines the probabilities for the
modified comfort scale, also estimates the probabilities on the original
comfort scale:

P (Comfort Rating =c) =£f, (c-1), c=1, 7, (16)
or c-1 7-c¢
) 6 g-1 -1
P (Comfort Rating = ¢) = -1 |75 - =32 +(17)

Where the leading term is the binomial coefficient and can be expressed in
terms of factorials as:

6 \_ 61
c-1/"(7-¢)l(c-1)!
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The above probabilistic model of ride comfort is the basis for the estimates
shown in the following two sections. In Section 1, below, the model is used
with the empirical & as the primary input; Section 2, below, examines the
case where € is estimated using a linear regression model of the form shown
in Sections III. A, and IV.A,, above.

1. Binomial Model Using Empirical Comfort Mean

This section examines the results of the binomial pdf model when
the input to Equation (15) is the empirical mean comfort response. That is,
the observed comfort responses for a sample segment are used to define the
mean comfort value for that sample. This empirical ¢ is then used in
Equation (15) to estimate the probability parameter p.

In order to compare a theoretical pdf to an empirical pdf, a sta-
tistical "'goodness of fit'" test is required. The test to be used is the
Kolmogorov-Smirnov one-sample test (Siegal, 1956). This is a non-para-
metric goodness of fit test which may be applied to problems with small
sample sizes (in this case, 25 - 30). The critical Kolmogorov-Smirnov
statistic, D, is defined as follows:

D = MAX

" F (x) - F (x) (18)

where Fe (x) = The empirical cumulative probability distribution function
(Cdf) observed in the experiment; and

Ft (x) = The theoretical cumulative probability distribution function
to which the empirical Cdf is being compared.

The critical values for D depend on the sample size. For sample sizes 25
to 30 and a , 05 level of significance, the critical value of the Kolmogorov-
Smirnov statistic is . 24, Thus, if D> .24 for a particular distribution, one
rejects the hypothesis at a . 05 level of significance that the observed em-
pirical distribution is identical to the theoretical distribution.

Recall that the data collected in Phase 1 of the bus and train studies
consist of 52 and 79 sets of comfort response distributions respectively. The
objective is to fit a theoretical pdf to the response distribution. The goodness
of fit statistic, D, is therefore defined for each sample segment. Rather
than displaying this statistic for each segment individually, Table II-15 dis-
plays summary information on the two studies--the average D, the maximum
D, and the minimum D values observed in the bus and train studies.

Note that in both the bus and train studies, the maximum D value

observed in any particular sample is ., 20 and . 22 respectively. Neither of
these values would cause rejection of the null hypothesis that the binomial
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TABLE II-15. KOLMOGOROV-SMIRNOV GOODNESS OF FIT
STATISTICS (D) FOR BUS AND TRAIN EXPERIMENTS
USING EMPIRICAL VALUES FOR THE MEAN COMFORT.

Average Maximum Minimum
Bus Data D D D
Binomial Model Using Empirical ¢ * .10 . 20 .02
Train Data
Binomial Model Using Empirical ¢ .13 .22 .05

*The ""empirical" ¢ is the mean comfort rating observed in the actual
experiment. This is distinguished from the ""estimated" ¢, which is
estimated using a mathematical model of comfort versus ride motion
and environmental variables.
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pdf is the parent distribution underlying the observed response distribution.
In fact, the degree of fit is generally very good. The average D value ob-
served is ., 10 and . 13, respectively, reflecting excellent fit between the ob-
served data and the bionmial pdf. Further evidence of this good fit is seen
in Table II-16 which displays the best fit, worst fit and an '"average'' fit for
the binomial pdf as applied to the bus and train studies. The best fit is the
sample ride segment in which the D statistic is smallest; the worst fit is the
segment in which D is largest; and the average fit is a segment in which D
is equal to the average value defined in Table II-15 (D = . 10 for the bus and
D = .13 for the train).

Finally, Figures II-5 and II-6 display the empirical data for the
average fit segments and the binomial pdf approximations. Although there
are discrepancies between the actual and theoretical frequencies within each
comfort rating, the overall fit is clearly representative of the empirical
data.

2. Bilnomial Model Using Estimated Comfort Mean

The previous section discussed the binomial pdf in the case where
the input to Equation (15) is the observed mean comfort rating. This section
examines the more interesting problem of estimating the response distribu-
tion when the actual mean comfort rating is unknown--i, e., when the mean
comfort must be estimated as a function of the environmental and motion
variables. In particular, the mean comfort level for a particular ride seg-
ment will be estimated using the ride quality models for buses and trains
from Sections III. A. and IV.A.

Restating these equations:

c;s =.87+ 1.05w,  BUS MODEL, (19)

and

C:I‘ =.73+ .10 (dB(A) -.60) + 96w _ TRAIN MODEL, (20)

R

where
dB(A) = A-weighted decibel reading, and
R = RMS roll rate.
Because these equations have inherent uncertainty in them, one expects the
results to these equations, when input to a probability model, will yield less

exact results than the results observed in Section 1, above. This is pre-
cisely what occurs.
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TABLE II-16. BEST FIT, WORST FIT, AND "AVERAGE FIT' SAMPLES
FOR BUS AND TRAIN EXPERIMENT USING BINOMIAL
EMPIRICAL ¢ MODEL.

Bus Experimental Results

Frequency of Passenger Responses

"Average Fit'" Worst Fit Best Fit
Binomial Binomial Binomial
Comfort Rating Actual Empirical Actual Empirical Actual Empirical
1 1.5 0 .0 6 6.3
2 5.7 1 .5 12 11.0
3 10 9.2 8 2.5 7 7.9
4 2 7.8 0 6.5 3 3.1
5 6 3.8 8 9.5 1 0.7
6 2 1.0 6 7.4 0 0.1
7 0 0.1 6 2.4 0 0.1

Train Experimental Results

Frequency of Passenger Responses

"Average Fit! Worst Fit Best Fit
Binomial Binomial Binomial
Comfort Rating Actual Empirical Actual Empirical Actual Empirical
1 0 2.9 4 10.5 8 7.2
2 11 8.3 23 12.1 12 11.6
3 14 9.9 3 5.8 6 7.8
4 2 6.3 0 1.5 2 2.8
5 2 2.2 0 0.2 2 0.6
6 1 0.4 0 0.0 0 0.1
7 0 0.0 0 0.0 0 0.0
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Table II-17 displays the Kolmogorov-Smirnov statistics for the
binomial pdf when the input is the estimated c. The results in this case are
noticeably worse than in Section 1. The average D statistic is .26 for both
the bus and train studies, a value greater than the critical value of .24, In
addition, very poor estimates were obtained on particular segments, with D
statistics as large as . 58 and . 92, respectively, for the bus and train data.
A comparison of the binomial pdf with the response distribution is displayed
in Table II-18, again for the best fit, worst fit, and average fit cases. Al-
though the best fit is acceptable, the worst fit case bears no real resemblance
to the empirical data. The average fit is only marginally acceptable from a
practical point of view and not acceptable statistically.

It should be noted that there is, as expected, high correlation be-
tween a good mean comfort estimate and a good response distribution esti-
mate. For example, the worst case fit for the bus study occurs when the
empirical mean comfort rating is 2, 52 and the estimated mean comfort is
3.97, a 58% error. Similarly, the best case fit for the bus study occurs
when the empirical mean comfort rating is 2.34 and the estimated mean com-
fort is 2,23, a 6% error. This is not surprising given the central role of the
probability parameter p in the binomial pdf model.

B. Summary and Discussion

The fundamental result is that the binomial model is a statistically
acceptable estimator of the comfort response distribution when the model
parameter p is defined by the observed data. That is, given the mean of the
passenger's comfort rating, then the binomial model may be used reliably to
estimate the comfort response distribution.

A second important result is that the distribution model is not statisti-
cally acceptable when estimated parameters are used for the comfort mean.
Generally, the '"goodness of fit' of the estimated theoretical distributions is
directly related to the reliability of the mean comfort estimate. If the esti-
mated mean comfort is ''near'' the actual mean comfort level, the estimated
distribution is a good approximation for the empirical distribution; if the
estimated mean comfort is a poor estimate of the actual mean comfort, the
estimated distribution is also a poor estimate of the empirical distribution.
In other words, the reliability of the theoretical response distribution models
is only as good as the reliability of the estimated mean comfort model.

Given that the probability distribution of the passenger responses depends
only on the mean passenger response, one can generate the response distri-
bution as a priori, as a function of ¢. The more interesting issue, however, is
related to the proportion of passengers who find a ride. acceptable. For
example, given that ¢ = 3,4, what proportion of the passengers find the ride
""comfortable'' or better? Table II-19 displays the information which addresses
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¢ TABLE 1I-17. KOLMOGOROV-SMIRNOV GOODNESS OF FIT
STATISTICS (D) FOR BUS AND TRAIN EXPERIMENTS
USING ESTIMATED VALUES FOR THE MEAN COMFORT,

Average Maximum Minimum
Bus Data D D D
Binomial Model Using Estimated ¢ * .26 . 58 .05
Train Data
Binomial Model Using Estimated ¢ .26 . 92 .06

*The ""estimated'' ¢ is estimated using a mathematical model of comfort
versus ride motion and environmental variables. This is distinguished
from the ""empirical" ¢, which is the mean comfort rating observed in
the actual experiment.
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TABLE 1I-18. BEST FIT, WORST FIT AND "AVERAGE FIT' SAMPLES
FOR BUS AND TRAIN EXPERIMENT USING BINOMIAL
ESTIMATED & MODEL. .

Bus Experimental Results
Frequency of Pagsenger Responses

"Average Fit" Worst Fit Best Fit
Binomial Binomial Binomial
Comfort Rating Actual Estimated Actual Estimated Actual Estimated
1 5 2.6 3 0.5 6 7.4
2 11 7.1 17 2.8 12 11.3
3 7 8.2 5 6.9 - 7 7.3
4 2 5.1 1 9.1 3 2.5
5 0 1.8 1 6.7 1 0.5
6 0 0.3 2 2.6 0 0.1
7 0 0.0 0 0.4 0 0.0

Train Experimental Results

Frequency of Passenger Responses

"Average Fit" Worst Fit Best Fit
Binomial Binomial Binomial
Comfort Rating Actual Estimated Actual Estimated Actual. Estimated
1 1 3.8 8 0.3 8 9.0
2 20 9.4 22 2.2 12 12.0
3 5 9.6 0 6.2 6 6.7
4 0 5.3 0 9.3 2 2.0
5 4 1.6 0 7.8 2 0.3
6 0 0.3 0 3.5 0 0.0
7 0 0.0 0 0.7 0 0.0 -
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TABLE II-19, PROBABILITY DISTRIBUTION
OF PASSENGER RESPONSES AS A FUNCTION
OF MEAN COMFORT VALUES.
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this question, This table displays the cumulative density function F(c) as a
function of (or conditional on) the mean comfort rating.

Using the above example, one may read the following information from
the table: 82% of the passengers find the ride '""neutral' or better, 96% of the
passengers find the ride '"'somewhat uncomfortable' or better, and 100% of
the passengers find the ride '"'uncomfortable' or better. In other words, for
¢ = 3.4, no passengers, in general, will find the ride either very uncomfort-
able or uncomfortable.

The binomial probability model is applicable to the bus and train studies,
but it is perhaps questionable whether the same type of model can be applied
to other travel modes. In order to answer this question, the binomial model
is applied to 40 segments of an airplane ride comfort study. This analysis,
presented below, displays results consistent with those reported here: that
the binomial model, using the empirical mean comfort & as input, is an ex-
cellent representation of the response distribution. In no case can the hy-
pothesis be rejected that the binomial model is the parent distribution of the
response distribution. This result is important because it suggests that the
binomial model may be applied to ride comfort experiments in both ground
and in air modes.

C. Verification of Binomial Model Using Airplance Comfort Data

The applicability of the binomial model to bus and train data was dis-
cussed above. The binomial model may also be applied to airplane ride
quality data to verify these results, The data used here are extracted from
a document prepared for NASA by Schoonover (1974). This document des-
cribes airplane ride quality experiments performed by the University of
Virginia and by the Hampton Institute, The data used consists of 20 segments
on '"Flight No. 1'" in the University of Virginia experiment and 20 segments
on '"Flight No. 2' in the Hampton Institute experiment. These two flights
were chosen because of the substantial variation in mean comfort response
among segments within each flight. The actual comfort responses used in
the analysis are presented in Tables II-20 and II-21. Note that there are
10 subject responses for each experimental segment,

Using the Kolmogorov-Smirnov one-sample test, the following results
are obtained:

Average D Statistic: . 14
Maximum D Statistic: .30
Minimum D Statistic: .02

The critical value of the Kolmogorov-Smirnov statistic for a sample of
N = 10 and . 05 level of significance is D =, 41, a value not exceeded in any
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COMFORT RESPONSES FROM UNIVERSITY OF VIRGINIA
1 IN TIFS RIDE QUALITY PROGRAM.

TABLE 1I1-20,

FLIGHT NO.

Comfort Response

Mean
Response

Segment
Number

3.8
4.9

2.1

4.2

5.7

3.1

3.7

5.5
2.2

3.9

10
11
12

4.2

2.1
5.6
3.9

13
14
15
16
17

2.8
5.5
4.3
2.3
4.4
2.7

18
19
20
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COMFORT RESPONSES FROM HAMPTON

TABLE II-21.
INSTITUTE FLIGHT NO. 2 IN TIFS RIDE QUALITY PROGRAM.

Comfort Response

Mean
Response

Segment
Number

2.7

1.4

3.3

1.6
3.8
1.6

5.9

2.5

4.3
2.1

10
11
12

2.5

5.8

2.0
2.4

13
14
15
16
17

5.1

1.9
5.7

2.1

18
19
20

1.5

3.8
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of the 40 airplane experimental segments. The average D statistic over all
40 segments is . 14, representing a generally excellent fit between the empir-
ical data and the theoretical model.

Given the above statistics, one cannot reject the hypothesis at a . 05 level
of significance that the binomial pdf is the parent distribution for the observed
airplane comfort responses. This conclusion is compatible with those above
in which the binomial pdf is shown to exhibit a statistically ''good' fit with the
bus and train results.
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ViI. ALTERNATIVE RIDE QUALITY MODELS

In previous work with aircraft ride quality, multiple regression
equations relating comfort response to RMS vehicle motions provided the
best models (Jacobson and Richards, 1976 and 1977), Therefore, that type
of model was tried first on the present data and found to be quite satisfactory.
However, other types of ride quality models have been proposed. Four of
these alternative models are examined here; they are an excedance model,

a jerk/angular acceleration model, a time weighted comfort model, and the
International Standards Organization (ISO) model.

A. Ride Quality Modeling Using Excedance Values

The motion data, collected in these studies, consisted of accelerations
and angular velocities recorded for a specific period of time., Data of this
type may be characterized in any of several ways: the mean values observed,
the RMS about these means, the frequency ranges encountered, the probability
density function of the observed values, etc. A measure of particular interest
is the '"excedance value, ' where the excedance value is defined as follows:

E = That value of a variable (say roll, w_) such that some
B percent in the sample lies within the range J)R +E B ,

that is within E ﬁ units from &')R.

For example, assume a particular segment has a roll rate histogram as
follows:

Roll Rate Probability

.4 .05

.8 .05
1,2 .30
1.6 .30
2.0 .10
2.4 .15
2.8 .05

For this particular segment, some excedance values for ﬁ =.50, .70 and
.90 are as follows:

- = = . 21
E. 50 0.2, E. 70 0.4, E. 90 0.8 (21)

Suppose the observed sample varies about the mean within any segment and,
for any ride motion, canbe represented by the normal distribution. The
mean of this normal distribution would be the observed mean of the segment

-60-



data, and its standard deviation would be estimated by the RMS of the
observed data. Six representative motion segments were examined sta-
tistically to test for normality. The Kolmogorov-Smirnov one sample test
for goodness of fit was used with an @ =, 05,

Of the six segments tested, five were not statistically different from
the normal distribution and one was statistically different at a . 05 level of
significance. Thus, the normal distribution does seem to represent the
vehicle motions within the various ride segments.

Assuming that the vehicle motions are normally distributed, then it is
true that the excedance value for a segment is simply a linear function of the
RMS value. In particular,

E, =Z, (RMS (22)
p = 2p (RMS)

where:.

Z B = That value of the unit normal N(0, 1) probability function
such that ﬂ% of the density function lies in the region
0+2 p , and

RMS = The RMS or standard deviation of the observed sample
data within the segment.

For example, typical values for Zﬂ obtained from the normal distribution
table, are Z g9 = 1. 64, Z .95 = 1,96, Z .99 = 2.58. Therefore, if the RMS
roll rate for a partxcular segment was, say, wpg = 2.5, then the appropriate
excedance value for .95 1is:

E. 95 = 1.96 (2.5) (23)

= 4.90

Since the RMS rates used in RMS models are simply linear functions of the
excedance values, or

RMS = (24)

/3 ="
the RMS models developed above are as reasonable as any possible exced-
ance value model. Therefore, if the true parameter of importance were
the excedance values rather than the RMS values, then it is immaterial
whether the regression analysis is performed on the excedance values or
on the RMS values.
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B. Jerk/Angular Acceleration Models

The regression models developed were based on linear accelerations
and angular velocities. However, it is possible that the '"jerk!" measure, or
the time derivative of the acceleration, is more important for passenger
comfort than acceleration. Similarly, angular velocities might be less im-
portant than angular accelerations. To explore these possibilites, 25 seg-
ments of the initial bus data, gathered during Phase 1, were selected.

The original time traces of linear accelerations were differentiated to
generate the RMS of the ''jerk'' measure; and, the angular velocities were
differentiated to obtain the RMS angular accelerations for these segments.
Appendix E.contains the raw data for these segments.

The subsequent analyses revealed that for a simple univariate regression,
non-differentiated data could explain, for this subpopulation of the data, 80%
of the variance in passenger responses whereas the differentiated data could
only explain 61% of the variance. When a second term is added to the differ-
entiated data, the proportion of variance explained increases to 75%, but is
still not as good as the modeling undifferentiated data. When the two sets of
data are both included as independent variables, the most important variable
is the roll rate followed by longitudinal acceleration. A differentiated vari-
able (pitch acceleration) comes into the stepwise regression third.

Thus, while the differentiated data can be used in ride quality modeling, -
the results are not as good as those using the undifferentiated data., In terms
of simple (one or two variable) models, the undifferentiated model is signifi-
cantly better., Given the additional time and expense required to differentiate .
the data, it does not appear to be a worthwhile procedure.

C. Time Weighted Average Comfort Model

This model attempts to relate the passenger's overall satisfaction with
a trip to the subjective responses given during individual segments of the
trip. Based on previous findings, Jacobson and Richards (1976), it was
hypothesized that the ride quality toward the end of a trip would be more
important than the ride quality earlier in the trip; i. e., the passenger weights
his most recent experiences most heavily. To test this hypothesis, the pas-
sengers in the bus and train studies were asked to give subjective responses
for both individual segments of roadway and the overall trip. The individual
responses for the first, second, third and fourth quarter of the trip were
then averaged to yield an average response for the first quarter of the trip,
the second quarter of the trip, etc. These data are presented in Table II-22,
These average values for the four quarters of the trip were used as the inde-
pendent variables in a regression with the overall comfort ratings for the trip.
If the hypothesis is true, then the most important variable is the average re-
sponse for the last quarter of the trip.
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TABLE 1I-22. DATA FOR TIME WEIGHTED COMFORT MODEL.

Mean Mean Mean Mean Overall
Trip Comfort Comfort Comfort Comfort Trip
Number First 1/4 Second 1/4 Third 1/4 Fourth 1/4 Comfort
Bus #1 3.26 3.95 2.92 3.54 2.50
Bus #2 3.41 3.27 3.02 3.31 2.41
Bus {3 3.04 3.41 3.22 3.48 2.52
Train #1 2.57 2.99 2.88 2.37 1.97
Train #2 2.43 2.67 2.89 2.72 2.03
Train #3 - 2.57 2.89 2.94 2.29 2.10
Train {4 2.89 3.67 3.92 3.86 2.93
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This analysis yields the following best univariate regression equation
from the stepwise regression analysis:

C;=.76+.52x R° = .88

4 . (25)

where
1
Co= Overall trip comfort rating, and

X4 = Average comfort response for the last quarter of the trip.

Thus, it does appear thatthe most important determinant of the overall com-
fort response is the average comfort response for the last quarter of the trip.
A more detailed analysis of the time dependence data may be found in AppendixF.

D. International Standards Organization Ride Comfort Model

The International Standards Organization (ISO), Technical Committee 108
on Mechanical Vibration and Shock has provided a set of guidelines for human
exposure to linear accelerations (1969).

Since linear accelerations do not appear in the regression equations de-
rived previously, there is no reason to believe that these guidelines are
appropriate for the present data. However, for the sake of completeness,
several segments of both bus and train data were analyzed according to the
guidelines.

Figures II-7 and II-8 indicate the problem encountered with applying
the ISO guidelines in both the vertical and transverse directions. All of the
1/3-octave-band RMS acceleration values fall well below the one-hour re-
duced comfort boundary for both the bus and train segment selected. The
actual comfort ratings, however, indicate that the train segment was uncom-
fortable. Further, the bus segment should have been rated at least as poorly
as the train, but this was not the case. The numbers in parentheses repre-
sent predicted comfort ratings based on the models developed in this study.
Data from several other ride segments, shown in Appendix G, indicate the
general lack of relationship between actual rated comfort and the ISO guide-
lines. These data support the claims that 1) ISO should incorporate angular
rates into their guidelines and 2) the interaction of motion variables needs
to be considered in stating guidelines.
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vol, PRACTICAL APPLICATIONS OF RIDE-QUALITY MODELS

Ride-quality models may be used to evaluate the ride quality of existing
or proposed vehicles and to write specifications for new transportation sys-
tems.l Each of these applications involves selecting the appropriate model,
restricting the analysis to those variables within the model and utilizing the
quantitative relationships to derive equal comfort zones. It is important to
note that none of these applications presupposes the level of ride quality that
is acceptable to the general public. The user must select the level of com-
fort deemed appropriate for the vehicle in question. Some guidance for doing
this is provided by previous work (Jacobson and Richards, 1976) that has in-
dicated a relationship between mean comfort level and perceived willingness
to take another trip. Although this is not necessarily accurate for all modes
and subpopulations or for actual prediction of return trips, it does serve to
indicate when passengers might become reluctant to ''take another trip" on
the mode in question. This relationship is shown in Figure II-9.

A, Specifications for New Vehicles

Models may be used to determine the ride quality specifications for new
vehicles. Such specifications may be determined by following the steps des-
cribed below:

Select the desired mean comfort level.
Restrict the non-inclusive variables.
Apply appropriate comfort model.
Generate equicomfort contours.

Ensure new vehicle environment lies below
generated equicomfort contours.

To illustrate this technique, it is applied to the specifications for a new light
rail vehicle.

Select the desired mean comfort level. Based on passenger acceptance
as shown in Figure II-9, a mean comfort level of C = 3.0 (somewhat com-
fortable as per scale on Page 10 of this volume) is chosen corresponding to
approximately 90% of the population being satisfied with the ride. The user
can choose any value desired.

Restrict non-inclusive variables. Since the model used contains only
three of the motion variables and noise, all other variables which could
cause comfort problems should be restricted to within the range for which
the model holds.

1Models presented in the document should not be used where vehicle motion is
characterized by uncommon or infrequent shocks (high crest factor motions)
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Thus:

wP = 1,0 deg/sec rms

Wy = 2.5 deg/sec rms
a,, = 02g rms

Apply appropriate comfort model. Since the future light rail vehicle
will exhibit characteristics which are similar to both trains and buses, the
model considered appropriate is a composite model which gives comfort as:

1
= 26
C =1.0+.5wp +0.1 (dB(A)] + 172, + 172, (26)

Generate equicomfort contours. Selecting a noise level representing the
desired:level on the vehicle in question, e.g., 80 dB(A), allows the genera-
tion of surfaces of equal comfort in the remaining three motion dimensions.
This is shown in Figure II-10, Changing the noise level to 75 dB(A), as
illustrated in Figure 1I-11, changes the contour substantially upward. That
is, lowering the noise level allows higher motion levels and maintains a given
comfort rating.

Ensure new vehicle environment lies below generated equicomfort con-
tours. Ensuring the design possesses vehicle motions, which do not exceed
the values given for a prescribed railbed, will also ensure compliance with the
chosen mean comfort rating, This requires the designer to meet a ride
quality specification while still providing the freedom to trade one variable
against another in achieving the desired level.

This, of course, does not assure adequate ride comfort for all possible
combinations. However, it will give an adequate ride environment for all
straight/level road and hill sections of the system. If there are a significant
number of curves to be considered, the model for curves should be applied
as above and be included as a second criterion to be met.

B. Evaluation of Existing Vehicles

To evaluate the ride quality of an existing vehicle, there are two alter-
native methods, depending on the data available. If sufficient data exist,
taken aboard the vehicle of interest, to make a statistically meaningful pre-
diction (no less than 25 separate measurements of at least 30-second dura-
tion over a variety of roadbeds), then the model(s) can be used directly. If
not, an analytic process must be used to obtain motion data over the types
of roadbeds likely to be encountered. The application described herein
assumes the user has on hand the data needed to apply the appropriate model.
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The steps to be taken are:

Measure (or predict) existing ride environment.
Select appropriate model.

Check motion and noise variables to ensure model
applicability.

Apply selected model(s).
Determine distribution about the mean.

Determine satisfaction level.

To illustrate this technique, it is applied to the evaluation of the ride environ-
ment of a bus.

Measure exist'uig ride environment. It is assumed, in this case, that an
instrumentation package has been placed on the vehicle and that at least 25
segments of the route in question have been analyzed. For each of the 25
segments, the data should include rms values of three linear accelerations
and three angular rates with the means biased out and noise in dB(A). Each
sample should contain between 30 and 60 seconds of ride environment.

Select the appropriate model. If the vehicle to be evaluated is a bus over
straight/level roads or hills, then the appropriate equation gives the mean
comfort rating as:

l -
C =.87+ l.OSwR | (27)

If curves are to be evaluated as well, then the appropriate equation for curves
must also be selected.

Check motion and noise variables. The next step in the process involves
examining the ranges of the measured variables. This determines whether
the equation is being used over the range for which it was derived or not, If
not, the confidence in the results are seriously reduced. For the case of the
bus, these ranges are (for straight/level roads or hills):

wp’’®)  wp®/s) wy(®/s) 2 (g's)  aplg's) ayle's) dB(A)

Min 11 1.2 11 .017 .031 .036 70
Max 4.6 3.6 3.5 . 073 . 134 . 152 83
The user should assess the degree to which the variables, for the data being
analyzed, meet these minimum and maximum ranges. Assuming that the

data satisfy this requirement, continue with the next step.
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Apply selected model. The selected model is applied for each segment.
That is, the value of the rms roll rate (mean biased out) is used to deter-
mine a mean comfort rating for each segment. For example, if a segment
has an rms roll rate of 2 deg/sec, the computed mean comfort rating would
be C = 2.97.

Determine distribution about the mean. The distribution about the mean
for each comfort rating can be found by using a distributive model such as:

c-1 7-c
P (Comfort Rating = c) = c ? 1 [F;—l] [1 - c—-;-{l * (28)

For the example segment of the previous step, this reduces to

-1 7-c
61 1.97] ¢ 1.97
. P (Comfort Rating = c) = T ol c-1)1 [ 69] |:-—6i-:l .

(29)

which gives the following distribution of responses for the seven comfort
ratings. This distribution indicates that although the mean comfort rating
for the segment is 2. 97, there are 31% of the respondees who can be expected
to give a rating of 4 or worse.
Comfort Rating % Responses

1 9
27
33

21

N 00w

Determine satisfaction level. Another method of evaluation involves de-
termining the percentage of passengers satisfied for the given mean rating.
From Figure lI-8, 92% of the passengers will be satisfied for a comfort
rating of 2.97. The difference between this calculation and the one above for
comfort is accounted for by recognizing that, although uncomfortable, a pas-
senger may still be satisfied if the "other'* benefits of the system outweigh
comfort.
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After each segment has been evaluated, the composite for the entire
route can be determined.

C. Evaluation of Proposed New Travel Modes

In considering the ride quality of proposed new travel modes (e. g.,
magnetic levitated vehicle, air cushion vehicles and automated guideway
vehicles), it is necessary to use caution in applying a mode specific model.
These vehicles will not always have ride characteristics similar to a con-
ventional mode, e.g., bus, train and aircraft. In many cases, they may
have ride characteristics similar to portions of several conventional modes.
If the ride environment differs significantly from any single existing mode,
it is recommended that a composite model such as the following be used:

1 N
C'=1.0+.5wg +0.1[dB(A) - 65] + 17a, + 172, (30)

The procedure to be followed for the actual evaluation parallels that
given above.

Analytically predict the expected ride environment.
Select the appropriate model(s).
Determine the range of validity of the model.

Apply the selected model to determine mean comfort
levels.

Determine distribution of responses about mean
comfort levels.

Determine passenger satisfaction level.

The only difference between this application and the previous one for
an existing mode are: in general, experimental ride environment data will
not be available so that the motion and noise environment will have to be
analytically determined, and the selection of the appropriate model will re-
quire a significant degree of judgment. In reference to the latter, some
guidance is provided here.

There are three major areas to examine before determining the appro-
priateness of a mode specific versus a composite model. These are:
dominant motions, correlations between motion variables, and spectral
content of motion variables.

First, regarding dominant motions, each mode is dominated by one or
more motion/noise variables. For the bus mode, it is the roll rate; for the
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train, roll rate and noise level; and for the air mode, vertical acceleration,
lateral acceleration and noise level. Should the new mode have ranges of
the environmental variables exceeding those given in the table of minimums
and maximums shown in Section VIII. B., it is possible for one or more of
those variables to become the determinant of ride quality. In those cases
where no model exists, the user is advised to apply a composite model for
best results.

Next, an analysis of the correlation between motion variables should be
carried out to determine the amount of interdependence. Finally, the spectra
of the major degrees of freedom of the motion variables should be compared
with the spectra for each of the existing modes. If the spectra are signifi-
cantly different from those for existing modes, then a composite model
should be used.

Once these comparisons have been made and the user determines that a
composite model is the appropriate one, the steps given in Section VIIIL B.
should be followed, replacing the mode specific model with a composite model.
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IX. SUMMARY AND CONCLUSIONS

This volume of the report has shown the statistical characteristics of
physical environments encountered by passengers in three types of vehicles,
the structure of the correlations between the environmental variables, and
the relationships of environmental variables to passenger comfort. The re-
gression models indicate how people in buses, trains and planes integrate
physical information to arrive at comfort judgments. The models tell us
which variables were important and how to use them for evaluating comfort.
Such models are descriptive and are limited to the range of motions actually
encountered in the trip situations, but the ride characteristics were varied
over the range of values likely to be encountered during normal operation of
these kinds of vehicles. Thus, we have confidence they can be applied to
trains and buses in most situations that will occur,

Passengers are clearly influenced by the dominant input mode on each
type of vehicle; comfort judgments correlate most strongly with those factors
that vary most. For ground-based vehicles, roll rate was the dominant
motion and passenger comfort judgments were strongly related to it. In the
air mode, the linear accelerations, vertical and transverse, were most im-
portant. But the correlation matrices and their principal components indi-
cate that there are similarities in the motion characteristics of these vehicles,
and suggest that unified comfort models are feasible, given more extensive
data. Such general models are needed to specify standards for exposure to
environmental inputs and to specify criteria for the design of new vehicles or
the assessment of existing ones.

Passenger comfort is, of course, determined by other factors in addition
to motion and noise. Aircraft data clearly show the influence of seat charac-
teristics: good seat design can compensate for a basically poor motion spec-
trum; conversely, poor seats can lower passenger comfort in good motion
environments. A complete comfort model would involve both motion and seat
variables, as well as other physical factors such as pressure and temperature,

Some systematic variance in comfort judgments was due to individual
differences between passengers; such differences were expected and the pas-
enger characteristics used here did prove to be important. These differences
are interesting to psychologists, but are not of major concern to the design
engineer. The engineer must design a single system to accommodate the
"average' user. While other variables clearly influence comfort, it is im-
portant to keep in mind how well comfort judgments are explained with the
several physical predictors assessed in this research,
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APPENDIX A.

SAMPLE SUBJECTIVE RESPONSE BOOKLET

DUNLAP AND ASSOCIATES, INC.
and
UNIVERSITY OF VIRGINIA

IN AN EFFORT TO IMPROVE PUBLIC
TRANSPORTATION, YOU ARE INVITED TO
PARTICIPATE IN A RESEARCH STUDY. THE
STUDY CONCERNS PASSENGER REACTIONS
TO THE QUALITY OF RIDE AND OTHER
FEATURES OF THE SERVICE. IF YOU ARE
WILLING TO TAKE PART IN THIS STUDY,
PLEASE COMPLETE THE QUESTIONNAIRE.

You need not answer any question that offends you.

Age: 16-24 25-34 35-48 49 and up
Male Female

Approximate household income (before taxes):

under $10, 000 $20, 000 - $29, 999
$10, 000 - $19,999 $30, 000 or more
Are you a licensed automobile driver? ___ Yes No

If you had wished, could you have used a car for
this trip? Yes No

How often do you use this type of transportation?
___Daily _ Weekly ____ Monthly ___ Seldom
What is the purpose of your trip?

Commuting ___ Company Business

Personal Business Pleasure




YOU ARE REQUESTED TO RATE THE QUALITY
OF RIDE DURING THE PORTIONS OF YOUR TRIP
INDICATED BELOW. USE A SINGLE CHECK
MARK TO INDICATE YOUR RATING ON EACH
COMFORT SCALE, AS APPROPRIATE.

Segment A

___Very Comfortable
____Comfortable
____Somewhat Comfortable
___Neutral

____Somewhat Uncomfortable
_____Uncomfortable

Very Uncomfortable

Segment B
Very Comfortable

____Comfortable
____Somewhat Comfortable
____Neutral

_____Somewhat Uncomfortable
_____Uncomfortable

Very Uncomfortable

1



Segment C

__ Very Comfortable
Comfortable
Somewhat Comfortable
____Neutral
Somewhat Uncomfoitable
Uncomfortable

Very Uncomfortable

Segment D

____Very Comfortable
____Comfortable
____Somewhat Comfortable
__Neutral

_____Somewhat Uncomfortable
____Uncomfortable

Very Uncomfortable

Segment E

____Very Comfortable
____Comfortable
____ Somewhat Comfortable
Neutral
Somewhat Uncomfortable
__ Uncomfortable

Very Uncomfortable




Segment F

Very Comfortable
Comfortable
Somewhat Comfortable

Neutral
Somewhat Uncomfortable
Uncomfortable

Very Uncomfortable

Segment G

Very Comfortable
Comfortable

Somewhat Comfortable

Neutral

Somewhat Uncomfortable

Uncomfortable

Very Uncomfortable

Segment H

____Very Comfortable

___ Comfortable
____Somewhat Comfortable
___ Neutral

_____Somewhat Uncomfortable

Uncomfortable

Very Uncomfortable

“



Segment 1
Very Comfortable
Comfortable

Somewhat Comfortable

Neutral
Somewhat Uncomfoutable
Uncomfortable

Very Uncomfortable

Segment J
Very Comfortable

Comfo rta.Ble '

Somewhat Comfortable

Neutral

Somewhat Uncomfortable

Uncomfortable

Very Uncomfortable

Segment K

Very Comfortable

Comfortable

Somewhat Comfortable

Neutral

Somewhat Uncomfortable

Uncomfortable

Very Uncomfortable




Segment I,

____Very Comfortable

____ Comfortable
_____Somewhat Comfortable
_Neutra.l

_____Somewhat Uncomfortable
____Uncomfortable

___Very Uncomfortable

Segment M
Very Comfortable
Comfortable

____Somewhat Comfortable
____Neutral

_____Somewhat Uncomfortable
_____Uncomfortable

Very Uncomfortable

Segment N

__ Very Comfortable
____Comfortable
_____Somewhat Comfortable
- Neutral

_____Somewhat Uncomfortable
____Uncomfortable

Very Uncomfortable

L4



NOW THAT YOU HAVE RATED THE QUALITY OF

RIDE DURING SEPARATE PORTIONS OF YOUR
TRIP, PLEASE GIVE A SINGLE RATING OF RIDE
QUALITY FOR THE OVERALL TRIP.

8. The ride during this trip was:

Very Comfortable

Comfortable

Somewhat Comfortable

___Neutral

Somewhat Uncomfortable

Uncomfortable

Very Uncomfortable’

MENT BELOW.

YOU HAVE JUST RATED QUALITY OF RIDE.
NEXT, PLEASE INDICATE HOW STRONGLY
YOU AGREE OR DISAGREE WITH EACHSTATE-
MENT ABOUT OTHER FEATURES OF THE TRIP.
CHECK ONLY ONE ANSWER FOR EACH STATE-

9. Seat is
comfortable:

10. Leg room is
adequate:

11, Temperature
is right:

o
= — 9
g?o o g %)
oo L4 + o

| ] ] = @
hw ") o ot
ng < 4 o]

Strongly
Disagree




12, Considering the ride you have just rated, if you
had a choice, would you:

Be eager to take other rides?
Take other rides without hesitation?
Take another ride, but with some hesitation?
Prefer not to take another ride?
- th take another ride?

13. If we could significantly improve the service, how
muchmore, if anything, would you be willing to
pay per trip for each of the following, or any other
improvement? (Please insert.dollars, cents or
zeros in the appropriate spaces.)

More frequent service
Improved cleanliness

Greater dependability (on timeness)

Faster service

Greater ride comfort

Other improvements (list)

14, If the fare were increased commensurate with the
improvement(s) indicated above, how certain are
you that you would continue to use this service?

0% 50% 100%

(- i 1 A 2 ! i ! i 1 L
(Mark the scale, as appropriate)

THANK YOU FOR YOUR HELP

"



APPENDIX B.

COMFORT RATINGS AND ENVIRONMENTAL MEASURES
COLLECTED DURING PHASES 1 AND 2 OF BUS STUDY

TABLE B-1. SUBJECTIVE RESPONSE DATA FROM BUS STUDY
FOR STRAIGHT/LEVEL ROADWAYS (PART 1 OF PHASE 1).
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TABLE B-2. RIDE ENVIRONMENT DATA FROM BUS STUDY
FOR STRAIGHT/LEVEL ROADWAYS (PART 1 OF PHASE 1).
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LY A o1l 73.90 72.v0
«U3 «13 TR 79,00 72.00
oNY .11 oY 79.00 72,00
JB .07 elo 73,30 71.00
05 «0% s11. 73,00 -70,00
N2 13 L} 75.00 72.00
o3 ol v 73,09 73.00
o2 o fth 3 73,00 73.00
N .0y o 73,00 74,00
na % 04 76,00 73.00
N o0l N 72.00 72,00
NE-} ok I 72,00 75,00
N3 of.t k] 74,00 75,00
0 i12 05 ) 75.00 74,050
.c2 .2 L7 7%.00 Tu,00
3 WUY ') 76,00 75.00
] a4 N 76,00 74,00
oc2 « 05 Y0 77.02 75.00
K 02 LY .00 T4.u0
olh « 0 QL) 74,00 75,40



TABLE B-3, SUBJECTIVE RESPONSE DATA
FROM BUS VALIDATION STUDY (PHASE 2).

Segment All Male Female
Number Riders Riders Riders
1 2,67 3.12 2,00
2 3.18 3.81 2.27
3 3.92 4.56 3.00
4 3.67 4.38 2.64
5 2.85 3.12 2.45
6 2.74 2.75 2.73
7 3.78 4.25 3.09
8 4.50 4.62 4.41
9 2.80 2.69 2.88
10 2.77 2.77 2.76
11 3.20 3.38 3.06
12 2.83 2.69 2.94
13 3.63 3.54 3.70
14 3.71 3.46 3.93
15 3.27 3.69 2.78
16 2.77 2.88 2.64
17 2.60 2.62 2.57
18 2.47 2.75 2.14
19 3.03 3.38 2.64
20 2.57 2.88 2.21
21 3.30 3.56 3.00
22 5.20 5.31 5.07
23 4.07 4.21 3.92
24 2.69 2.86 2,50
25 2.23 2.28 2.17
26 3.08 2.93 3.25
27 2.81 2.78 2.83
28 3.42 3.64 3.17
29 2.67 3.00 2.27



TABLE B-4. RIDE ENVIRONMENT DATA
FROM BUS VALIDATION STUDY (PHASE 2).

Segment Roll Pitch Yaw il._ ﬁ &y dB  Temp. Response

1 1.839 1.684 2.103 .033 .064 .043 72 72 2.67
2 1.680 1.444 1.480 .011 037 .045 72 73 3.18

Day 1 3 1.678 1.729 2.545 .045 .057 .064 72 73 3.92
e 4 1.897 1.628 1.677 .019 .060 .054 72 72 3.67
5 1.654 1.506 1.191 .027 .035 .049 74 74 2.85

6 1.674 1.347 1.898 .027 .059 .040 74 73 2.74

7 1.664  1.344 1.151 .045 .046 .054 73 74 3.78

1. 1.768 2,358 1.917 .030 .053 .050 70 76 4,50

2 1.559 1.901 1.153 .032 .039 .042 73 79 2.80

Day 1 3 ©1.252 1.245 .870 .029 .029 .035 71 79 2.77
™ 4 1.297 1.426 2.693 .010 .029 .025 70 79 3.20
5 1.461 1.371 1.869 .011 .040 .029 74 79 2.83

6 1.480 2.480 1.120 .034 .035 .039 69 79 3.63

7 1.491 2.272 2.168 .017 .063 .046 70 79 3.71

1 1.229  1.042  .909 .040 .026 .047 70 72 3.27

2 1.349 1.207 2.012 .039 .026 .028 67 68 2.77

Day 2 3 1.245 1.230 2.197 .030 .051 .028 70 68 2.60
e 4 1.411 1,350 1.272 .024 .021 .033 71 67 2.47
5 1.550 1.461 1.089 .063 .03t .036 68 68 3.03

6 1.462 1.190 2.101 .063 .048 .035 68 68 2.57

7 1.658 1.514 1.042 .029 .029 .041 71 69 3.30

8 2,256 2.799 3.143 .050 .085 .066 71 70 5.20

1 1911 2.229 2.716 .039 .049 .050 70 76 4,07

2 1.372 1.282 1.053 .025 .029 .039 72 79 2.69

Day 2 3 1.312 1.292 1.13 .027 .02 .033 70 80 2.23
™ 4 1.206  .983 2.620 .008 .029 .026 72 80 3.08
5 1.163  .986 3.633 .044 .052 .027 68 78 2.81

6 1.568 1.439 1.275 .0246 .037 .046 73 76 °  3.42

7 1.138  .952 1.990 .051 .057 .033 72 75 2.67

(£]



TABLE B-5. SUBJECTIVE RESPONSE DATA
FROM BUS STUDY FOR CURVED ROADWAY (PART 2 OF PHASE 1).

|

o 0
[ ] [ ]
THE R e T L Y - L
Eg gov o9 T U LE < -
23 383 33 £33 =23 =3 f£3 =22
1 2.69 3.1 2.22 2.77 2.71 2.77 2.71 2.7%
2 2.56 244 .61 2.46 2.64 2.59 2,57 2.50
3 2.22 3.22 J.on 3,00 204 3.00 2.64% 2,81
[} PR 2otk 2.33 2.38 2.2) .15 2.43 2.30
S 1,84 2433 24373 2,30 2.00 1.92 243 2,18
é 2.33 250 Re27 2.46 2,20 2015 2057 " 2.37
7 2.1} 2.00 2.00 2.23 1.86 2.08 2.00 2.04
8 2456 " 2en7 dets P69 2.28 2.69 2.28 2,46
5 3.56 3.89 3,33 3.69 3.5%0 3.490 3.71 3.59
10 3.87 3.67 X G 3.46 ‘3.71 3,85 3.%6 3.59
11 2.89 3.2z 2.78 3.15 2.78 3.08 2.86 2.96
12 2.00 2.23 r.o% T 2.,15 2.00 2.08 2.07 2,07
13 S.44 3.56 2.7¢ 3,26 3.14 3,77 2.76 3.26
14 1.89 2.0y 1085 2.1% 2,00 2,068 2,07 2,07
1% 2.11 2.00 .00 2,00 2407 2,15 1,53 2.04
16 2.5¢ 2456 Lel3d 2,77 263 277 2.36 2.56
17 3.20 3.00 2956 K 2. bR 3,00 2.87 2.93
Jo 5,20 2.70 267 R.92 2,R1 3,07 2.67 2,86
19 2.90 2.66 2.h9 2.92 2,69 3,00 2.60 2.79
20 3.00 3.50 2.76 3.23 ‘3.006 Jecl 3.07 ‘31N
21 4,20 3.1V FILL) 3.77 3,30 4,00 3.07 3.55
22 2.5C 2.10 .35 2,61 2.0€ 2.36 2.27 2,31
23 4,50 3.69 4.11 4,23 3.94 4,07 4,07 4,07
24 5,20 4,60 U £ 5.15 475 4 .80 5,00 4,93
25 .80 4,40 3.2 4,18 4,19 Y,uyu 4,33 4,17
26 4,80 4.30 4.0 &.06G2 6,44 4,57 4,47 4,52
27. 3.10 3.40 2.35 3,08 2.A0 2.71 3,07 2.97
28 3,86 3.AD 3,50 .09 3.69 3,20 4,07 3,69
29 9,50 4,40 2.5 4,00 4431 4e0?7 4,53 4,17
30 2.70 3,605 2450 2.8% 2.69 2.57 3,93 2.76
.81 3.40 3.5¢ 2.4M 3,54 2,81 3.56 2,93 3.14



TABLE B-6. RIDE ENVIRONMENT DATA FROM BUS STUDY
FOR CURVED ROADWAY (PART 2 OF PHASE 1).

Y]

g . . (] d . . .
;l $ 2z fs2 .z §% E? o
13 £ L = e 4 4 > <

1 72.00 1-97 10“2 Tell Y L] «10 o0&

2 76,00 +SC 172 2.25 002 «0S «06

3 75,00 2.02 1.97 6.66 .03 .12 .05

4 73,00 1.61 1.76 $.04 .03 «09 <04

S 73.00 1.97 1.96 7.50 <05 09 « 04

6 76,00 1.95 1.89 4,01 «03 .08 « 0%

-7 77.00 1.51 l.26 3.62 N2 «07 <03

8 75,00 2.3) 1:886 - 3.30 “02 - .06 - 408

9 73.00 2.34 1.98 5,02 «03 «08 «05

10  73.00 3.06 2415 3.33 002 .05 « 05

11 73.00 2.90 2.69 4.11 .03 « 05 «0%

12 7%,00 2.79 2.72 3.82 .03 .05 <05

13 71000 2.26 .00 9.56 002 «07 «05

14 75,00 2.76 7.8%¢ 3,44 U3 o 04 04

15 T4,00 2.€2 2.93 4,30 02 o 04 « 05

16  74.00 3.43 S.4C 4,46 04 .07 °06

17 76009 3,01 © 2eheo 6.67 T «l0 «0%

18 80.0“ 303& 3-21 5.75 «03 08 07

19 77.00 3.5 .10 T.07 +0% 16 «06

20 78,00 3.45 3.1% 8.48 .09 o L4 «06

21 77."" 3.“5 3.9 5. 09 o0y 12 .06

22 79,00 . 3.66 3.3u 4,57 .05 .10 .07

g3 168,00 4.2C .54 5.37 <04 11 .08

28 ES.00 3.50 2.61 6.79 «04 17 <06

25  Tu.09 Iok 3.66 4,30 « 04 W11 .08

26 60.0() 3.39 2‘76 7.39 + 0y 16 006

27  77.00 3,74 3.92 4,64 «C3 .09 «06

(] 76.00 2.96 2.60 6.08 «C3 11 06

29 7v.00 3.12 2.91 S5.51 03 .42 «06

30 78,00 3.8 3.25 6.03 W02 ol .06

31 80,05 3.6E J.u2 421 <06 <08 «06

[



TABLE B-7. RIDE ENVIRONMENTAL DATA MEANS FROM BUS STUDY
FOR CURVED ROADWAY (PART 2 OF PHASE 1),

&
= o .-.o o
B o g il g
3% 23§ JdFs Ji5 38 853 £84
1 17 43 7.85 <00 «06 1,00
2 «39 e 79 6.20 .0l 03 «99
3 11 “edl A.85 =01 <07 1,00
L} 060 073 lo.S:.' -.Cl 009 1.01
) 47 19 7.04% 05 L) 1.00
6 22 23 hel? -2 ol1 1.01
7 «83 79 1.37 -,01 «30 99
8 x1) «39 5.87 ~01 13 1.01
9 «10 LER L] 6.51 .00 012 1,00
1u «37 «33 L LX) N2 «07 1,00
’1 023 'u29 5-“6 .01 -06 099
12 72 77 7.27 .02 « 08 1.01
13 . 25 45 7.69 «02 «07 1,00
14 o41 57 6.9 «02 L) 1.00
15 l.24 .41 b9l o0l «03 leul
16 2.38 2.37 19.72 «07 014 1.03
17 302! =2,96 9,79 -,02 «08 Y5
18 .18 -2.81 6497 -.03 .09 «96
19 1.89 =1.,96 T.7¢C -,02 .08 «97
20 «69 25 9,81 .OB ‘s1b 1.01
21 1-23 l.lz ,0025 '.01 .22 1.02
ee «53 «57 5,39 ~,01 14 1.01
23 2,04 1.57 11,80 .02 o 24 1.09
24 2,11 1,08 12,9y .00 25 1.02
25 3.27 2.72 12.47 n2 22 1,05
‘26 -3.32 2,62 12.14 .01 e17 1.04
27 24 b9 Tty =.l2 e Y ) 1.01
28 2.68 =2,27 12,89 - 12 «17 97
29 e82 -.83 8.4 -.01 .20 +99
30 1.83 -1.78 11.74 -,03 28 «97
N 1.02 o35 12,%e 006 o4 1,01
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FIGURE B-4. COMFORT RESPONSES VERSUS RMS LONGITUDINAL ACCELERATION
FOR STRAIGKT/LEVEL ROADWAY (PART 1 OF PHASE 1).
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FIGURE B-5. COMFORT RESPONSES VERSUS RMS TRANSVERSE ACCELERATION
FOR STRAIGHT/LEVEL ROADWAY (PART 1 OF PHASE 1),
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FIGURE B-6. COMFORT RESPONSES VERSUS RMS VERTICAL ACCELERATION
FOR STRAIGHT/LEVEL ROADWAY (PART 1 OF PHASE 1).
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(PART 1 OF PHASE 1).






APPENDIX C.

COMFORT RATINGS AND ENVIRONMENTAL MEASURES
COLLECTED DURING PHASES 1 AND 2 OF TRAIN STUDY,.

TABLE C-1. SUBJECTIVE RESPONSE DATA
FROM TRAIN STUDY (PHASE 1).

-
€% ] - ) ] © H
e8 H = " e 0 5 5 = M g w o0
EE 5 3§ Bf 5f E.f ff Es B8
® == g'u 0 = - =03 = et [ 'g:g
nz < 28 w2 E<E OX e S&
1 2.2 - 2.21 2.1Y 1,20 2.30 2.10 2413 2,26
2 2,16 1,93 2.38 2.20 2.10 2,20 2.06 2,27
3 2,97 2.76 3,12 3.00 2.80 3.10 3.00 2.93
4 2,80 2.78 2.8 2.70 3.10 2.60 2.93 2.67
S5 2.70 2.50 2.88 2.50 3.00 2460 2.47 2.93
b 3.83 .35 4,25 3.70 4.00 5.60 3.53 413
7 2,80 2+86 275 2,70 2.A0 2.90 - 2,53 3,07
e 3.53 3.50 3056 3.30 Jeboli 370 3413 3.93
9 2.7 250 2.62 2.30 250 2.90 2,07 3.07
10 .20 2.28 2,12 2,10 2.3¢ 2.20 2.13 2,27
11 2.93 2.93 -IH 2,60 3.20 3.00 2,73 5,13
12 2,17  2.28 2.06 2.20 2,30 2,00 2,00 2,33
13 2.03 - 2.06 2,91 2.00 - 3.0C €470 - 2.67 - 3,00
1y 3,43 3,67 3.3) 3.10 3.70 3,50 3.07 3.80
15 3.03 2,93 J.12 3,30 2.50 3,00 2.87 3,20
16 2.87 3.06 2.7% 2,9C 2.70 3.00 2.47 3.27
17 2.47 2.50 2,44 2.30 2.60 2.5v 2,20 2.73
18 2.16 2,07 2.25 2.20 1.90 2.0 1.87 2.47
19 1,97 2.60 1,94 2,00 1.00 2.10 2,06 1,87
20 3,90 3.7 4,06 3.A0 4,20 3,70 3.60 4,20
21 1.73 V476 1.69 . 1,R0 1.90 1.58 1.67 1,80
22 1.67 1.43 1.88 1.90 1.70 1.40 1.60 1.73
a3 2.47 2.14 2.31 2,40 2.40 1.90 240 2.07
24 2,37 2.43 2,3) 2.30 2.,4C 249 2,47 2.27
25 2.90 3,07 2,75 2.0 . 2,90 3,00 2.87 2,93
26 2,63 2.66 Q.46 2.50 2.8L 2460 2,73 2.53
27 2,70 €e78 2.62 2.50 3.C0 2460 2467 2.73
28 2.50 2.57 Q.46 2.40 2.30 &450 2,27 2,73
29 263 2457 2.65 2.20 3.C¢ 2.70 2447 2.80
30 3,20 3.4 3.25 2.70 3.9¢ 3,10 2.53 3.46
31 2.26 2.2) 2.31 s.00 2.5( 2.80 2.13 2,40
32 2,77 2.71 2.61 2.30 3.30 2,70 2,47 3,006

33 3,33 3.36 2,31 3,10 3.60 3.30 3.07 3,60
34 2,87 3.07 2.€9 2.40 3.10 2.10 2.47 3.27
3s 2.33 2.53 2.7¢ 2,40 340 2.70 2.60 3.07
36 2.37 2.57 2.19 1,90 2.7¢ 2.50 2,20 2,53
37 2.9¢0 2,93 2.8¢ 2,60 2.60 3.30 2.53 3,27
38 2.93 7.3 2,94 2,80 3,00 3.0v 2.97 3,00
39 2.57 2.78 2,% 2440 2.9C 2,40 2.40 2.73
4o 2.40 2.f4 2.19 2.50 2,5¢ 2.20 2027 2.53
4] 2.'7 2033 20“0 zvhn 1.80 2.20 1,87 2.47
42 2,56 2,03 2.53 2.60 2.5¢ 2.50 2.47 2,60
43 e.73 Q52 2.53 2,00 Q.40 3.00 2.53 2.93
Yy 3.03 3.20 2,87 3.20 2.5¢C 3.40 2.60 3.27
L 1] b,33 §.33 4,33 [P ) 3.9¢C $5.00 4,33 o83
46 2.43 2.47 2.4C .20 2,406 2.60 2,13 2,73
47 3.23 3.20 3.27 3,20 FICT 4,19 3,13 3,33
LT] 1.97 1.67 2.07 2.00 1.R¢ 2.10 1.73 2.20
49 . 2,50 2473 2,27 2.30 2440 ¢.80 2.33 2.67
S0 2.50 2,53 2.47 2,u0 2.2¢C 2.9v 2.33 2,67
51 2.60 2,53 2,67 3,10 2.0¢C 2.0 2.33 2.87
52 2,20 2.07 - 2,33 2.10 1.8r 2.70 2.18 2.27
53 3.80 4,00 8.6C 1,70 3.6 4.10 3,40 3.60
S¢ 3.60 3.60 J.6¢ 3.30 l.2¢ 4,49 3.53 3,67



Segment
Number

TABLE C-1.

SUBJECTIVE RESPONSE DATA
FROM TRAIN STUDY (PHASE 1) (Continued).

emale
iders

3

Ua07

2.50
3,19

L.0L0
3,30

%.30
4,40
4,80
4,00
320
4,80
w,uv
3,50
4,40

S3.00

W40
4,30
2.40
4,00
w,Cc0
2.3
3.70

frequent
Riders

In-

o N
*
(7% 4
(7N 7]

2,00

N
L]

[
(7]

1,07
2.67
3.13
2.67
2.47
3.13
3.80
“.53

4o 06

2,93

-2486

2.27
3,33
You7?
407
4,53
2.87
4,73
0,33
3,00
“,00



Bl

TABLE C-2. RIDE ENVIRONMENT. DATA FROM TRAIN STUDY (PHASE 1).

Segment
Number

-t et bt e s b
NOU Fov-

18
19
24
21
22
ed
24
25
)
27
e
2%
30

32
33
34
335

37
3t
a9
40
4]
“?
43
4y
LH)
bp
47
L)

Su
1
Py
53
&y

-
CCTNITTITON

1,53

0.00

-0.00

o.oo
b.0O
b.00
0.00
0.00
0,00
6.00
0.00
6,00
0,00
0,00
0.00
0,00
0.00
0.00
o.oo
0.00
0,00
0,00
o'oo
0.00
o.oo
0,00
0.00
0.00
0.00
0.00
0.un
Q.00
1.2V
1.00

Sl
0.00

87

«&9

j.00
1.,0)
96
20
.83
91
N
1404
«98
«96
-9’

ol
o1

N1

51

01
N1
Ul
.('1
.01
ol
A
«C1
.01
.02
o(|2
.01
.01
.01
.01

N1
«N1
«C1
N1
.01
02
.01
Nl
W01

o2
ol
N2
02
+01
W01
.01
.01
01
.01

« 04
o062
«Cu
«03
«US
LK
ol
N2
odu
02
13
«09
«03
03
«02

oC?
.03
«03
02
«0)
L]
«QJu
02
MUK
« 0}
03
«03
oh2
.02
«06
«03

«03

«02

03

02
w3
ulr
U3
«03
«03
«03

gwoiae

60,00
69,00
69.C0
69,00
79.00
72.00
69,00
66,00
£5,00
65,00
65.00
€7.00
69,0V
71,00
63,00
72,00
5,00
5,00
70.C0
4,00
64,00
71.09
€5,00
7’..00
68,00
70,00
71,00
71.00
63.00
62.00
64,00
72.00
71,09
63.0n0
67,00
67.00
69.00
68,00
71,00
70,00
74,00
75.00
7n.00
74,00
70,00
74,00
68.0N
66,00
65,00
608,00
68,00
71,00
69,00



Segment
Number

TABLE C-2. RIDE ENVIRONMENT DATA
FROM TRAIN STUDY (PHASE 1) (Continued).

1,64

- 1492

1.86
1.19
1,50
1.%6
.00
1.5%

.95

$3 8%

B3 g o -]
.9 )

5 ‘Ad R
113 w01 03
«91 «01 <03
1.42 <01 « 04
1.55 .01 .03
1.03 «01 o0z
1.05 .01 2
1.29 <02 «03
.98 .01 oC2
'035 .ol ooi‘-
'l.% 'ol th
lo“ .03 oUZ
1,18 02 N2
.80 .02 o2
1.64 .01 02
1.85 .01 «03
1.08 .01 «01
1.00 «81 «02
+20 «01 «03
1.54 01 0t
1-7& 103 ‘05
1.30 .01 04
1.1% .01 .03
1,63 0 «04
&7 .01 02
1,27 +01 003

.03

olse

Z
€9,00.
65,00

64,00. . .

74,00

66,00

71,00

756,09.

74,00
70.““
73.00
76,00
78,00
79,00
73,00
a4,00
77,00
73,00
77,00
75..00
75,00
70,00
77.00
77,00
13,00
76.00




TABLE C-3. SUBJECTIVE RESPONSE DATA
FROM TRAIN VALIDATION EXPERIMENT

Segment All Male Female
Number Riders Riders Riders

1 3.92 3,81 3.97

2 2.79 2,88 2,76

3 2,37 2.75 2,18

4 3.37 3.00 3.54

5 1. 80 ' 1.88 1, 76

"6 1,63 1.81 1. 54

7 1. 65 2.19 1. 39

8 1.55 1. 69 1.48

9 1.49 1. 69 1. 39

10 2,51 2,38 2,58

11 1,77 1. 62 1. 85

12 1,57 1, 62 1. 54

13 2,67 2.94 2. 54

14 2,61 2,62 2,61



|
TABLE C-4, RIDE ENVIRONMENT DATA FROM TRAIN VALIDATIQN
STUDY (PHASE 2) (AMTRAK, NEW HAVEN TO NEW YORK CITY).

Roll Pitch Yaw Long. Trans. Vert.
Rate Rate Rate Accel. Accel. Accel.

/s 0/s - 0/s g's g's g's Noise Temp, _

Segment  rms rms rms rms rms rms dB(A) oc [
1 2.014 1.679 1,758 .014 .025 .035 67 23.3  3.92
2 1.159 .988 1.199 .010 .022 .023 69 24.4 2.8
3 1,357 1,312 0.895 .012 .032 .031 70 25 2,37
4 1.160 712 1,556 .011 .038 .024 70 25 3.38

5 1.211 .887 1,157 .012 .021 .023 67 25 1.
6 1.094 .838 1,119 .023 .020 .022 66 25 1.63
7 1.009 .890 1,015 .007 .041 .019 67 25 1.65
8 1.127 .927 974  .007 .031 .018 71 25 1.55
9 1.010 .922 .914  ,006 .009 .017 1 25 1.49
10 1,401 1,378 1.416 .009 .012 .023 66 25 2.31
11 1.411 1,335 1.367 .013 .012 .023 70 25 1..78
12 1,532 1.470 1.687 .010 .018 .025 70 25 1,37
13 1,718 1.654 1.697 .012 .022 .028 66 25 2.67
14 1,783 1,718 1.755 .012 .017 .030 68 25 2.§1
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APPENDIX D.

DISTRIBUTION OF PASSENGER RESPONSES,
IN THE BUS AND TRAIN STUDIES (PHASE 1).

TABLE D-1, COMFORT RESPONSES IN BUS STUDY (PHASEL).

Comfort Rgs onses
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2 3 4 3 [ 1l
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TABLE D-2. COMFORT RESPONSES IN TRAIN STUDY (PHASE1).

Comfort Responses
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Uncomfortable

Comfort Responses

TABLE D-2, COMFORT RESPONSES IN TRAIN STUDY (PHASE 1). (Cont'd)
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APPENDIX E.

RMS JERK AND ANGULAR ACCELERATIONS FOR 25 ROAD SEGMENTS
FROM BUS STUDY (PART 1 OF PHASE 1)

TABLE E-1.

RMS JERK AND ANGULAR ACCELERATIONS

FOR 25 ROAD SEGMENTS FROM BUS STUDY (PART 1 OF PHASE 1).

1 [} ] ]
“R(®/sec?) “B(/sec’)  2L(g/sec) B2T(g/sec)  *V(g/sec)
10 10 10 10 10
3,645 2.149 . 065 . 162 . 155
3.774 2.227 .079 . 198 . 198
3. 647 2.157 .073 . 182 . 173
3. 097 1,994 . 047 . 105 .120
3,945 2.220 .093 . 207 . 224
3.348 2.139 . 060 . 134 . 162
3.473 2.238 .072 . 172 . 181
3.087 2,045 . 055 . 133 . 124
4,997 2.972 . 137 . 259 . 283
4,576 2.688 . 125 . 269 . 262
2.924 1.901 .051 . 140 .116
4,132 2.414 .093 .232 . 221
3.874 2.376 .077 . 234 .179
3.782 2,338 .082 . 189 . 202
2. 900 1,942 . 045 . 113 .113
3. 538 2.250 .073 . 191 . 174
2. 786 1, 785 . 051 . 139 . 137
3.483 2.240 . 089 . 184 . 189
3.557 3.396 . 060 . 157 . 199
2. 759 2. 743 . 043 . 109 . 123
4,127 3.380 . 106 .210 .258
3,564 3.020 .071 . 160 . 191
2.761 2.671 . 040 . 116 .105
3, 647 3.294 . 069 . 206 . 205
2. 679 2. 580 . 046 . 120 . 122

E-1/E-2
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APPENDIX F.

TIME DEPENDENCE AND TEMPORAL INFORMATION INTEGRATION

This Appendix summarizes results of an analysis designed to assess two
types of time effects in the five data sets discussed in this volume:

Bus field data (Phase 1, Part 1)
Bus validation data (Phase 2)
Bus curve data (Phase 1, Part 2)
Train field data (Phase 1)

Train validation data (Phase 2).

In all cases, respondents provided comfort judgments for selected ride seg-
ments during the trip and an overall comfort judgment for the entire trip.
The number of segments rated varied from 7 for the bus validation data to
25 for the bus curve data, and the time spent in the vehicle by a subject
ranged from 3/4 of an hour to 2 hours. Subjects in the bus and train field
studies made two-way trips, while riders in the other three conditions pro-
vided ratings only on a one-way trip. A seven-point comfort scale was used
throughout: a rating of one indicated that the subject found the ride ''very
comfortable, "' and a rating of seven indicated that the ride was 'very
uncomfortable, !

The first question of interest is whether comfort judgments depend on
time; in particular, do people become more uncomfortable solely as a func-
tion of the amount of time they have spent in a motion environment? The
second question concerns how people put together their judgments about in-
dividual segments of a trip to arrive at an overall comfort rating for the
entire trip. How does the way a passenger feels about the total trip depend
on his reactions to its subparts?

Each of the five data sets will be discussed separately with attention to

the issues of both time dependence and information integration. Then, the
consistent conclusions from the five data sets will be reviewed.

Bus Field Data

On each run, ratings were obtained for nine segments and the overall
trip. There were two groups of subjects (A and B) who rode on both good
and bad buses in both of two directions. For each group-bus combination,
a particular route was covered in one direction, then the same route was
covered in the opposite direction; thus, the same segments were rated
early in first run and late in the return run, and vice versa.

F-1



Table F-1 shows the ratings for the various segments of each trip,
arrayed in the order in which they were experienced. There is no consis-
tent trend for comfort ratings to increase (comfort to become worse) as a
function of time into the trip. In Table F-2, the same data are presented
such that the mean ratings are arrayed by the identity of the segments. The
segment labels represent particular portions of the route covered. The
time sequence in which those portions were covered is shown by the arrows
in the table. Inspection of Table F'-2 reveals that only for Segments A and I
are there discrepancies in ratings depending on whether the segment
occurred at the beginning or end of a trip. In these two cases, ratings are
worse if the segment is rated at the end of a trip than if it is rated at the
beginning. The most likely explanation of this result is that there are real
differences for Segments A and I in the ride on the two sides of the road.
The major reason for not attributing these differences to time dependence
is that similar differences in the same direction are not found for Segments
B, C, G, and H.

The second type of analysis was performed to determine how subjects
integrate their ratings of trip segments to arrive at an overall comfort rating
for the trip. Correlations of the ratings given for each segment with the
overall ratings are also shown in Table F-1. The lowest correlations are
for the first and final segments, which happen to be those segments with
very poor comfort ratings. In making their overall trip rating, subjects
seem to ignore these extreme segments. Means were taken for the ratings
given during each third of the trip. Correlations of these mean ratings with
overall ratings are shown in Table F-3. The correlations in most rows do
not differ by much, but, in all but one row, the highest correlation is from
the last two-thirds of the trip, with four of the eight bus trips having the
best simple correlations between the last third of the trip and the overall
ratings. The correlations taken over all trips and all subjects are shown
in the last row of Table F-3, Ratings for the middle and last third of the

trip correlate slightly better with the overall ratings than those from the
first third.

Bus Validation Data

With the bus validation data, no strong test of the time dependence was
possible. There are no repeated or highly similar segments. The mean
ratings for the segments for each group of subjects are shown in Table F-4,
and there is no trend of steadily worsening comfort ratings as a function of
time. Here, segment numbers correspond to the order of experiencing
each segment, and the segments rated by each of the four groups were
different.

Correlations of mean comfort ratings for trip segments with the over-
all comfort ratings are shown in Table F-5. For the three combined groups,

4]



there is a slight tendency for later ratings to correlate best with the overall
trip rating. For Group 4, the correlation of Segment 8 with overall trip
comfort was quite low and Segment 8 was rated most uncomfortable. This
supports the claim from the previous section that subjects ignore extremely
bad segments in making their overall ratings.

Bus Data for Curved Routes

Twenty-five ride segments were rated in this study. Mean ratings for
each segment for Groups A and B are shown in Table F-6. Again, equivalent
segments were not run, either within or between groups, but no overall de-
cline in comfort is apparent as a function of time. Recall that a decline in
comfort would be indicated by an increasing mean comfort rating (greater
than 4 means uncomfortable).

Table F-7 shows correlations of mean ratings for each fifth of the trip
and overall ratings. The pattern of correlations differs for the two groups
with Group A showing the best correlations for the final trip segments and
Group B the best for the earliest segments. For all subjects combined,
later trip segments do seem to influence the overall trip rating slightly more
than earlier segments.

Train Field Data

Two groups of subjects had participated in the train study. Each group
rated 20 ride segments in each two directions. Mean ratings by segment
and the overall rating are shown in Table F-8. Again, a generaldecrease in
rated comfort is not obvious. The decline evidenced by Group B in its initial
run is not repeated by the other group. Correlations of mean ratings for each
quarter of the trip with the overall trip ratings over all groups reveals that
the initial quarter of the trip is least related to overall comfort (r's = ,33,
.48, .45, .48 for the four quarters, respectively).

Train Validation Data

Fourteen ride segments were rated by 49 subjects. The mean ratings
show no general trend toward worsening comfort ratings with time. When
the total trip was divided into three subparts (of 4, 5, and 5 segments re-
spectively), the correlations of mean ratings with overall ratings are .49,
.27, and .53, respectively.

Further Tests of Time Dependence

When the experiments reported here were designed, road segments were
selected to represent different levels of ride quality (according to the judg-
ment of the experimenters). However, this judgment was a global one and



was not determined by values in any particular dimension of motion. Having
found that roll rate is the dominant motion variable in our ride quality models,
we can now ask several post hoc questions of our data.

Suppose we had done a factorial experiment varying roll rate over three
levels and time over four levels with comfort response as the dependent
variable. Ideally, such an experiment would be designed so that levels of
roll are equally spaced along that continuum, and similarly for time intervals.

“"

Using the bus field data, levels of roll and time were selected so that
each cell of a factorial design table would contain at least one mean comfort
rating. The resulting mean comfort judgments are shown in Table F-9a.
Each of these means is based on data from the same 30 subjects (Group A).
Table F-9a seems to show an interaction of time and roll level in determining
comfort ratings. A curve drawn for the high roll data would be inverted from
that for the low roll data, but both would appear quadratic in form. Thus, it
would seem that: 1) time has an influence on comfort judgments, but that 2)
the influence is different depending on the level of roll. However, when we
look at the actual observed roll levels associated with each cell of the table
(see Table F-9b), we see that the two most extreme mean comfort ratings
are very discrepant in terms of roll rate from any of the other points. Thus,
time and roll are confounded in this data; no rigorous test of time dependence
is possible. However, Figure F-1, which shows comfort as a function of roll
and time period (1 through 4), would suggest that roll rate alone is sufficient
to account for the obtained mean ratings.

The train data were more extensive, and the rated segments were dis-
tributed over a longer time span. Here much tighter intervals were obtained
for the categories based on roll rate, and it was possible to fill all the cells
in the data table for both groups of subjects. The data from both groups
were averaged cell by cell to provide the means shown at the top of Table F-10.
Figure F-2 shows comfort response as a function of time and roll rate. Only
for the most extreme roll rate (wg, ) is there an upward trend in rated com-
fort as a function of time. But when the data for the two groups are separated,
(also in Table F-10), one group shows worse comfort ratings for the last two
time periods, while the other group does not.

If all of the data from the train experiment are forced into this analysis,
in spite of the resulting vastly discrepant sample sizes in the various cells,
the means shown at the bottom of Table F-10 (labeled R;, R, and R.3) result.
Again, only for the most extreme roll rate category (R3) is there any possi-
bility of comfort decreasing as a function of time.

These analyses suggest that comfort ratings depend on the motion environ-
ment a person experiences, not on the amount of time spent in that environment.



Information Integration Models

Several models were tried for predicting overall comfort response
based on individual ride segments: 1) a simple average of the ratings for
the segments of a trip; 2) the stepwise regression model based on segments
or subparts of the trip; and 3) a weighted average in which later segments
have greater weights than earlier ones. In particular, the weighting function
proposed by Jacobson and Richards (1976) was used:

w() = 10. 75

14

and the predicted mean comfort response was given by:

n
Z C(I) w(1)
I=1

Z w()
I=1

where I = response segment number, C = segment comfort rating. The
correlation coefficients obtained for these three models are shown.in
Table F-11 for each of the data sets. In all cases, the equal weighting
composite (simple mean) does as well as anything. There are some slight
increases in predictability for the best regression models, but not enough
to have any practical consequences. The regression models usually do
involve ride segments from later in the trip and larger weights are asso-
ciated with them than with the earlier segments.
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Group

>

> > >

Bus

Good

Good

Bad

Bad

Good

Good

Bad

Bad

TABLE F-1.

Direction

cw

CcCw

Ccw

ccw

ccw

Ccw

ccw

Mean segment rating

over all groups

0,8

i

MEAN COMFORT RATINGS FOR RIDE SEGMENTS
BY GROUP, BUS AND DIRECTION
(SEGMENTS ARE ORDERED AS EXPERIENCED DURING A TRIP).*

Segment Nﬁmb’er

*Data are from Bus Field Study (Phase 1, Part 1)

v

1 2 3 4 5 6 7 8 9

3.1 2.5 3.3 3.3 3.8 2.5 3.0 2.4 6.3
6.2 2.6 3.3 2.6 3.5 3.6 3.7 2.6 4.0
3.3 2.6 3.4 3.2 3.7 2.4 3.0 2.2 6.3
5.9 2.6 3.1 2.6 3.4 3.4 3.4 2.4 4.0
4.0 3.0 3.9 3.6 4.1 3.0 3.3 3.1 6.2
5.3 2.2 2.9 2.3 3.2 3.2 3.7 2.3 4.1
3.3 2.3 3.2 3.3 3.2 2.5 2.4 2.2 6.1
5.0 2.5 2.8 2.5 3.6 3.6 4.0 2.6 4.3
4.5 2.5 3.2 2.9 3.6 3.0 3.3 2.5 5.2
.26 .56 .54 .52 .52 .48 .55 .57 .31

Overall

2.5
2.4
2.4
2.5
2.7
2.5
2.4
2.5

2.5



L-d

TABLE F-2.

MEAN COMFORT RATINGS FOR RIDE SEGMENTS
BY GROUP, BUS AND DIRECTION
(SEGMENTS ARE ARRAYED BY IDENTITY, NOT ORDER OF EXPERIENCE)%*,

Segments

Time
Group Bus Direction A B C D E F G H I Sequence

A Good cw 3.1 2.5 3.3 3.3 3.8 2.5 3.0 2.4 6.3 -
A Good ccw 4.0 2.6 3.7 3.6 3.5 2.6 3.3 2.6 6.2 +
A Bad CcwW 3.3 2.6 3.4 3.2 3.7 2.4 3.0 2.2 6.3 >
A Bad ccw 4.0 2.4 3.4 3.4 3.4 2.6 3.1 2.6 5.9 «
B Good CW 4.0 3.0 3.9 3.6 4.1 3.0 3.3 3.1 6.2 >
B Good ccw 4.1 2.3 3.7 3.2 3.2 2.3 2.9 2.2 5.3 -
B Bad cw 3.3 2.3 3.2 3.3 3.2 2.5 2.4 2.2 6.1 >
B Bad ccw 4.3 2.6 4.0 3.6 3.6 2.5 2.8 2.5 5.0 -
Mean over all subjects 3.8 2.5 3.6 3.4 3.6 2.6 3.0 2.5 5.9

*Data are from Bus Field Study (Phase 1, Part 1)



TABLE F-3. CORRELATION OF RATINGS AVERAGED OVER EACH THIRD
OF THE TRIP WITH COMFORT RATING FOR THE TOTAL TRIP. *

First Middle Last

Third ~ Third ~ Third
A Good E cw .63 .67 .56
A Good o ccW .48 .69 .58
A _Bad . cw .72 .75 .75
A Bad ccw .65 .68 .72
B Good cw .55 .50 .49
B Good ccw .56 .68 .71
B Bad cw . 64 .60 .68
B Bad cCcw .49 .33 .55
Overall .56 .62 .61

*Data are from Bus Field Study (Phase 1, Part 1)

"
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TABLE F-4, MEAN COMFORT RATING FOR EACH RIDE SEGMENT BY GROUP. *

1 2
Group 1 2.7 3.2
Group 2 4.5 2.8
Group 3 4.1 2.7
Group 4 3.3 2.8

=

2.7
2.2

2.6

4

3.7
3.2
3.0

2.4

*Data are from Bus Validation Study (Phase 2)

Segment Number

=
2.9
2.8
2.8

3.0

5.1

Overall

3.1
3.4
2.7

3.1
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TABLE F-5. CORRELATIONS OF RATINGS FOR RIDE SEGMENTS

WITH OVERALL COMFORT RATING FOR TOTAL TRIP. *

Segment Number

1 2 3 A 3 _6_ 1
Combined
Groups 1, 2, 3 .48 .58 «52 .62 .50 .60 .62
Group 4 .67 .52 .67 .62 .65 .59 .77

*Data are from Bus Validation Study (Phase 2)
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TABLE F-6. MEAN RATINGS FOR EACH RIDE SEGMENT
AND TOTAL TRIP FOR BUS CURVE DATA (PHASE 1, PART 2).

1 2 3 & 5 6 1 8 9 10 11 _12 _13_ 1% _15 16 _17 18 19 20 21 _22 _23 _24 _25 Overall
All Subjects 2.8 2.7 2.8 3.0 2.7 3.0 2.2 3.3 4.3 3.9 3.8 2.5 3.5 3.2 2.4 2.9 1.7 2.0 2.2 6.0 2.1 2.7 2.2 6.4 2.1 2.8

Means Group A 2.7 2.6 2.8 2.3 2.2 2.4 2.0 2.5 3.6 3.6 3.0 2.1 3.3 2.1 2.0 2.6 2.0 2.1 2.5 6.3 2.1 2.7 2.1 6.7 2.1 2.6

Group B 2.9 2.9 2.8 3.7 3.1 3.6 2.3 4.1 4.9 4.2 4.5 3.0 3.7 4.2 2.8 3.1 1.5 2.0 1.9 5.7 2.1 2.7 2.3 6.1 2.1 3.0
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TABLE F-7. CORRELATIONS OF RATINGS AVERAGED OVER EACH FIFTH
OF THE TRIP WITH COMFORT RATING FOR THE TOTAL TRIP (BUS CURVE DATA).*

All Subjects <59
Group A .47
Group B .71

Fifth of Trip

2

.72
.79

.73

3 4 5
.64 .75 .71
.86 .91 .86
.59 .65 .51

*Data from Bus Curve Study (Phase 1, Part 2)



Group Trip 1

A 1 2.2

B 1 2.8
B 2 2.2

Pooled 2.2

*Data from Train Field Study (Phase 1)

1.7

3.2

2.5

2.4

2.2

2.6

2.7

2.6

TABLE F-8.
S 5 6
2.8 27 3.8
2.6 2.9 2.6
2.6 3.3 1.8
3.0 43 2.4
2.7 3.3 3.2

MEAN COMFORT RATINGS FOR RIDE SEGMENTS

3.2

3.3

8
3.5

2.5
4.2
2.0

3.0

BY GROUP AND TRIP. *

Segment Number

9
2.6

2.6
3.0

2.5

2.6

3.6

3a

2.6

2.4

3.1

2.2

2.9

2.0
2.6
2.9
1.9

2.3

20

3.9
2.4
4.4
3.0

3.4

Overall
2.0

2.0
2.9
2.1

2.3



TABLE F-9a., MEAN COMFORT RATINGS AS A FUNCTION
OF TIME PERIOD AND ROLL LEVEL (FROM BUS FIELD DATA).

[1Y

Time Period

T, T, T, T4 Xr
R, 2.48  3.76 2.96 2.34  2.88
Roll R, '3.34 3.43 2.38 2.24 2.85
Level R
3 . 5.90 3.72 3.50 6.31  4.86
Xr . 3.91 3.64 2.95  3.63

TABLE F-9, ACTUAL ROLL RATE OBSERVED
FOR EACH TIME PERIOD AND ROLL LEVEL (FROM BUS FIELD DATA).

»

Time Period

T1 T2 T3 T4 XR
R .
1 1. 43 1,33 1.44 1,26 1.36
Roll RZ 2,03 2.25 2.29 2.10 2.17
Level R
3 3.46 2.81 2.50 4,22 3.25
X,
T 2.31 2.13 2.08 2.53

Entries are observed RMS roll rates.
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TABLE F-10. MEAN COMFORT RATINGS (N=30) FOR SELECTED
LEVELS OF ROLL AT FOUR TIME INTERVALS
(DATA FROM TRAIN FIELD STUDY).

a) Selected data, averaged over groups:

Time Period

3 T T, Ts Ty XR
Ry 12,16 3.33 2.73 2.62 2.71
“R
2 | 2.36 265 2.36 2.77 2. 53
w N
R |3.12 3.38 3.3¢  3.66 3,37
X,

T 2.55 3.12 2,81 3.02
b) Selected data, Group A:

wR. =112 1.73 2.90 3.20 2.37
w_ =1,37 2.16 2. 80 2.17 2.87

R
c) Selected data, Group B:

Roll
“R=1.17 2.60 3.77 2.27 2.87

“R =1,40 2.57 2.50 2.55 2.67
“R =1.60 3.27  3.23 4.43  4.43

d) All data--forced into design: xR.
R, 2.32 2.87 2,73 2,37 2,57
R, 2,71 3.02 2,82 2.91 2.86
R, 2.85 3.52 3.69 3.28 3.33
X 2.63 3.14 3,08 2.85
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TABLE F-11, CORRELATIONS OF OBSERVED OVERALL COMFORT
RATINGS WITH PREDICTIONS FROM COMPOSITE MODE LS
BASED ON RIDE SEGMENTS.

Composite From

DATA Equal ' ) Best 75
SET Weighting Regression W(I) = 1° N
Buses
Field . .66 . .66 .66 225
Curves .81 .84 .83 56
Validation
7 segments .80 .82 .77 82
8 segments .85 .88 .82 29
Trains
Field .51 .52 .51 120
Validation +55 .53 .53 49
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FIGURE F-1. RATED COMFORT AS A FUNCTION
OF RMS ROLL RATE AND TIME PERIOD FOR SELECTED BUS FIELD DATA.
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APPENDIX G.

COMPARISON OF ACTUAL RATED COMFORT WITH ISO GUIDELINES.
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APPENDIX H.

REPORT OF INVENTIONS

Under this contract (DOT-TSC-1090), no new equipment, patent-
able procedures or any other materials were invented. Neither
was there any revision or modification to existing equipment,
procedures, etc., that would appear patentable. However, an
innovative ride quality model was developed for interurban
trains that involves two terms: one is motion and the other

is overall noise level in dB(A), and is expressed as:

Train Model:
C' =1.0 + 0.96 WR + 0.10 (dB(A) -63).

The correlation coefficient between comfort ratings and
motion data for this mode is R = .72,

In addition, procedural guidelines were developed that could
be employed by transportation specialists in developing and
using ride quality models to evaluate passenger comfort in
other existing or future systems. Specific guidelines (as
described in detail in Volume II1) were developed for: 1) col-
lecting vehicle motion and passenger comfort data in the field;
2) generating ride quality models based on these data; 3)
validating models against data from passengers on scheduled
services; 4) using models to evaluate or predict vehicle ride
quality; and 5) specifying ride characteristics for new
vehicles.

250 Copies H-1/H-2
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