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ISO 2631-1 is a very comprehensive and widely accepted standard for describing human sensitivity to vibration, but not
specifically for the automotive driving environment. It is as relevant for vibrations in a building environment as it is in the
automotive driving environment. It is based on human subjects seated on a rigid flat seat and subjected to a single axis of
vibration at a time without the distractions and ancillary sensations of driving. This report describes a method for
developing a human sensitivity model based on data taken in an actual ride environment.
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1. SCOPE
This recommended| practice defines methods for the measurement of periodic, random and t
vibration. It indicateg the principal factors that combine to determine the degree to which a vibration
discomfort. Informative appendices indicate the current state of knowledge and provide guidance on

the possible effects

of motion and vibration on discomfort. The frequency range considered is 0.5 Hz to 80 Hz. This recommended practice
also defines the principles of preferred methods of mounting transducers for determining human exposure. This
recommended practice is applicable to light passenger vehicles (e.g., passenger cars and light trucks). This
recommended practice is applicable to motions transmitted to the human body as a whole through the buttocks, back and
feet of a seated occupant, as well as through the hands of a driver.

This recommended practice offers a method for developing a ride performance index but does not specifically describe

how to apply this ind

ex to assessment or comparison of specific vehicles.

NOTE: This recommended practice may also be applicable to other types of ground vehicles (e.g., medium and heavy
duty road vehicles) with seated occupants having similar seating posture, occupant/vehicle interfaces, and

vibration ma

gnitudes, frequencies, and durations as light passenger vehicles.
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1.1 Purpose

The primary purpose of this recommended practice is to define methods of quantifying human sensitivity to occupant
motion and vibration in passenger cars and light trucks based on objective measurements of acceleration and sound in
order to simplify and standardize the reporting, comparison and assessment of motion and vibration conditions. It contains
methods for the evaluation of vibration containing occasional large peak values (i.e., having large crest factors). Human
sensitivity is quantified in terms of predicted subjective discomfort levels, based on suitable psychometric and statistical
methodologies. Passenger cars and light trucks and vans expose occupants to periodic, random and transient mechanical
vibration which can cause various levels of subjective discomfort. This recommended practice does not contain vibration
exposure limits and does not address potential effects of motion and vibration on health and safety, or on motion
sickness, which involve different phenomena. This recommended practice does not address the potential effects of
intense vibration on human task performance since these involve different phenomena which depend critically on the
biomechanical and ergonomic details related to the operator, the situation and the task. Appendix C provides rationale for
the assessment of human discomfort due to motion and vibration. More information may be obtained from the scientific
literature, a portion jof which is listed in 2.2.1 and Appendix B. Motion and vibration is often cemplex, contains many
frequencies, occurs |n several directions and changes over time. The effects of motion and vibration"gn human discomfort
may be manifold. EXposure to whole-body vibration causes a complex distribution of oscillatory motigns and forces within
the body. There cam be large variations between subjects with respect to discomfort effects. Whdle-body motion may
cause sensations (elg., discomfort or annoyance). The presence of oscillatory force (i.e., vibration) with little whole-body
motion may cause similar effects.

2. REFERENCES

21  Applicable Doguments

The following stan
recommended pract
and users of this reg
of the standards indi

211

Available from SAE
and Canada) or 724
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2.1.2
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ce. At the time of publication, the editions indicated were valid. All standards a
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nternational, 400 Commonwealth*Drive, Warrendale, PA 15096-0001, Tel: 877-6
776-4970 (outside USA), www.sae.org.

cle Dynamics Terminology
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ational Orgafization for Standardization, 1 rue de Varembe, Case Postale 56, (
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tional Standards.

D6-7323 (inside USA

H-1211 Geneva 20,
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L J

213

IEC Publications

Available from International Electrotechnical Commission, 3, rue de Verambe, P.O. Box 131, 1211 Geneva 20,
Switzerland, Tel: +41-22-919-02-11, www.iec.ch.

IEC 1260:1995 Electroacoustics - Octave-band and fractional-octave-band filters.
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Related Publications

The following publications are provided for information purposes only and are not a required part of this SAE Technical

Report.
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222
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uation of Vibration with Respect to Human Response, Griffin, M.J.

de Metric System Utilized to Benchmark and Develop a Superiof ‘Riding Sport U

omfort, Van Auken, R.M., Zellner, J.W., Kunkel, D.T.

Karamihas, S., Gillespie, T., Sayers, M., et al.

Fqual Annoyance Contours for Steering \Wheel Hand-Arm Vibration, Amman, S.
and Gu, P.

P) Fundamentals of Vehicle Dynamics, SAE International, Warrendale, PA.

ational Organization fer Standardization, 1 rue de Varembe, Case Postale 56, (
-22-749-01-11, www.iso.org.

Mechanical vibration and shock -- Evaluation of human exposure to whole-bog
(General requirements.

Acoustics*-- Measurement of noise inside motor vehicles

Meéchanical vibration -- Measurement and evaluation of human exposure

bration, von Gierke,

tility Vehicle, Herric,

pad Transient Noise

Computer Synthesis of Light Truck Ride Using a-PC Based Simulation Program, Mousseau, C.W.,

Meier, R., Trost, K.

H-1211 Geneva 20,

y vibration -- Part 1:

to hand-transmitted

ISO 5349-2:2001

H 'y [ SR, Il H +
orauurT==1T"dit 1. Sclicidal TCUUITTITITTILS.

Mechanical vibration -- Measurement and evaluation of human exposure

vibration — Part 2: Practical guidance for measurement at the workplace.

ISO 8041:2005

ISO 8608:1995

Human response to vibration -- Measuring instrumentation.

Mechanical vibration -- Road surface profiles -- Reporting of measured data.

to hand-transmitted

ISO 10326-1:1992 Mechanical vibration -- Laboratory method for evaluating vehicle seat vibration -- Part 1: Basic

requirements.
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2.2.3  Other Publications
The references for these publications are listed in Appendix B.
3. DEFINITIONS

For the purposes of this recommended practice, the terms and definitions given in SAE J670, ISO 2041 and ISO 5805
apply. In addition, the following definitions apply.

3.1 MOTION

Whole-body dynamic movement of a human, periodic or aperiodic in nature, the frequency content of which is typically
mainly at the lower end of the relevant frequency range (e.g., below 5 Hz).

3.2 PSYCHOMETRIC

Pertaining to the mgasurement of the subjective impression of a person exposed to a given.cefiditign, by requesting the
person to place a mhark on a vertical linear scale, which has a subjective title describing“a psydhological state (i.e.,
“discomfort”) and adjectives positioned along its length describing the intensity of the psychological ptate (e.g., “a little”),
such adjectives beipng positioned from least at the top to most at the bottom, based on adjectjval placement data
previously collected psing a suitable experimental protocol (see Figure 1).

Discomfort

None
Trace
A Little
Some

Moderate

Much
Strong

Severe

Painful

FIGURE 1 - EKAMRLE DISCOMFORT RATING SCALE DEVELOPED USING PSYCHOMETR|C METHODS

NOTE: A g|oba|, co 1+im|m|e’ infor\/nl, nri)inr\fi\/nlly anchaored pe\llr\hnmnfrin rafing scale-is better suited for Corre|ating |arge
numbers of subjective ratings with objective measurements spanning a wide range of input levels than relative
rating or threshold detection methods sometimes used in psychoacoustics research, which have different
purposes.

3.3 ROUGH ROAD RIDE EVENT

An over-the-road ride event which at a given vehicle speed results in continuous and typically random-like motion and
vibration disturbance of the occupant with stationary characteristics within the finite time period of interest (i.e., 8 seconds
minimum and ideally the same measurement period for all rough road ride specimens), as further defined in 5.3.2.1.

3.4 TRANSIENT RIDE EVENT
An over-the-road ride event which at a given vehicle speed results in one or more discrete motion and vibration

disturbance(s) of the occupant, within the finite time period of interest (i.e., 8 seconds minimum and ideally the same
measurement period for all transient ride specimens), as further defined in 5.3.2.1.
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3.5 VIBRATION

Periodic dynamic movement of that surface of a human which is in contact with a given vehicle interface, and typically
involving frequency content at the middle or upper end of the relevant frequency range (e.g., above 5 Hz).

4. SYMBOLS, SUBSCRIPTS AND ABBREVIATIONS

4.1  Symbols

DR Numerical discomfort rating. The numerical value of the discomfort rating corresponds to a unique
location on a psychometric discomfort rating scale developed by suitable psychometric methods (See
Figure 1).

a Vibration acceleration Translational acceleration is expressed in meters per second squared (m/sz) and

rota
medg

f Fred
H(s) Trar
freq

j=A-1 The
s=j2nf Ima
w Freg
1) Freg

4.2 Subscripts

0,b,c d e sl Refgr to the various human discomfort frequency-weighting curves recommended

respect to motion and vibration comfort and discomfort (See Table 1).
w Refers to frequency-weighted acceleration values.
Xz For [translational.erirectilinear motion, refer to the fore-aft, lateral and vertical direqg

vibr

@, 6, and y Refer to roll,'pitch and yaw rotational motion about x-, y-, and z- axes, respectively (S¢q

ional acceleration is expressed in radians per second squared (rad/s2). Values
n-square (RMS) or root-mean-quad (RMQ) unless stated otherwise.

uency expressed in Hz.

sfer function, or gain, of a filter expressed as a function of the imaginary angular
iency).

imaginary unit number.
hinary angular frequency.
uency weighting.

uency expressed in radians per second.

htion (See-Kigure 2).

are quoted as root-

frequency (complex

for evaluation with

tions of motion and

e Figure 2).
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TABLE 1 - GUIDE FOR THE APPLICATION OF HUMAN DISCOMFORT FREQUENCY-WEIGHTING CURVES

Frequency weighting Occupant interface and direction
Wo All
W z-axis, seat/buttock interface

x-, y-, z-axes, floor/feet interface

We Xx-axis, seat/back interface

Wy x-, y-axes, seat/buttock interface
y-, z-axes seat/back interface

We @, 6, and y -axes, seat/buttock interface

Wi x-, y-, z-axes, steering wheel/hands interface

NOTE: The recommended W,, W, Wy and W, frequency weightings for the seat/buttock, seatfback, and floor/feet
interfaces afe based on SAE 860047. The W, weighting is within 3 dB of tHeISO 2631-1 (1997) weighting Wk in
the 0.4 Hz t¢ 100 Hz frequency range.

NOTE: A recommended weighting for the steering wheel/hands interface has not been established. Wy is a low
frequency rdalizable approximation to the W weighing from Giacemin et al. (2004). The Giacpmin W; weighting is
based on rofational hand-arm vibration. W}, from 1ISO 5349-1 is_for workplace hand vibration [ssues that are more
severe than passenger vehicle driving comfort applications;* Preliminary indications (SAE 2005-01-2473 and
Giacomin et al. (2004)) are that the constant velocity sensitivity of Wy is appropriate fof passenger vehicle
steering whe¢el comfort from 10 to 60 Hz. For steering.wheel comfort, the frequency of peak|sensitivity seems to
be about 2-3 Hz for x and z and perhaps 1 Hz for y (rather than the 1ISO 5349-1 W), peak at 10 Hz). WorkSafeBC
used ISO 5349-1 for steering wheel vibration (Eatof})2003).
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|
|
Yaw () i

N
\y

Seat/Back

Pitch (6)

Floor/Feet

FIGURE 2 - BASICENTRIGAXES OF THE HUMAN BODY

NOTE: The basicentric x-y-z axes define a right-handed orthogonal coordinate system at each human body/vehicle
interface. The x-axis is nominally aligned with the fore-aft direction, the y-axis aligned with |the lateral direction,
and the z-axis nominally aligned with the\vertical direction. The z-axes of the seat/buttock and floor/feet interfaces
are in the dijrection normal to the respective interface contact planes and may not necessatlily be parallel to the
gravity vectgr. The x-axis of the seat/back interface is in the direction normal to the interfade contact plane and
may not nedessarily be horizontal.* The basicentric y-axes are parallel to and in the same dirgction as the vehicle
y-axes.

NOTE: A right-handed z-down_¢oordinate system is illustrated in Figure 2. A z-up coordinate system may also be used. A
right-handed axis system is recommended but not required. It is also recommended but rnjot required that the
directions of the axes be nominally aligned (i.e., within 15 degrees) with the vehicle axis gystem as defined in
SAE J670.

5. SUBJECTIVE AND OBJECTIVE DATA REQUIREMENTS
5.1  Psychometric Ratings for Human Sensitivity Data

Subjective data describing human sensitivity to motion and vibration shall be based on psychometric discomfort ratings
(associated with correspondingly measured objective acceleration data) obtained from several human subjects, vehicles
and ride specimens, using suitable human subject experimental protocols for controlled in-vehicle over-the-road tests, or
alternatively, simulator tests which replicate real, recorded in-vehicle over-the-road motions at all interfaces, in all axes,
and across the frequency range of interest, to within 3 dB.
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5.1.1

Discomfort Ratings

The separate psychometric discomfort ratings shall include, at a minimum:

Overall Motion a

nd Vibration Discomfort;

Seat/Buttock Interface Discomfort;
Seat/Back Interface Discomfort;
Steering Wheel/Hands Interface Discomfort (for drivers only);

Floor/Feet Interface Discomfort.

NOTE: Sound may
psychometri

5.1.2 Human Subj
The human subject
segment characteris
reduce the effects of

NOTE: The predicti
non-expert g

5.1.3 Rating Scalg
The subjective ratin
rating scale shown
rating scale shall be

A separate rating sc
for each motion and
title of each scale.

Each human subject
the position on the s

The ratings marked
extremity and 100 at

NOTE: SAE J1441

influence the perception of motion and vibration discomfort (Howarth and Griffin
C acoustic Noise Discomfort Rating is also recommended.

ects
5 shall comprise a representative sample of the relevant vehicle occupant [
tics. The ride index models should be based on data for a minimum of 12 humar

subject-to-subject variation on the jury average ratings.

e capability of the resulting ride index model is substantially degraded when the
valuators or 10 expert evaluators.

s and Usage
j data shall be collected using the global, continuous, interval, adjectivally anc
n Figure 1. The scale shall not havesnumbers on it which are visible to the hy
presented in printed or in electronie,form to each human subject.

ble for each of the five discomfort categories listed in 5.1.1 shall be presented to
vibration condition, with the category (e.g., “Seat/buttock interface”) displayed ab
shall report a discomfort rating for each vehicle and ride specimen by marking or

cale which correspoands most closely to his or her subjective feeling of discomfort

or otherwisg. indicated on this scale shall be digitized on a 100-point basis, wit
the top_extremity, in order to obtain a numerical rating suitable for correlation with

Hescribes a ten point subjective rating scale for vehicle handing. The ratings on {

, 1990). Therefore a

hysical and market
subjects in order to

e are fewer than 20

hored psychometric
man subjects. Each

each human subject
ove the “Discomfort”

otherwise indicating
for that specimen.

 zero at the bottom
objective indices.

he ten point scale of

J1411 were

eveloped for comparative evaluations for a given set of conditions and thereford

may not be suitable

for the subjective evaluation of ride discomfort in terms of a global (i.e., absolute) adjectivally anchored
psychometric rating scale that can be digitized and correlated with objective indices. For example the adjectives
on the SAE J1441 rating scale such as “Good” or “Excellent” are not related to ride discomfort.
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5.1.4  Subject Experimental Protocols

Subject experimental protocols shall be used to minimize repeat-run and subject-to-subject rating variation. This shall
include:

Subject screening with regard to ability to discern different motion and vibration conditions on a gross level (e.g., can
the subject detect a difference between an extremely smooth ride and a severely rough ride), ability to place
adjectives on a blank rating scale in roughly the same order and spacing as a sample of subjects (e.g.,
comprehension typicality of the subject) and training (i.e., ability to follow relevant instructions).

Reporting the ratings as soon as possible (e.g., ideally within a few seconds and always within one minute) after
exposure to each ride specimen, so that memory effects are minimized.

Include at least one

a0 FEPTET-WP-N 3 bvakial ricl B HECW-NY
cpPCAtTTUImT U CacI T VeSO C " SP T ONTTCTT.

NOTE: The accurac
number of re

y of the results depends on the frequency bandwidth and time duration of the rige specimen and the

peated runs. See note in 5.2.4.
5.1.4.1 Rating Int¢rval and Description

b same location and

Each human subjec
distance interval on
landmarks along the
discomfort which oc
5.14.1.1 RoughH
For rough road ride
the interval.

5.1.4.1.2 Transiel

For transient ride sp

shall be exposed to each ride specimen for the same interval of time (or at th
he road) and at the same target vehicle speed within +4 km/h (See 5.2.5). This m
side or on the surface of the road. The subject shall bg instructed to ignore all

urs before or after the specified interval.

oads Ride Events

specimens, the subject shall be instructed to-rate the average motion and vibrati

t Ride Events

ecimens, the subject shall be ‘ifistructed to rate the worst motion and vibration d

ay be done by using
motion and vibration

bn discomfort during

iscomfort during the

interval.

5.2 Objective Motion and Vibration Measurement

5.2.1 General

The primary quantity of motion and vibration magnitude shall be acceleration (See 1.1).

NOTE: Sound may sures such as sound

pressure or

nfluence the perception of motion and vibration discomfort, therefore sound mea
sound pressure level are also recommended (see SAE J1477).

5.2.2 Motion and Vibration Measurement

5.2.2.1 Direction
Motion and vibration shall be measured according to an orthogonal rectilinear coordinate system originating at a point
from which vibration is considered to enter the human body. The principal relevant basicentric coordinate systems are
shown in Figure 2.

If it is not feasible to obtain precise alignment of the motion and vibration transducers with the preferred basicentric axes,
the sensitive axes of transducers may deviate from the preferred axes by up to 15 degrees about the y-axis (i.e., pitch)
where necessary. For a person seated on an inclined seat, the relevant orientation should be determined by the axes of
the body, and the z-axis will not necessarily be vertical with respect to gravity. The orientation of the basicentric axes to
the gravitational field should be noted.
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Transducers located at each measurement location shall be positioned orthogonally. Translational accelerometers
orientated in different axes at a single measurement location shall be as close together as possible. If rotational
accelerations are to be calculated from pairs of translational accelerometers, each translational accelerometer in the pair
should be separated by as much distance as possible, and both accelerometers shall be attached to a mount which has a
lowest resonant frequency in the axis of interest which is greater than the frequency range specified in this recommended
practice (See 5.3.3.1.1).

5.2.2.2 Location

Transducers shall be located so as to indicate the motion and vibration at the interface between the human body and the
respective vehicle surface. Motion and vibration which is transmitted to the body shall be measured at the interface

between the body and that surface.

A minimum of three
supporting seat/butt
surface shall also b
ischial tuberosities.

Measurements at th
the location of meas

NOTE: The principa

Motion and vibration
measured with the t
be achieved by sec
axis of interest whic
greatly alter the pre
retaining material su
without the mount a
position and posture

NOTE: A commonly
5.2.3 Signal Cond

The motion and vi
incorporate methodsg

bcks surface the seat/back surface and the floor/feet surface For drlvers the

Measurements on the seat/back surface should be made in the area of prineipal
e floor/feet should be made on the surface on which the feet are most often su
Lirement shall be fully reported.

| areas of contact between the body and a surface may not always be self-eviden

which is transmitted to the body from a non-rigid or resilienb material (e.g., the s
ansducer interposed between the person and the prineipal contact areas of the
ring the transducers within a suitably formed mount which has a lowest reson
n is greater than the frequency range specified inthis recommended practice. T
ssure distribution on the surface of the resilient<material. The mount may be co
ch that the rated stationary interface discomfort of seated occupants is similar
hd its sensors being present. For measurements on non-rigid surfaces, a perso

used design for accelerometer mount for seat vibration measurements is given ir

tioning

bration evaluation procedures for rough road conditions defined in this rec
of averaging motion<and vibration over time and over frequency bands.

The frequency resp
exhibit deviations n
clauses of this reco

The dynamic range
Signals to be record
(-3 dB) frequency o

pnse of the vibration transducer and associated signal conditioning prior to sig
greater than:1'dB from a flat response across the range of frequencies speq
mended practice.

of thessignal-conditioning equipment shall be adequate for the highest and lows
d-fer Iater analysis may first be passed through a Iow pass filter of at least 6th

e measured. Measurements on the supporting seat/buttocks surface should\be

ated occupants: the
eering wheel/hands
made beneath the
support of the body.
bported. In all cases

.

pat cushion) shall be
surface. This should
ant frequency in the
ne mount should not
ered with a comfort
o that which occurs
h shall use a normal

ISO 10326-1.

pmmended practice

nal processing shall
ified in the relevant

st signals recorded.
brder having a cutoff

e the signal-to-noise

ratio and the phase characteristic shall be linear within the range of frequencies specified in the relevant clauses of this
recommended practice. The signal-to-noise ratio of each channel of the data acquisition system, defined as the ratio of
the data acquisition output range to the root-mean-squared signal level of each sensor when the sensor is at rest,
electrically excited and connected to the data acquisition system, measured at the output of the data acquisition system,
and scaled in the same units as the data acquisition system range, shall be at least 66 dB.

5.2.4 Duration of Measurement

The duration of measurement shall be sufficient to ensure reasonable statistical precision and to ensure that the vibration
is typical of the exposures which are being assessed. The duration of measurement shall be reported. The measurement
duration shall be a minimum of 8 seconds. The location of the specimen may be defined by using landmarks along the
side or on the surface of the road. During the recording, the speed of the vehicle shall be displayed to the driver and shall
remain constant to within £4 km/h.
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NOTE: The choice of measurement duration depends on a number of factors, constraints and tradeoffs, including the

type of ride events (e.g., rough road or transient), the availability of suitable over-the-road ride specimens, the
ability to subjectively evaluate the vehicle-ride events, the frequency weighted bandwidth of the driver interface
accelerations, and the desired accuracy (see Bourne (1993)). It is recommended that the duration of
measurement be the same for all ride specimens (i.e., 8 seconds minimum) in order to eliminate the
measurement duration as a source of variation in the results when comparing the results to the ratings from a
global (i.e., absolute) adjectivally anchored psychometric rating scale and to the results from other ride
specimens. For stationary random signals, the accuracy depends on the signal bandwidth and measurement
duration. For example, to obtain a measurement error of less than 3 dB at a confidence level of 90% requires a
minimum duration of 108 seconds for a one-third octave bandwidth signal centered at 1 Hz (i.e., 0.23 Hz total
bandwidth). However it may be not be practical or even feasible to measure over-the-road ride specimens with
such long durations, particularly at higher travel speeds or for transient ride events, due either to physical space
limitations or the likely presence of (dissimilar types of) transients. Instead it may be more practical and feasible to
measure the same vehicle-ride specimen multiple times (e.g., 6 repeated runs) and assess the accuracy of the

results base
desired accl

5.2.5 Vehicle Spe

Vehicle forward spe
motion and vibration
measured with a ser
5.2.6 Reporting of

Proper use of this r¢

d on the observed run-to-run variation. The number of repeated runs can then-b
racy of the mean value for the vehicle-ride specimen is achieved.

bd Measurement

ed shall be measured and shall be recorded using the same data acquisition
recording, for purposes of quality control screening of runs and_documentation
sor within an accuracy of 1 percent.

Measurement Conditions

commended practice should result in clear docunientation of results. This should

e increased until the

system used for the
The speed shall be

involve a reference

to the appropriate clauses and appendices of this recommended practice and to one or more of the frgquency weightings.

Users of this recomr
being assessed. If

reported. If alternati
the time period of its

The specification of
However, more det
information on the f
other factors which 1

NOTE: Other factor
etc.); experi
activities (e.
subjects ang

5.3 Processing of

hended practice should report both the magnitude and duration of any motion an
additional evaluation methods are applied both the basic value and the addit
e methods are applied, the methods used shall be clearly reported. If the crest
measurement should be reported.,

the severity of complex motion,and vibration conditions by one, or a few, values
biled information on vibration conditions should also be made available. Rej
equency content (i.e., vibration spectra), vibration axes, how conditions changs
nhay influence the effeet,

5 may also affect-human sensitivity to motion and vibration: population type (ag

., driver orpassenger); financial involvement. Therefore a jury comprising a repr
recording-and/or controlling for such variables by means of suitable protocols is

Vibration Data

d vibration exposure
onal value shall be
factor is determined,

should be provided.
orts should include
over time, and any

e, sex, size, fithess,

ence, expectation, arousal and motivation (e.g., difficulty of task to be perforined); body posture;

psentative sample of
ecommended.

5.3.1

Basic Processing Method Using Weighted Root-Mean-Square and Root-Mean-Quad Acceleration

The vibration processing according to this recommended practice shall always include measurements of the weighted
root-mean-square (RMS) acceleration for rough road ride conditions, and root-mean-quad (RMQ) acceleration for
transient ride conditions, as defined in this sub clause.

The weighted RMS acceleration is expressed in meters per second squared (m/s?) for translational vibration and radians
per second squared (rad/s?) for rotational vibration. The weighted RMS acceleration shall be calculated in accordance

with the following eq

uation or its equivalents in the frequency domain
1

T 2
RMS(a,,,T)=| — [ad(¢)dt
0

1
T

(Eq. 1)
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where:

a(t) is the frequency-weighted translational or rotational acceleration as a function of time (time history), in meters
per second squared (m/s?) or radians per second squared (rad/s?), respectively;
T is the duration of the measurement, in seconds.

NOTE: Itis assumed that the frequency-weighted acceleration has zero mean value.

The weighted RMQ acceleration is expressed in meters per second squared (m/s?) for translational vibration and radians
per second squared (rad/s?) for rotational vibration. The weighted RMQ acceleration shall be calculated in accordance

with the following equation.

1
T 1.
4

Frequency-weighting
Table 1 and discusg
exact definitions are

5.3.2 Applicability

5.3.2.1 Categorizi

The ratio of the RM(
method for rough ro
the ride specimen

consideredtobe ar

NOTE: The RMQ/R

RMQ(a,,,T) = { [ak(r)at

curves recommended and/or used for the various directions and their appli

(Ea. 2)

Cations are listed in

ed in the following sub clauses. Numerical values of the weighting>cufves are given in Table 2 and

given in Appendix A.

of the Basic Processing Method

ng Rough Versus Transient Specimens
D/RMS shall be calculated to determine whether the ride specimen shall be proce
hds or the RMQ method for transient ride specimens. If the RMQ/RMS ratio is g
should be considered to be a transient \ride” specimen. Otherwise the ride 5

bugh road ride specimen.

MS ratio for ideal stationary Gaussian‘random signals is approximately 1.32. See

ssed using the RMS
reater than 1.5 then
pecimen should be

rationale in C.3.3.
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TABLE 2 - HUMAN DISCOMFORT FREQUENCY WEIGHTINGS IN ONE-THIRD OCTAVES

Frequency Wo We W
band Frequency factor factor factor
”“mfer” ,_{Z x 1000 dB x 1000 dB x 1000 dB
-10 0.1 62.4 -24.10 24.4 -32.27 62.4 -24.10
-9 0.125 97.2 -20.25 37.9 -28.42 97.2 -20.25
-8 0.16 158 -16.03 61.7 -24.20 158 -16.03
-7 0.2 243 -12.30 94.6 -20.48 243 -12.30
-6 0.25 364 -8.78 142 -16.96 364 -8.78
-5 0.315 527 -5.56 205 -13.76 527 -5.56
-4 04 707 -3.01 275 -11.22 708 -3.01
-3 0.5 842 -1.49 326 -9.73 843 -1.48
-2 0.63 927 -0.65 358 -8.92 929 -0.64
-1 0.8 970 -0.26 372 -8.59 972 -0.24
0 1 987 -0.11 376 -8.49 991 -0.08
1 1.25 995 -0.05 377 -8.47 1000 0.00
2 1.6 998 -0.02 383 -8.34 1007 0.06
3 2 999 -0.01 408 -7.80 1012 0.10
4 25 1000 0.00 482 -6.34 1017 0.15
5 3.15 1000 0.00 646 -3.79 1022 0.19
6 4 1000 0.00 868 -1.23 1024 0.20
7 5 1000 0.00 1001 0.01 1013 0.11
8 6.3 1000 0.00 1030 0.26 974 -0.23
9 8 1000 0.00 1001 0.01 891 -1.00
10 10 1000 0.00 952 -0.43 776 -2.20
11 12.5 1000 0.00 885 -1.06 647 -3.79
12 16 1000 0.00 791 -2.03 512 -5.82
13 20 999 -0.01 691 -3.21 409 -7.77
14 25 998 -0.02 586 -4.65 325 -9.76
15 31.5 995 -0.04 481 -6.36 256 -11.84
16 40 987 -0.11 384 -8.31 199 -14.02
17 50 970 -0.26 305 -10.31 156 -16.13
18 63 929 -0.64 234 -12.63 118 -18.53
19 80 842 -1.49 167 -15.52 84.4 -21.47
20 100 707 -3.01 113 -18.96 56.7 -24.94
1 Index k [s the frequency band number according to IEC 1260 for reference purposes only
NOTE: For tolerancgs of the frequency weightings, see 5.3.3.1.2.
NOTE: The values have-been-calculatedincludingfrequency-bandlimitation-
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TABLE 2 - HUMAN DISCOMFORT FREQUENCY WEIGHTINGS IN ONE-THIRD OCTAVES (CONTINUED)

Frequency Wa We Wi
band Frequency factor factor factor
”“mkber” Hy x 1000 dB x 1000 dB x 1000 dB
-10 0.1 62.4 -24.09 62.5 -24.08 62.4 -24.10
-9 0.125 97.3 -20.24 97.5 -20.22 97.2 -20.25
-8 0.16 158 -16.01 159 -15.98 158 -16.03
-7 0.2 243 -12.28 245 -12.23 243 -12.30
-6 0.25 365 -8.75 368 -8.67 364 -8.78
-5 0.315 530 -5.52 536 -5.41 527 -5.56
-4 04 713 =294 723 -2 81 708 -3.00
-3 0.5 853 -1.38 862 -1.29 844 -1.48
-2 0.63 944 -0.50 939 -0.55 930 -0.63
-1 0.8 992 -0.07 941 -0.53 974 -0.23
0 1 1011 0.10 880 -1.11 993 -0.06
1 1.25 1008 0.07 772 -2.25 1003 0.03
2 1.6 968 -0.28 632 -3.99 1011 0.09
3 2 890 -1.01 512 -5.82 1017 0.15
4 25 776 -2.20 409 =77 1022 0.19
5 3.15 642 -3.85 323 -9.81 1024 0.20
6 4 512 -5.82 253 -11.93 1011 0.10
7 5 409 -7.76 202 -13.91 972 -0.24
8 6.3 323 -9.81 160 -15.94 891 -1.00
9 8 253 -11.93 125 -18.03 767 -2.30
10 10 212 -13.91 100 -19.98 638 -3.91
11 12.5 161 -15.87 80.1 -21.93 516 -5.75
12 16 125 -18.08 62.5 -24.08 403 -7.90
13 20 100 -19.99 50.0 -26.02 320 -9.89
14 25 80.0 -21.94 39.9 -27.97 255 -11.88
15 31.5 63.2 -23.98 31.6 -30.01 201 -13.95
16 40 49.4 -26.13 24.7 -32.15 156 -16.12
17 50 38.8 -28.22 19.4 -34.24 123 -18.22
18 63 295 -30.60 14.8 -36.62 93.2 -20.62
19 80 211 -33.53 10.5 -39.55 66.4 -23.55
20 100 141 -36.99 7.07 -43.01 446 -27.02
1 Index k [s the frequency band number according to IEC 1260 for reference purposes only
NOTE: For tolerances of the frequency weightings, see 5.3.3.1.2.

NOTE: The values have-beeneatetiated-neluding-frequeney-bandimitation-
5.3.2.2 Determination of the Domain-of-Validity

The RMS or RMQ values for each ride specimen should be tested to determine whether it is within the domain-of-validity
of the respective ride metric. For each interface, compute the following

Z:T(x—xo) (Ea. 3)
where:

z isa p by 1 matrix of z-scores;
p is the number of interface axes ( p =6 for the seat/buttock interface, p =3 otherwise);
x isa p by 1 matrix comprising the natural logarithm of the RMS or RMQ acceleration values;
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xo is the mean value for x values in the original database used to develop the ride metric;

T isapbyp

The values for x;, an

If 2,0 <Z<Zpuy ISS

Zyin ANz,

ride metric;

min

transformation matrix.
d T should be determined according to 5.5.3.1.

atisfied, where

then the ride specimen given by x is within the domain-of-validity of the ride metric.

The values for z,,;,
each ride specimen
5.3.3 FrequencyV
5.3.3.1 Frequency V,

For integration of tH

Tables 1 and 2, as applicable.

The frequency weigh

The human discomf
frequency weighting

The frequency weig
form familiar to filter

The frequency weig
Appendix A the equg

hlong with the ride discomfort value calculated in 5.4.
Veighting

Veighting of Acceleration Time History

and z should be determined according 10 9.5.3.2. I'he results of this test, sh

max

e frequency-weighted acceleration time history, the frequency weighting shall

tings listed in Table 1 for each of the applicable axes)and locations of vibration sk

prt frequency weightings listed in Table 2 for the-respective axes shall be used
curves are shown in Figures 3 and 4 respectively.

ntings may be implemented by either analog or digital methods. They are define
designers, in Appendix A.

htings given in Table 2 and illustrated in Figures 3 and 4 include the frequency
tions for the frequency band limitation are expressed separately.

are p by 1 matrices that specify the range of z values in the original database used to develop the

ould be reported for

be determined from

all be used.

The corresponding

d in a mathematical

band limitations. In
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FIGURE 3 - FREQUENCY WEIGHTING CURVES FOR HUMAN DISCOMFORT WEIGHTINGS
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FIGURE 4 - FREQUENCY WEIGHTING CURVE.FOR STEERING WHEEL/HANDS DISCOMFORT WEIGHTING
5.3.3.1.1  Frequency Band Limitation
Lower and upper frefjuency band limitationishall be achieved by two-pole high-pass and low-pass filtgrs, respectively, with
Butterworth charactgristics having an asymptotic slope of -12 dB per octave. The corner frequencieq of the band-limiting

filters shall be one-third octave outside the nominal frequency range of the relevant band.

Frequency weightings defined in”Appendix A include the band-limiting filters (high pass at 0.4 Hz and|low pass at 100 Hz)
which shall be used with weightings Wy, W;, W4, We, and W,

NOTE: The ISO 2631-1.(1997) weighting W( is within 3 dB the W) weighting in the 0.4 Hz to 100 Hz ffequency range.

5.3.3.1.2 Tolerances

Within the nominal frequency bands and one-third octave from the frequency limits, the tolerance of the combined
frequency weighting and band limiting shall be +1 dB. Outside this range, the tolerance shall be +2 dB. One octave
outside the nominal frequency bands, the attenuation may extend towards infinity.

NOTE: See also ISO 8041 concerning tolerances.
5.3.3.2 Frequency Weighting of Acceleration Spectra

The acceleration signal of RMS weighted rough road accelerations may be analyzed and reported as either constant
bandwidth or proportional bandwidth (e.g., as one-third octave band) spectra of unweighted acceleration. In the case of
one-third octave bands the center frequencies shall be as stated in Table 2. Any form of frequency analysis, analog or
digital, direct one-third octave band or summation of narrow band data may be used. The data analysis method shall be
consistent with the one-third octave band filter specification given in IEC 1260.
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The frequency-weighted RMS acceleration shall be determined by weighting and appropriate addition of narrow band or
one-third octave band data.

For the conversion of one-third octave band data, the weighting factors given in Table 2 shall be used. The overall
weighted acceleration shall be determined in accordance with the following equation or its digital equivalent in the time or
frequency domain:

|
a, {%(Wkak )2}2 (Eq. 4)

where:

a,, is the frequegncy-weighted acceleration;
W, is the weighling factor for the & th one-third octave band given in Table 2;
is the RMS acceleration for the k th one-third octave band.

ai;

5.4 Prediction of Discomfort Ratings
5.4.1 Rough Road Ride Specimens

The predicted numegical discomfort rating of an occupant interface shall be<alculated for a rough ropd ride specimen as
follows:

DRint = br,int,O + Zbi‘,int,iRMS(aw,i) (Eq 5)

1
where:

a,,; is a frequency weighted translational or rotational acceleration with respect to axis i, (e.g., i§x, y, z);

w,i

by.into @nd b, ;,, I are rough road ride interface discomfort model coefficients.

The overall motion and vibration discomfort rating for an occupant shall be calculated for a rough ropd ride specimen as
follows:

DRomv = br,omv,O + zbr,omv,intDRint (Eq 6)

int
where:

b

T,

omvo @nd b, b . are rough road overall motion and vibration discomfort model coefficients.

The rough road ride discomfort model coefficients in Egs. (5) and (6) shall be determined based on data collected from
suitable human psychometric experiments as described in 5.1 and 5.2 and the statistical methods as described in 5.5.
These coefficients may have different values depending on the occupant type (i.e., driver or passenger), occupant
physical characteristics (e.g., age and sex), vehicle market segment and road specimen sample.

NOTE: Sound may influence the perception of motion and vibration discomfort, therefore terms for noise discomfort or
sound indices may also be included in Eq. 5 (See SAE 980585).
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5.4.2 Transient Ride Specimens

The discomfort rating of an occupant interface shall be calculated for a transient ride specimen as follows:

where:

aw,[

by ino @nd by, ;

DRyt =byjne o + th,int,iRMQ(aw,[)

1

are transient ride interface discomfort model coefficients.

(Ea.7)

is a frequency weighted translational or rotational acceleration with respect to axis i, (e.g., i=x, y, z);

The overall motion amd—vibration—discomfortrating—foramoccupant—shat-be—catcutated—for=atransitent ride specimen as

follows:

The transient ride d
suitable human psyq
may have different
(e.g., age and sex),

NOTE: Sound may
sound indicq

5.5 Statistical Met

Determine the roug
linear regression me|

Determine models r
subjects. The terms
subject models, as q
551  Jury Model

Given the following S

DRy = by omv,0 + Zbl,omv, int DRig
int
iscomfort model coefficients in Egs. (7) and (8) shall be determined based on
hometric experiments as described in 5.1 and statistical methods as described
alues depending on the occupant type (i.e., driver or pasSenger), occupant ph
ehicle market segment, and road specimen sample.

influence the perception of motion and vibration.discomfort, therefore terms for
s may also be included in Eq. 7 (See SAE 980585).

hod for Determining the Ride Discomfort Medels

h road and transient ride discomfort miedel coefficients from experimental data
thods (e.g., Draper and Smith, 1984).

in the models shall be selected to maximize the fit and predictive capability,
uantified by the linear regression RPRED statistic described in 5.5.2.

et of linear regression models for individual (driver or passenger) subjects,

P
y] :b],O +zb1’1xl , fOf' j=l,m
i=1

where:

y; isthe discomfort rating reported by the jth subject,

x; are the model inputs (either frequency weighted accelerations or interface discomfort ratings),

p

is the number of model inputs,

bjo and b;; are the subject model coefficients, and

m

is the number of subjects,

(Ea. 8)

data collected from
n 5.5. These factors
sical characteristics

noise discomfort or

using multi-variable

ppresenting a jury, comprisedcof several subjects, by combining the regression models for individual

on average, of the

(Eq. 9)
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calculate the jury model coefficients as follows:

1 m
bn=—SN b,
0 m; J.0

5.5.2 RPRED Statistic

Calculate the RPRED statistic of a candidate linear regression model according to the equation:

where:

PRESS ;

RPREDj =1-
SStor,

nj
PRESS; =3 (v 4~ ja i f
k=1

nj
SStor,; = Z(yj,k —)7j)2
k=1

| &
V; =rzyj,k
i%Z]

¥k is the reporfed discomfort rating value of the 4 th data observation for the ; th subject,

Vjk-kis the di
removed, an

J

The jury average RH

comfort rating value predicted by the candidate model estimated with the &
d

n ; is the numbgr of observations-forthe ; th subject.

RED statistic-shall be calculated as follows:

1 m
RPRED juyy = — D RPRED;
j

The ride discomfort ratings shall be predicted by jury models with large values for RPRED

Jury

(Eq. 10)

(Eq. 11)

(Eq. 12)

(Eq. 13)

(Eq. 14)

(Eq. 15)

th data observation

(Eq. 16)
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5.5.3 Domain-of-Validity
Determine the magnitude domain-of-validity of each interface discomfort model comprising the ride metric as follows:
5.5.3.1  Z-Score Transformation Parameters

Compute the following for each ride specimen in the database used to estimate the interface discomfort model:

In(RMS or RMQ acceleraton of axis 1)
In(RMS or RMQ acceleraton of axis 2)

Xp =

(Eq. 17)

In(RMS or RMQ acceleratbn of axis p)

where:
X, isa p by 1 matrix,

k is the index offthe ride specimen,
p is the number|of interface axes ( p =6 for the seat/buttock interface, p =3 otherwise).

Compute the mean value for x, in the database according to the equation:

1 n
.)) :—Zxk (Eq18)
n =1

where:
n is the number of ride specimen used to estimate the ride:metric model coefficients.

Compute a p by p matrix C (representing the covariance of x; ) according to the equation

1 n
e 3 (x; —x0 Nx; —x)" (Eq. 19)
n—1j=

Compute the eigenvilues and eigenveciors of C such that
CV=VD (Eq. 20)
where:

D isa p by p|diagonal matrix comprising the eigenvalues of C, ordered such that

Dl’l 2D22 2"'>O

V isa p by p matrix comprising the corresponding eigenvectors of C.

NOTE: The eigenvalues and eigenvectors of C can be computed using the EISPACK routine RS (Smith et al., 1976),
LAPACK routine DSYEVR (Anderson et al., 1999) or other equivalent computer software.

Compute the p by p transformation matrix T according to the equation

T=D"2y~! (Eq. 21)
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5.5.3.2 Z-Score Domain-of-Validity

Compute the z-scores for each ride specimen in the original database according to the equation:
2 =T(x; —xg)

The method in 5.3.3.3 may be used to compute z,,;
method in 5.3.3.4.

and z,,,

n X

5.5.3.3 Normally Distributed Z-Score Limits

Compute the standard deviation of each element of the z-scores as follows:

n

2.

k=1

1

n—1

2
Zk,i

Determine ¢ ogs -1 »

If n>120 use the foljowing approximation,

t0.0057n_1 = 2576

NOTE: The value fgr ¢ 95,1 can be found in Table B1 of Box (1978).0r other equivalent table.

Then, compute z,,;, |and z,,,. according to the equation:
Zming-510.005,n-15

Zrmax,i = £0.9951-15;

5.5.3.4  Not Normally Distributed Z-Score Limits

If the distribution of [z-scores is not normially distributed, then the following method may be used td
Z 4. - FOr each element of z sort the(nvalues for z; ; from the smallest to the largest value. Then de

99.5 percentile valles as follows:

Zmin,i = ka[n,i
z

L=z .
max,i kmaxi

where:

k
Kayx; = nearest integer (0.995(n+1))

= nearest integer (0.005(n + 1))

min,i

where nearest integer(x) indicates to round x to the nearest integer value.

(Eq. 22)

if the z-scores are normally distributed, otherwise use the

(Eq. 23)

the critical value for the 0.005 tail area probability of t-distribution with # -1 degrees-of-freedom.

(Eq. 24)

calculate z,,, and
ermine the 0.5 and

(Eq. 25)

(Eq. 26)
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6. NOTES
6.1 Marginal Indicia

A change bar (1) located in the left margin is for the convenience of the user in locating areas where technical revisions,
not editorial changes, have been made to the previous issue of this document. An (R) symbol to the left of the document
title indicates a complete revision of the document, including technical revisions. Change bars and (R) are not used in
original publications, nor in documents that contain editorial changes only.

PREPARED BY THE SAE VEHICLE DYNAMICS STANDARDS COMMITTEE
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APPENDIX A - MATHEMATICAL DEFINITION OF THE FREQUENCY WEIGHTINGS
A1 PARAMETERS OF THE TRANSFER FUNCTIONS
The parameters of the transfer functions are given in Table A.1.

TABLE A.1 - PARAMETERS OF THE TRANSFER FUNCTIONS OF THE
HUMAN DISCOMFORT FREQUENCY WEIGHTINGS

Band-limiting [Acceleration-velocity transition Upward step
Weighting (a-v transition)
h /2 /3 Ja 04 /s 0Os S Os
Hz Hz Hz Hz Hz Hz
Wo 0.4 100 - - - - - - -
Wy 0.4 100 16.0 16.0 0.55 2.5 0.90 4 0.95
W, 0.4 100 8.0 8.0 0.63 - - - -
Wy 0.4 100 2.0 2.0 0.63 - 3 - -
We 0.4 100 1.0 1.0 0.63 - 3 - -
Wi 0.4 100 6.3 6.3 0.63 - - - -

NOTE: The W, weighting specified by the parameters in Table A.1 is<a realizable analytic agproximation for the
asymptotic W/, weighting reported by Giacomin et al. (2004) within'the 0.5 to 80 Hz frequency|range.

A2 TRANSFER|FUNCTIONS

The frequencies fl, 1., e and the resonant quality factors Q4, s are parameters of the transfer functign which determine the

overall frequency weighting (referred to acceleration as the inputcquantity). The transfer function is expressed 4s a product of several
factors as follows.

Band-limiting (two-p¢le filter with Butterworth characteristic)

High pass:
2 | f4
[0 N ——
|s2+\/5a)1s+w12| f4+f14 (Eq. A1)
where:
s=j2xf is the ivlnaginary angular frequency where j = \/—_1;
f is the freqUem,y mHz;
W) = 279{1 s
/1 is the corner frequency in Hz (intersection of asymptotes).
Low pass:
2 4
H(s =| “2 |: /2 (Eq. A.2)
| I(X |32+\/5a)2s+a)22| f4+f24
where:
wy =277 ;

f> is the corner frequency in Hz.
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