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1.0 INTRODUCTORY SUMMARY

1.1 Background

There are several existing methods for measuring the noise emissions of automabiles
and light trucks, collectively termed light vehicles. In general these methods involve
operations that are not representative of the way in which vehicles are typically driven,
and hence, are considered unsatisfactory as they do not rank vehicles in accordance with
their contribution to community nolse. The method currently In general use In the United
States Is the Seciety of Automotive Engineers (SAE) J986b procedure] that specifies the
measurement of sound for full-throttle vehicle operation at speeds In excess of 30 mph.
From existing vehicle driving studies, it is known that full-throttle acceleration is not @
typical mode of aperation for most light vehicles, and hence, Is responsible for only asmall
part of urban community noise. Further, vehicles exhibiting similar sound levels as meas-
ured by the SAE J986b procedure do not necessarily contribute equally to community noise.
It has also been abserved that the noise reductions achieved by many engineering treatments
as measured under full=throttle conditions are not as great in other less severe but mare
typical operating condiﬁons.z The standard method of measurement used in Europe —
namely, the International Standards Organization (1SO) R362 }:\rr:u:el:!urﬁ3 - s very
similar to the SAE J986b procedure in terms of vehlcle operation and hence, is equelly

unsatisfactory in representing typical operating conditions.

The failure of the existing full-thrattle test procedures to reproduce the sound levels
typically generatee in the community has led to the development of alternative test proce-
dures based on studies of urban driving characteristics. The U.S. Environmental Frotection
Agency has proposed a light vehicle noise test procedure that simulates the noise emfssions
from liéhr vehicles accelerating in urban ureusfrb The test involves a partial=throttie
acceleration of the vehicle to achieve a given operating condition determined from an
analysis of available drlving data and the results of o limited serles of driving experiments.
The General Motors Corporation has also developed a noise test procedure based on accel-
aration dota cbtained from driving stedies conducted in two U.S. cifies.s Note that both

these test procedures address the acceleration mode only.

An alternative test procedure to determine vehicle noise emissions under the more

typical partial-throttle operation has been proposed by the Comite des Constructeurs

] WYLE LABORATORIES




D! Automoblle du Marche Commun {Committee of Common Market Automabile Constructors —
CCMC)®  This method takes advantage of the relative simplicity and repeatability of the
full«throttle test procedure, and involves the interpolation ofsound levels measured during
full=throttle and cruise operations according to o formula developed from urban driving
studies. These studies were conducted in several cities and provide a falrly comprehensive
data bose of Europeon driving characteristics. However, it is not known whether these

characteristics are typical of those exhibited by drivers in the United States.

The fundamental concern underlying the selection of noise test methodology is the
reduction of vehicle noise in communities. In order to achieve such o reduction, it is
necessary to identify the specific automobile operations that produce the Impact and then
reduce the sound levels associated with these operations. The sound levels before and after
abatement measures are applied must be measured by subjecting the automobile to a standard
test procedure. The levels measured under this procedure should be representative of those
to which the community is exposed, which means that the test procedure should include

the operations that produce most of the vehicle nolse emission.

The development of @ measurement procedure to satisfy thls requirement can be
subdivided into three stages, namely:

e Determination of typical vehicle operating mades;

e  Determination of the nolse produced by automobiles in each of these typical

modes;

s Determination of the contribution of each mede to the total nofse emission.
Once the contribution of each operating mode is known, a test procedure can be constructed
which represents, or is directly relatable to, thase modes which are most significant to the
total noise emission,

There are five sources of information which pravide some indication of typical light

vehicle operation in urban traffic conditions. These sources include:

s CAPE~10 Vehicle Operation Survey7
e EPA Urban Driving C)n::haB
e  General Motors Chase=Car Srudy9

2 WYLE LABORATORIES
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e Wyle Traffic Motion Measurements4

@ General Motors Urban Acceleration Rate Study?0

Although many of these studies are quite extensive, each hos sufficient limitations that none
can be used to determine which vehicle operating conditions are the major contributors to
the noise emission .

Of the five sources of information, the results of the General Motors Chase~Car
Study of 1974 have been mast often cited as an appropriate data base from which vehicle
operation can be defined for noise exposure calculations. The "ghase car” technique
utilizes un instrumented vehicle in an attempt to follow and simulate visually ond thereby
fnonftor the behavior of individual vehicles in a flow of traffic. This technique has several
limitations. The first is the ability of the chase~car to simulate accurately the acceleration
of the vehicle being chased. The instantaneous value of acceleration is considerably more
difficult to duplicate visually than sfeady or slowly varying speed because of the added
derivative of time. The duplication of acceleration is also Inexact because the manner
in which o vehicle accelerates depends on both the characteristics of the vehicle and
the driver., Thus, chase=car acceleration is strongly hlased by the chase-car and the
operator of the chase~car. In addition to the difficulty of duplicating the aeeeleration
of anather vehicle, the acceleration was not measured directly in the GM study, but
was derived from the vehicle speed which wos sampled at one-second intérvals. From

these data, it is difficult to define the detailed vehicle acceleration characteristics.

Ancther imitation of the chase~car technique s that it Is not sufted for either
hlgh or low density traffic situations. [n high density traffic, contact with the chased
vehicle can be lost easily due to lane changes or by vehicles coming in between the two
vehiﬁles + In low density traffic, it is difficult for the chase=-cor to remain undetected o
that it does not influence the operator of the chased vehicle. A final limitation is that
engine speed, the vehicle porameter most directly related to noise preduction, cannot be
monitored with this method; thus, there is no accurate way of relating the measured operating

conditions to vehicle noise emission.

In a similar manner, the CAPE-10 Study has several limitations which make it
unacceptable as an information seurce of vehicle noise emisston as o function of operating
mode. It employed the chase-car duta collection method and hence, suffers from the ‘

limitatlons described above. Further, it wos conducted for purposes of determining exhaust
3 WYLE LABORATODIMES
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emissions and hence, contains no information relating to the occurrence of operating made
with local environment, road type, population density, or traffic congestion, all of which
may be important for purposes of determining noise exposure. Further, it was conducted

in 1971 prior fo the increased public awareness of fuel economy.

Several aspects of the EPA Urban Driving Cycle prohibit its use as a sole source
of typical vehicle operation information for purposes of nofse impact. Unlike the CAPE-10
and GM studies, the EPA Cycle utilized an Instrumented vehicle directly for data collec~
tien. The Cycle consists of a velocity profile obtained fram an instrumented vehicle as it
was driven over a prescribed route in Los Angeles, CA. This route was developed to repre-
sent the morning home=-to~work trip which is belleved to be the type of urban trip which
most significantly contributes to the alr pollution problem in the Los Angeles area. The
relationship of this type of trip to vehicular noise emission is not known, and indeed,
the driving cyele for quantifying air pollution may be less sensitive to certaln vehicle

operating medes than that for noise exposure.

There are several aspects of the EPA Urhan Driving Cycle that influence details
of the velocity profile which are important for determining typical noise emission. Since
only one vehicle was used in developing the Cycle, the derivative of the velocity profile
{acceleration) is biased by that particular vehicle. Also, the Cycle hos been modified
so that aecelerstions greater than 4.84 Fr/sec2 (0.15g) do not occur. This s required

so that the trip may be duplicated on a dynamometer.

Unlike the other three studies, the Wyle study was not designed to establish general
vehleular operational patterns. The intent of the study was to demonstrate a specific data
collection technique and to obtain very limited data for purposes of comparison to the other
studies, The study was performed by making a high=-speed movie at a road intersection
for a given period of time, and subsequently replaying the movle, frame by frame, to
measure the distance traveled by each vehicle. In this way, vehlcle velocity {(sampled
24 fimes per second) and hence, acceleration could be determined. It was not possible
to measure engine RPM by this remote technique. Because of the very limited nature of

the study, it cannot be used to determine vehicle operations for noise emission purposes,

WYLE LABORATORIES
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A recent addition to the existing data base of urban vehicle operation is the
General Motors Urban Acceleration Rate Study of 1978. This experiment measured
vehicle speed and acceleration, engine RPM, and throttle setting for a series of trips
for each of five vehicles. Each vehicle was driven by ten drivers over two different
routes — one in the Phoenix, Arizona area, the other in the San Femnondo Valley near
Los Angeles, California. The data for each operating parameter was recorded on strip-

charts and |ater manually abstracted for analysis.

Since the purpose of the experiment was to choracterize typical accelerations from
intersections, only acceleration events which began at or below 8 mph and continued
through 30 mph were included in the analysis. The results of the analysis are presented
as sets of 50th percentile end 90th percentile bands shawing typical and extreme relations
between vehicle acceleration and vehicle speed and between vehicle speed and distance

traveled.

Although this G.M. study Is one of the most complete to date, it cannot effectively
be used to determine these vehicle operating conditions which are the major contributors
to noise emission in urban traffic. Only the speeds and accelerations for a specific single
operating condition have been analyzed. To monually abstract from the strip charts of speed,
acceleration, and RPM data for all types of urban vehicle operation would be a monumental

undertaking. [t would be much more cost effective to gother data anew, in a farmat that

allows computerized processing and analysis.

Other limftations to this G .M. study are that no manual transmission vehicles
were included In the data base, no assurance was made thet the routes vsed weare in
any sense typical of urban roadways, and no attempt was made to tailor the test driving

population to the characteristics of the national driving populatian.

The purpose of the study deseribed In this report is to experimentally determine
the vehicle modes contributing most to community noise, and to use this data to define o
suitable nolse test procedure applicable to light vehicles operating in urbon areos. Pre-
vious studiest 1 have provided a-data-base of noise emission levels: from 66 vehicles for
various conditions of vehicle speed (V), acceleration (A), and engine RPM (R). In this

program, investigations were carrled out on asubset of this group of vehicles to determine

WYLE LABDORATORIES
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combinations of values of these operating parameters that are typical of urban driving.

The operating-data was collected in a form that would allow easy computer processing.
Both automatic and manual transmission vehicles representing a wide range of engine

types were included in the study. The vehicles were driven over a test route that contains
a distribution of roadway types that is representative of the national average urban roadway
system. A large population of drivers was employed, the characteristics of which are

generally typical of those of the national driving population.

The results of this driving study were combined with the existing noise level dato
base to provide a joint distribution of emitted acoustic energy as o function of vehicle
speed, acceleration, and engine RPM for o typical urban trip for each vehicles. From

these distributions, three candidate measurement methodologies have baen developed.

1.2 Overview of Program

To determine vehicle operating conditions that are representative of urban areas,
nine automobiles were driven over a fixed roufe in the metropolitan Washington, D.C.
area by a selection of non~professional drivers. Trips were made by each driver in both
rush=hour and non=rush=hour traffic conditions. The vehicles were instrumented to meas~

ura and digltally record the vehicle speed-and ccceleration and the engine RPM.

The vehicles selected feor this study represent a wide range of body styles and

welghts, engine sizes and displacements, and transmission types. '

The route selected for this study was a 24.6-mile closed loap that went from the
suburban community of Alexandria, VA, to the clty of Washington, D.C., and back. It
was designed In such a manner that the percenfuges of expressway, artertal, collector,
and local road segments were similar to the corresponding averages for the urban road

system in the United States. The average trip time on this route was 60 minutes.

The driving pepulation employed in this study corsisted of 157 subjects stratified
over age, sex, and marital status in such o way os to be representative of the licensed

driving population in the United States.

The Instrumentation in each vehicle consisted of an electrical ignition pickup for
measuring engine speed, an optical encoder coupled to the speedometer cable to measure

vehicle speed, and a strain~gauge accelerometer to measure vehicle acceleration. Power
6 WYLE LABORATORIES
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supplies and signal conditioners coupled these transducers to @ digital date logger which
sampled each of the three parameters once every 104 msec, and recorded the result on
magnetic tape. Every second sample of each parameter on these topes was transferred
in the laboratory onto floppy disks, resulting in an effective sampling rate of 208 msec.

The resultant data wos then analyzed uvsing a minfcomputer,

Computer seftware was developed to transform the time history of vehicle speed,
acceleration, and engine RPM for each vehlcle Into {oint statisti cal distribution functions
of these thrae variables. In performing this binning procedure, increments of 5.0 mph,
0.025g, and 250 RPM were used for speed, acceleration, and RPM, respectively. The
set of distributions for the trips for a given vehicle were combined to produce an average

distribution for that vehicle. :

Next, multiple linear regressions were performed on the acoustic data base avail- j
able for each vehicle to establish the relationship between sound leve! and vehicle operating :
conditions. Tire nolse contributions were removed from the data bose befare performing the
regresstons. Using these relationship, a sound level value was obtalned for each speed-

acceleration-RPM combination In the vehicle operation distribution.

These sound levels were comhined with the vehicle operation distribution function
to produce an acoustic energy distribution function for each vehicle, Each cell of this
energy distribution function gives the fraction of the total acoustic energy emitted during
the trip that corresponds to the particular speed-acceleration-RPM combination. By
locating the maxima of this distribution function and by performing averages over com=-
binations of each of the three independent operating parameters, the vehicle operating
modes corresponding to the maximum acoustic energy emission were identified for each
vehicle. The operating modes so identified for each vehicle were then compared between

vehlcles to identify commonality among the different vehicles.

1.3 Major Findings

Based on the onalysis of the acoustic energy distributions described above, three
candidate test methodologies were developed. The first methodology, a bi-modal test
corresponding to a cruise and an acceleration reglon that account for most of the acoustic

energy emission, consists of the following test conditions:

7
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¢ Cruise: 41 mph, 0.00g, 51 percent rated RPM
o Acceleration: 29 mph, 0.09g, 47 percent rated RPM,

The second candidate methodology is @ bi-madal test corresponding to an Intermediate
and a high speed range, which together account for most of the vehicle noise emission. |t

consists of the following test conditions:

s Intermediate Speed: 30 mph, 0.04g, 44 percent rated RPM
s High.Speed: 53 mph, 0.00g, &0 percent roted RPM.

. The third candidate methodelogy is a tri-modal test corresponding to intermediate
speed crulse, Intermediate speed acceleration, ond high speed crulse ranges. The test

conditions for this methodology are:

o Intermediate Speed Cruise: 33 mph, 0.00g, 43 percent rated RPM
e Intermediate Speed Acceleration: 27 mph, 0.10g, 46 percent rated RPM
e High Speed Cruise: 54 mph, 0.00g, 61 percent rated RPM,

It should be noted that, for automatic transmission vehicles, the intermediate speed
acceleration condition is essentially the seme as Test Condition 2 in the EPA Urbon Accel-
eration Nolse Test Procedure for light vehicles,4 which specifies an acceleration of 0.12g
at 25 mph, corresponding in practice to 0.12g et 47 percent of the maximum rated engine
speed .

Further field studies remaln to be corried out ta validate these proposed vehicle

operating conditions on o large number of light vehicles and to determine how the effacts,

on the test of tire noise con be minimized. Experiments.also should be conducted to inves-

tigate the feasibility of replacing some of these moving tests with stationdry test.procedures.
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2.0 EXPERIMENTAL METHODOLOGY

2.1 Introduction

The purpese of the experimental program was to establish a data base of vehicle
operating parameters which is representative of the way light vehicles are typically operated
in urban araas of the United States. Since the Intended application of this data base is
ta develop & vehicle noise test methodology, the operating parameters monitored were
those which correlate most strongly with nolse emission. The method chosen for obtalning
this data was to instrument o selected number of test vehicles and record operating parameters
as they were driven by non-professional drivers along a preplanned route, The program was
conducted within the metropolitan area surrounding Washington, D.C. The route itself was
choson to provide a relative representation of the major read types found in urban areas

within the United States. The experimental methodology is discussed below in tarms of

the following:

o  Test vehicle selection

e Route jelection

s Driver selection

o Imstrumentation

o  Experimental procedures.

2.2 Test Vehicle Selection

A major consideration in selecting vehicles for the experimental program was the
requirement that acoustical data be available to characterize the noise emission under
varfous operating conditions. In view of the extensive vehicle noise data base acquired
under the EPA Light Vehicle Testing Program4’m previously carrfed out by Wyle Labora-
torles during 1977 in Morana, Arlzena, vehicles for the current program were chosen to be

representative of those in the Marana study.

fn addition to the availability of en acoustic emission data bose, other factors
considered in the selection of test vehicles were the requirements that they be represen-
tative of:

e major vahicle body types,

e major vehicle manufacturers,
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s common engine ond transmission types, and

» common vehicle performance characteristics, such as engine displacement

and rated engine power.

Finally, as a practical matter, an important factor was the short term availability

of the vehicles within the Washington, D.C. metropolitan area.

Applying these criteria, nine vehicles were obtained for use in the program. A
listing of thase vehicles and their specifications Is shown in Table 2.1(a), while a listing
of the corresponding Marana vehicles is shown in Table 2.1(b). As can be seen in these
tables, many of the vehicles obtained for this study are later models than the 1977 versions
used In the Marana program. [n these cases, it was not expected that the year«to=year
mode! chc;nge would have an appreclable -effect on vehicle noise emissian since in all
cases the power traln and curb weight of each vehicle driven in this study was the same
as that in the Marana study. A further change from the vehlicles In the Marana program
was the substitution of the Chevrolet Camaro and Oldsmobile Omega which again, have

identical power trdins and similar curb welghts as the corresponding Marana vehicles.

2.3 ‘Réuvie Selection
Selection of the test route was made on the basis of the following crtieria:
¢  The route must, in some sense, be representative of a "national average";

s  The route must be sufficlently straightforward that en untrained driver can

traverse it without getting lost ofter only one or twe practice runs;

s To facilitate the experimental logistics, the route should be located In the

Washington, D.C. metropolitan areq; and

¢ Becaouse the recording time available on the digital data logger is 20 minutes,
the length of the route must be such that It con reasonably be traversed in

less than this time during rush hour.

In addition to the above requirements, it wes felt thot the route should be a closed
loop, rather than a linear design that would be traversed in hoth directions, since a loop

would allow more different road sections to be included. This requirement, coupled with

10

WYLE LAODORATORIES



L2

k r Table 2.1(a)
B
Specifications for Vehicles Driven in the Program
* | ) }
o
& Curb
RS Vehicle Engine Maximum | TrensmissTon
2 b Wealght d
1",1' 3 No, Year Mcke Model b} Type [CI1D BHEgg d o Type
E:‘; 1 1978 [ Ferd. Pinta 5W 2425 L4 140 88 @ 4800 3IA
+ r: 2 1978 | Chevrolot Chevaite 1991 L4 98 | 48 @ 5000 34
Lo 3 1978 | Ford Pinto SW | 2537 vé 171 ] 908 4200 34
F 4 1977 | Volkswagen | Robbit 1340 L4 97 | 78@ 5500 M
1 5 1977 | Fard Granade 3o L 25) 98 & 3400 aM
i & 1977 | Dotsun 2802 2785 Lé 168 | 149 @ 5400 M
I" 7 1977 | Dodge Monacs 4265 ve | 360 | 155@ 3800 3A
:' 4 8 1979 | Chevrolet _ [ Comara 3522 va 350 | 170 @ 3800 JA
3 2 ? 1978 | Oldsmobile | Omega | 3250 | wva | 231 | 105@ 3400 3a
i {g
o
A \
i
o fg
A
” Table 2.1(b)
5
.&' ) ape 5 *
Specifications for Selected Marana Vehicles
(3 '
1:{
Marana Curb Maximuym
% Vehicle | Test Weight| Engins Ratad Transmisslon
i Mo, | Mot year | Make Modal (Ib] | Typa | CID {BHP @ RPM | Type
: 1 a8 1977 | Ford Pinto SW | 2842 L4 |140 | B9 @ agco| 3A
Eé 2 19 1977 | Chevrolat | Cheveite 1958 L4 97 | &3 @ 4300 3A
3 47 1977 | Ford Pinte 2477 vé 171 ] sa@400f 3A
i 4 6,20 1977 | Volkswagon [ Rabbit 1860 L4 97 78 @ 5500 M
i.ﬂ 5 14] 1977 | Ford Granodo 3450 Lé 250 983 3400 AM
4 8 1977 | Datsun 2802 2765 L6 168 | 149 @ 5600) 4M
E ? 2 | 1977 | pedge Monoco | 4285 | ve | 360 | 155@ 3400] 34
8 1 1977 | Cldsmabile | Cutlass 2696 va | 350 | 170@ 3son|  3A
- g s lizas | 1977 | suick Skylork 3394 | vé | 231 ) 105@az000 34
I
AAE
Ho
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the length restriction, essentially required that the route lie well within the circumferential

interstate highway (Beltway)} which surrounds the metropolitan Washington, D.C. area.

In order to define a "national average" route, data on the distribution of dally
vehicle miles traveled {DVMT) for various city population levels and road types was com=
bined with data on the percentage of the total urban population living in cities of each
population ItswaI.12 to produce weighted average DVMT's for each roadway type. Table 2.2
shows the resultant percentages. The column labeled "welghting factor" represents the

fraction of the total urbon population that resides in cities of each population class.

As can be seen in this Table, 22 percent of the route should be on expressways.
Because of the scarcity of this road type in most areas within the Beltway, this require~
ment restlri.crs the route to portions of northern Virginia. In addition, since o great many
trips in utban areas are from the suburbs to a downtown business district and return, a

requirement wos added to extend the route into Washingtoh, D.C.

Based on these results along with the other constraints expressed above, three
candidate routes were developed. Each route has essentially the same D.C. segment;
the routes differ only In the Virginia portion. In defining roadway types along these
candlidate routes, a certain amount of individual judgment s required. In general, the
descriptions of highway classifications used by the U.S. Department of Transportation
were employed. The three candidate routes each match the "national average" route
defined above quite closely. Table 2.3 shows the percentage of each roadway type for
each of the routes. Ait.hough the agreement could probably have been made better by
making the routes more convolved, the requirement to keep the routes relatively simple
had to be met. in general, as few road changes = especially local road changes — as
possible was the design goal. Where possible, the route changes occur only at the ends

of road segments; thus, the necessity to look for specific Intersections was minimized.

12
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Table 2.2

Definition of "Nationat| Average" Rcu.al‘e]2

. Daily Vehicle Miles Traveled (in Thousands)
Population by Roadway Type
Class Weighting y y ¥P

{ Thousands) Factor * Expressway | Arterial | Collector Local Total
>1,000 0.150 428,105 476,630 84,664 137,544 | 1,124,943
1,000-500 0.103 94,568 114,836 27,034 31,897 270,335
500-250 0,083 101,362 161,796 30,103 48,873 342,134
250-100 0,114 45,946 97,523 18,782 23,816 186,067
_ 10050 0.133 23,202 68,197 13,226 18,888 123,513
@ 50-25 0.142 16,774 77,943 | 14,477 21,109 130,303
25-5 0.274 29,710 137,703 25,551 37,33 230,302
Weighted Sum 101,215 | 165,944 30,940 46,429 344,528

Percentage 29 48 9 14 100

"Fraction of Total Urban Population Residing In Given Population Class.
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Table 2.3

Percentages of Roadway Types for Candidate Routes

Roadway Nationaf Candidate Route
Type Average Southern | Western Northern
Expressway 29 28 24 27
Arteria) 48 51 47 46
Collector 9 9 8 11
Local 14 12 19 16

Silnce each of these candidate routes matched the natienal average criteria so
closely, the final selection of u single route was based upon the availability of a sitable
field facility near the route. The availabllity of a two=bay service station within two
blocks of the original alignment of the southern route caused this to be the preferred
choice of the three. A minor re~alignment of this route, which only slightly changed
the road=type statistics, allowed the route to pass in front of the service station, which

thus become the field facility from which the trip began.

Tables 2.4, 2.5, and 2.6 show the roadway type, speed limit, and troffic control

 statistics for the final alignment of the southern route . A serles of strip maps showing each

sagment of the route is given in Appendix A, while the detailed characteristics of the

various segments of this route are described in Appendix B.

2.4 - DriverSelection

'i'o meet the requirements of the program, driving tests subjects were recruited from
the general population of the Washington, D.C. metropolitan area. The procedure used
was to establish a pool of potential drivers recruited through newspaper advertising. Initial
screening of the respondents was performed by personnel of the Virginia Employment Com~
mission. So that candidate drivers would be thoroughly familiar with the road system and
traffic conditions in the Washington area, only persons who had resided in Washington or

its suburbs for more than two years were included In the driver pool.

14
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Table 2.4, Roadway Type Summary for Salected Route

Road Type (lﬁ; :?;; Percentage ig:&';il
Expressway 6.8 28 29
Avrteriol .1 45 48
Collector 2.4 10 9
Local 4.3 17 14
TOTAL 24,6 100 100

Teble 2.5, Speed Limit Summary for Selected Route

Speed Limit Roadway Type (Miles)

(mph) Expy. Art, 1 Coll, Loc., Total
55 4.9 4.9
50
45 1.9 1.9
40 1.3 1.3
35 6.5 0.2 é.7
30
25 3.3 2.2 4.3 9.8

TOTAL 6.8 11 2.4 4.3 24.6

Table 2.6, Traffic Control Devices for Selected Route

Type Roadway Type Total
Expy. Art, Coll. Loe.
Troffic Lights 0 44 i4 66
Stop Signs 0 0 8 8
Right Turns 4 2 10
Left Tums 5 6 14
15
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: l—: In selecting drivers for participation in the investigation, a stratified sample that
1s representative of the national licensed driving population was constructed for each
ri vehicle, In determining the strata to be used in such a sampling scheme, the parameters
: which most affect driving behavior were considered,
: r; Based on the general criteria that insurance companies employ in pricing their
‘ F automobile insurance policies, age, sex, and marital status are the predominant parameters
ol that correlate with driving behavior. Thus these characteristics were used as the strata
F to define the sample driving population for the vehicle operating mode study .
7 In order that sufficient data be available for each category formed by using these
r; three parameters, the number of age groups had to be kept to @ minimum. Si’t;ciitasl‘t;']s’.‘6

have showh that male drivers under the age of 25 have significantly higher rates of traffic

T
P citation and of accidents than older drivers. Thus It would seem appropriate to consider,

for the purposes of this study, only two age groups — these at or younger than 25 and

i : those older than 25, Similarly, although marital status can be broken into at least four

categeries, the need to maximize the amount of data available for each category would

suggest that only two groups be used ~ married ond unmarried,

Combining the distribution of licensed drivers by sex and agew with the marital
status of the total population by sex and t:lge]B results in Table 2.7, which gives the per-

centage distribution of licensed drivers by sex, age, and marital status, This target distribution

was used as a guide in selecting fest drivers for each vehicle from the overall driver pool.

#
1;

Jable 2.7

National Percentage Distribution of Licensed Drivers
By Sex, Age, and Marital Status

ro——
1 ]

&

\: Age MALE FEMALE Male | Female | Overali

5 l; Married | Unmarried | Married | Unmarried | Total | Total | Total

: ; < 25 Years 5 7 6 5 12 " 23
La =25 Years a5 7 27 8 42 35 77
LJ: Total 40 14 33 13 54 46 100

ﬁ.‘w
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r: 2.5  Instrumentation

r' On-~board instrumentation in each test vehicle consisted of an electrical ignition
! pickup for measuring engine speed, on optical encoder coupled to the speedometer cable
4 ﬁ to measure vehicle speed and a frame-mounted accelerometer to measure vehicle accel-
: eration. Power supplles and signal conditioners coupled these transducers to a digital

: {' r: data logger which sampled each of the three porameters once every 104 msec, and

l recorded the result on magnetic tape. Also recorded on tape was the output of o time

r: base generator internal to each data logger. Electrical power for each on-board instru=

mentation system was supplled by the vehicle battery through use of an AC inverter.

A block diagram of Instrumentation for vehicle speed, engine RPM, and vehicle

acceleration is given in Figure 2.1. Five such instrumentation packages were developed

for use in this program.

A signal averaging time constant of 100 msec was chosen for each of these
instrumentation systems in order to maintain compatibility with the sound level| meas-

vrements taken In the previous Marana program, which had a similar time constant.

Calibration of the vehlcle speed circult was accomplished by first measuring the
total number of pulses emitted by the optical encoder when the vehicle was moved 100 feet,
From this figure, @ calibration frequency corresponding to a given vehicle speed was cal-
culated. Before each trip, this calibration frequency was input into the frequency~to-
voltage converter in the speed measuring circuit and the circuit was adjusted to provide
the proper output speed. After each trip, the calibration frequency was again input inte

the circult and the value of the output speed was recorded In the trip log.

Calibraticn of the engine RPM clrcuit was accomplished in a similarmenner. A
caltbration frequency, which depended on the number of cylinders in the engine, was
computed for a given engine RPM. Prior to each trip, the RPM circuit was adjusted to
provide this output RPM when the calfbration frequency was input into the circuits. After

each trip, the value of the output RPM corresponding to the catibration frequency wos

E recerded in the trip log.

17
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Figure 2,1, Instrumentation For Measuring Vehicle Speed, Engine RPM,
and Vehicle Acceleration.
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To culibrate the accelerometer circuit before each trip the vehicle was first placed
on level ground with the driver {and passenger, If any) in position. The cccelerometer
itself was then leveled in the vehicle and the output voltage of the accelerometer circuit
was adjusted to zero, The accelerometer was then tipped through a +90° angle and the
output veltage was set at +1 volt; it was then tipped through o ~90° angle and the output
voltage was set ot =1 volt. Following this, a recheck (and raodjustment, if necessary) was
made at all three occelerometer positions. The nceeleromater was then returned to the
level position. Following each trip, the value of the cutput voltage with the vehicle on

level ground was recorded In the trip log.

2,6  Experimental Program

To-mnlntnin a degree of uniformity in traffic conditions, the driving tests were
performed only-on weekdays. Drivers from the main subject pool were selected according
to the distribution criteria discussed In Section 2.4 and scheduled for particular dﬁys.
Ta the extent passible, drivers were assigned to specific vehicle types or categories for
which they had driving experience. Upon arrival at the field station, a brief orfentation
sessfon was held followed by o photographic slide lecture deserlbing the test route in
detall. Each driver was given a step~by=step strip map (see Appendix A) to further assist

in following the route.

During the orientation lecture, the drivers were told that the purpose of the program
was to better understand how automobiles are driven in urban traffic ond that, in order to
determine this, they would drive an Instrumented vehicle along o pre-selected route three
times, the. first trlp belng a practice run to acquainf them with the vehicle and the route,
the other two trips being instrumented runs. They were instructed to drive as they normally

would, neither hurrying to compléte the. trip.or traveling ebnomally slowly'. .

. After the orientation period, the subjects drove their asslgned vehicle on the practice
run over the route. Vehicle instrumentation was not turned on for this trip. The drivers
were thus glven an opporfunity to become accustomed to the route and to the vehicle before
any data was acquired. After this uninstrumented practice run, the vehicle instrumentation

was calibrated and the subjects were instructed to make official test runs.,

The overall field program itself was undertaken -in two phases. In the initial phase

up to five people per day porticipated, each person driving o different vehicle. The drivers
19 WYLE LABORATORIES
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were asked to maoke two instrumented trips aleng the route. The schedule was designed so
that the Tnitial instrumented trip would oceur in the early afternoon with an expected light
volume of traffic. The second instrumented trip was scheduled to occur during the heavier
commuter traffic period. In this monner, data wos obtained allowing a comparison to be

made between two traffic conditions. Yehicles used in this first phase were those numbered
1 through 5.

After each trip, the vehicle odometer was noted and the driver was debriefed to
determine if any anomalles had occurred during the trip. QOccasional instances, such as
the driver getting badly lost or an unusual traffic event occurring (such as a minar accident),
were noted ond the trip was not included in the later data analysis since such abnormal

behavior would blas the data base In an uncontrolled fashion.

The flest data collacting phase lasted from October 30, 1978 to November 29, 1978,
During the week of November 27, the instrumentation was transferred to the four remaining
vehicles, numbers 6, 7, 8, and 9. With the exceptlon of vehicle #3, all five Phase | test

‘vehicles had been difven by between 16 and 20 drivers by November 29.

Due to various instrumentation problems, vehicle #3 had been driven by far fewer
subjects; thus, it was decided to continue operating this vehicle during the Phase I test
perfod. Not only would this procedure provide more data for this vehicle but, by analyzing
seporately the data for this vehicle from each of the two operational phases, statistical tests
could be performed to determine if there were any differences in driving patterns due to
the methodology changés in Phase i1, which are discussed below. The results of such tests

showed no measurable differences between the two phases.

it was decided to truncate the program in early December because it was feared
that continuation into the Christmas shopping season would contaminate the data base with
anomalous information due to the presence of holiday shopping traffic patterns. In order to
have a sufficlent number of drivers operate the Phase |l vehicles during the limited test
period available, it was necessary to make changes in the experimental procedure. Up
to ten people per day were scheduled, two for each vehicle. This wos judged to be

feasible based on the experiences of the Phase | test period, and indeed the double schedule

20
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was easily cartied out in most Instances. To acecommodate the Increased number of drivers
per vehicle per day, the orientation trip was taken by both participants of a given vehicle
who then switched possenger and driver roles at a point along the route. Thus, both became

familiar with the route and with the handling of the car.

Following the practice trip, four instrumented tlps were carried out for each
vehicle. The two drivers assigned to eoch car alternated on the trips, one driver doing
the driving on trips 1 and 3 while the other driver acted as a passenger, and then reversing
roles on trips 2 and 4.

In total, 318 trips were driven by 159 drivers. After data editing,* a total of
257 trips driven by 141 drivers remained. In view of the necessity of rejecting occasional
trips to malntain the Integrity of the data base, it was not possible to keep a totally uniform
distribuilon of driver categories among the nine fest vehicles. Table 2.8 shows the resulting
distribution of drivers accerding to driver category and test vehicles. The overall distribution

of drivers as indicoted In this table agrees well with the desired percentages derived in

Section 2.4,

“The data qualification procedure used to validate-each trip is described in Section 3.3,

2
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Table 2.8
Distribution of Drivers For Test Vehicles

Percentage of Drivers in Each Category

5 Marltal Age
ox Status (Yrs) Total Vehicles Individual Vehicles (Actual)

Desired | Actual 1 2 3 4 5 & 7 8 9 Ave, | o

Male Marrled =25 5,0 5.0 6210 47| 62| &7 ] O 6,21 B.6| 7.1 ] 4.8 |28
Male Married »25 | 350 29.1 3.3 | 44,4 1333 | 3N,3|38.3 1250|125 |27.8|28.6|29.7 (8.4

Male Unmarried | =25 7.0 15,6 12,5 1 22,2 11%,0 1 12,5 | 13,3 | 12,5 | 18.7 | 16,7 | 14,3 | 15.7 | 3.6
Male Unmarrled | >25 7.0 5.0 6.2 1 0 0 6.2 67| 62125 | 5,6 0 4.8 [4.2

Female | Marrled =125 6.0 5.0 6,2} 0 0 6,2 6,7 |12,8 ] 6.2 | 0 7.1 | 5.0 |4.2

B Female | Married >25 | 27.0 | 22,6 25,0 122,21 23,8 [ 25,0 113.3 [ 18,7 |31.3 [ 22,2 | 21.4 | 22.5 | 4.9

Female | Unmarried | 525 5.0 9.9 6.2 |11 | 95 6.2 6.7 (187 125 (11| 7.1 | 2.9 [40
=25 8.0 7.8 62| 0 95| 62133 &2 ] 0 110|143 7.4 |5.2

Female | Unmarried

Total Number of Drivers 14 9 21 ié 15 14 14 18 14 | 15,6 |3.,2

Total Number of Qualified Driverss 141
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3.0  VEHICLE OPERATION DATA BASE

39 {ntroduction

The purpose of this section is to describe the computer processing that wes carried
aut an the vehicle operation data gathered in the experimental program deseribed in
Section 2 and to present the resultant data base that was developed. The process of
&eveloping this data base Involved the following distinct steps, each of which are

described in the sections below:

Data Processing
Data Galification
Binning of Temporal Data

Sensivitity Analysis

Summary of Results

in addition to the results daseribed balow, more detalled listings of the vehicle

operation data base ara given in Appendices C to H.

3.2 Data Pmcessing

As described in Section 2, digital samples of the instantaneous vehicle speed,

engina RPM, and vehicle acceleration were recorded on magnetic tape at Intervals of

104 msec. throughout each trip us.lng a Metrodata DL620 Data Logger. Although normally

these Instruments provide a one=hour recording time on repeating (endless loop) tape car-

tridges, the units used in this experiment were modified to provide a recording time of
about 90 minutes.

The format of the dota on the tape certridgesis sequenceesf {20 Word records.
Each word consists of 8 four-bit BCD complement characters, the first of which indicates
the sign of the word. The first two words of each record indicale the time at the start of
thot record. The data was multiplexed in such a manner that words 3, 8, 13, and 18
were speedssamples; words 4, 9, 14, and 19 were acceleration samples; and words 5,
10, 15, and 20 were engine RPM samples. In this manner, each of the three parcmeters
were sampled af equal time intervals. The time interval between successive speed-acceleration

ond accelaration~RPM samples was 20.8 msec.

23
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The tape cartridges collected in the field program were replayed in the labora-
tory using a Metrosonics 622 Tape Reader.connected to a Digital Equipment Corporation
PDP=11 VO3 computer system via a Heath/Schlumberger WH=11-2 parallel interface.

' The PDP=11 VO3 computer system consisted of the following subsystems:

P |

e, 4

* e PDP=11/03 packaged L51-11 computer system with 32K sixteen=bit word

- “‘: : MOS memory,
; o  RX V11 dual floppy disk system, each disk copable of storing 128K sixteen-bit
‘ Il words,
:'J .-z o LA36 DECwriter il terminal,
'; L' o - KEVI1 Extended Instruction Set/Floating Point Instruction Set,
(E ﬁ ¢ RT-11 Operating System Software, -
’3 {;;‘ o RT=-11 FORTRAN IV Software.
:i Sinca the tape cartridges from the data loggers were to be reused throughout the
*‘ ; course of the experiment, the duta from each trip was transfarred onto « 4F|o‘ppy disk
using the PDP=11 VO3 system. Because the experimental design allowed for trips up

to 90 minutes in duratlon, approximately 52,000 samples of each of the three vahicle

operating parametets could be collected. !n additionffor every four samples of each

parameter, a time code was recorded, resulting in up to 13,000 time samples. The net

result is that the tape cartridge could contain up to 168,000 werds of informatian,

Li ' Since the floppy disks in the PDP-11 V03 system could hold at most 128,428
Eo wards, the decision wos made to delate every other sample of each parameter In the
I:x transfer of data onto floppy disk, resulting In an effective sampling time of 208 msec.

i It was felt that this procedure would have no effect on the ultimate distributions of

o operating parameter values since all types of vehtcle operation would be represented.
Yoy Indeed, later analysis of the decorrelation times for each of the three vehicle operating
L: parameters (Section 3.4 below) showed them to be much longer than this effective
L: sampling rate

The computer software developedifor the processing of the data collected in the

Lﬂ field progrom provided the following functions:

24
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Transfer of temporal dota from tope cortridge to floppy disk;
Printout and plotting of temporal data from floppy disk;
Autocorrelation of time series for-each parameter;

Binning of temporal data to proddce joint speed=-acceleration~RPM praobability

functions for each trip;

Calculation of average disteibutions for rush and for non-rush hour trips for

each vehicle;
Combination of rush and non=rush hour distributions for each vehlcle;

Printout of speed=acceleration~RPM, speed-acceleration, speed=RPM, accel-

eration~RPM, speed, acceleration, and RPM probability distributions; and

Computation of average acceleration for varfous speed ranges.

With the exception of some subroutines used in the software that accomplished the

transfer of the raw temporal data onto Floppy disk, all software was written in RT=11
FORTRAN {V, which econforms to the specifications for American National Standard
FORTRAN X3,9-19466, Since the raw dato now resides on floppy disk, the transfer soft=

ware is no longer needed. All other software used in the program is easily transportable

to most-ottier compiUter-gystems. - -

3.3  Data Qualification

The temporal data from 307 of the 318 trips was successfully transferred from tape
castette to floppy disk; data from 11 trips could not be transferred because of instrument mal-

functions or defective tope cartridges. In order to determine which of these trips should be

used for further analysis, the datu sets for each rip were subjected to the following four tests:

"lost driver” test,
speed test,
acceleration test,

RPM test.

Only trips which passed all four tests were included in the processing that developed the

final probabtlity distribution data base.
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The "lost driver” test was a quantitative method of deleting from the data base all
trips in which the driver was not able to follow the route.. ' Although this question was asked
of each driver in the debriefing following each trip, it was decided that the driver's judg-
ment o3 to whether or not he had become fost during the trip was too qualitative for use
here. For example, a driver who had missed a turn and gone crie or two blocks too far
before backtracking to the correct route might report himself lost, However, in terms of
the distribution of vehlcle operation parameters for the trip, the effect of such an oceur~
rence would be negligible. On the other hand, a driver who did become lost might not

report this fact.

An examination of the length of each trip, as determined from the written records
of the vehicle's odometer reading before and after each trip, showed them to be generally
quite closely clustered about the measured trip length of 24.6 miles. Most trip lengths
wore well within 5 percent of this figure (1.2 mi). Thus the: eriterion. for a badly lost
driver was established as having a trip length outside this 5 parcent tolerance. Eleven

such trips were deleted from the data bose.

In addition to the "lost driver" test, three other tests were performed to guarantee
the integrity of the vehicle operating parameters, The vehicle speed was tested by com=
paring the average trip speed, as determined from the odometer readings and start and return
times in the trip fog, with the mean speed from the digitized samples for each trip. The
average trip speed was plotted as a function of mean digitized trip speed and a linear
least squares curve fit was made to the data. Any trip which varied more than £3 standard

deviations from the fitted curve was eliminated. In this manner, ten trips were deleted
from the data base .

The acceleromater in the vehicle was calibrated before each trip by zeroing the
output voltage of the system to within 0.05mv when the vehicle was stationary on a level
surface. After the return of each vehicle the calibration was rechecked and the output
voltage was recorded in the trip log. Any runs for which the post=trip output callbration
voltage exceeded 0.05mv were deleted from the date base, A total of nine such trips

were removed In this manner.
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Measurement of engine RPM was accomplished by monitoring spark-plug firing
and thus had no possibility of a calibration shift. However, intemittent malfunctions
in the signal conditioner for the engine RPM in vehicle #2 during the first phase of testing
did lead to invalid data for certain trips for that vehicle. In such trips, anomalously high
RPM values were recorded, A phenomenoiggical engine speed criterion was developed to

identify those trips in which the instrumentation malfunctioned, This test was applied to

the RPM data for all vehicles resulting in the rejection of 22 runs,

In addition to the above, three other trips were deleted for miscelloneous reasons,

such as a minor accident. Between those trips whose data could not be transferred to

Floppy disk and those trips falling one or more of the above criteria, a total of &1 trips
were deleted from the data base. This process resulted in 257 valld trips driven by 141

drivers, Table 3.1 shows the distribution of valid trips ameng the nine vehicles.

Table 3,1
Distribution of Valid Telps

. . Valld | Percent
Vehicle | Trips Trips Valid
1 32 3 97
2 40 14 35
3 51 36 71
4 32 k] 97
5 33 25 76
6 32 30 94
7 34 29 85
8 36 34 94
9 28 27 94
Total 318 257 81
27
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3.4  Binning of Temporal Data

Before binning the temporal data to provide histograms representing the various
probability distribution functions for each desired combination of vehicle operating
parameters, suitable bin widths hud to be chosen. To accomplish this, a rough binning
algorithm incorporating a wide bin width for each variable was implemented in the com~
puter. The rough binning procedure, which was carried out at the same time as the
temporal dala was transferred from tope cartridges to floppy disks, resulted in a crude
distribution for each operating parameter for each trip. By examining the extreme values
of the parameters for each trip, the range of each variable for the entire data set was
determined.

As a result of this examination, it was determined that the speed data lay predom-
inantly between 0 and 65 mph, the acceleration data lay predominantly between =0.3g
and +0,3g, and the engine RPM data lay predominantly between 0 and 4000 RPM, Based
on these ranges and the available storage in the computer memory, the bin widths in

Table 3.2 were chosen.

Table 3,2
Bin Widths of Operating Parameters

Yariables Bin Width
Vehicle Speed 5mph
Vehicle Acceleration 0.025g

Engine RPM 250 RPM

Allowing extra bins for occasional data lying outside the above ranges resulted in
the formation of a 14 x 27 x 17 element data array to represent the speed=acceleration=RPM
probability distribution histogram for each trip. The size of this 6,426 element matrix is
sufficiently small to fit easily in the core of the computer, allowing emple room for software
and other data arrays, while at the same time permitting bin sizes for each variable that
are fine enough to provide detailed information on the distribution of the variables,
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Once the appropriate bin sizes had been determined, computer software was developed

to perform the binning of the temporal data set for each trip. The resuitant combined speed-
acceleration-RPM probability distribution array for each trip was stored on the floppy disk
contalning the temporal data for that trip. Thus, the Floppy disk corresponding to each

trip contains both the temporal record of the operational variables and the probability dis-

tribution array of those variables for that kip.

Havlng computed the speed-acceleration=RPM prohability distributions for each
tiip, appropriate averages over all drivers for non=rush hour and rush hour traffic condi-
tions for each vehicle were desired. Before such averoges could be computed, it was
necessary to classify each trip as a rush hour or non-rush hour trip. To atlow a quanti-

tative deciston to be made, the behavior of the average trip speed as a function of trip

- start time was examined. Figure 3.1 shows the result of the analysis.

The ;}:.:;;;circles in this figﬁre represent a‘veruge values of trip speed over oll trips
occurring In the half=hour period starting with the indicated start time. The standard
deviation for each of these averages was typically 1.5 to 2.0 mph. Even considering
this relatively large standord deviatlon, o t-test shows that the difference between the
average trip speed at 1430 and that at 1445 is statistically significant at the 90 percent

level of confidence.

Thus the erlterion was established that, since the traffic conditions after 1445
led to lower speeds than those before that time, trips starting before 1445 were labelled

“non-rush* while trips starting after that time were labelled "rush".

This decision is consistent with the traffic behavior in the Washington, D.C.
matropolitan area. The workday for many government agencies ends of 1530 and thus,
the homeward traffic flow from the District of Columbia begins ot that time. An examina-
tion of the test route shows that if a driver left the field station after 1445, he would
indeed reach the downtown area of the Distrlct after 1530 and thus, would become part

of the hemeward bound “rush hour" traffic flow.
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Table 3.3 shows tha distribution of valid "non-rush" and “rush" trips that cccurred
when the above criterfon was applied, Note that the change in procedure for vehicles 3k,
6, 7 8, and ? {which was discussed In Section 2.8) resulted in a smaller ratio of rush to

non~rush hour trips for these vehicles than for vehicles 1, 2, 3a, 4, and 5.

The mean trip time for the "non~rush" trips is 5B.7 minutes with o standard deviation
of 5.9 minutes; that for the "rush" trips is 63.6 minutes with a standard deviation of
6.8 minutes. A t=test, at the 95 percent confidence level, shows the difference between

these two mean trip times to be statistically significant.

Having made the essignments indicated in Table 3.3, averoge speed-acceleration-
RPM probability distributions were computed for the trips in each category . Averages for
vehicle 3 wero caleulated separately for vehicle trips occurring during the Phase | experi-

mental procedure {3a in Table 3.3} and for those occurfing during the Phase |1 procedure

(3b in Table 3.3).

Table 3.3
Distribution of Trips By Traffic Conditions
ft ops
Vehicle Trvaffic Conditions
Non=Rush Rush
] 15 16
2 5 ?
3a 4 7
* 23 i3
b 19 6
4 15 16
5 10 15
& 22 B8
7 21 8
8 26 8
9 21 4
Total 158 99

* (3a indicates trips taken in vehicle #3 using Phase I procedure, 3b indicates trips taken
uslng Phuse 1l procedure. See Section 2,6 for deseription of procedural changes.)
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3.5  Sepsitivity Analysis

In order to assess the effect of the non=rush hour and rush hour traffic conditions
on the speed-acceleration~RPM probability distributions as compared to the driver-ta-driver
variation in these distributions, a sensitivity analysis was performed which examined the
statistical rellability of differences between the two averaged distributions for each vehicle.
In additien, similar comparisons were made between the distributions for vehicle 3a and
vehicle 3b to determine if the change in experimental procedure had effected these dis-

tributfons fn any measurable way .

Inttlally, the plan had been to determine whether or not any two speed-accaleration-
RPM distribution arrays were statistically different by performing a chi-squared test on the
arrays. One of the requirements of such a test is that the temporal samples incorporated

into the distribution function be statistically independent.

In order to examine this point, autocorrelations were performed on the speed,

acceleration, and RPM time saries for twenty sample trips = one for each vehicle for
each traffic condition. The sample trips were chosen randomly from the set of valid trips,

A typleal set of autocorrelation functions for speed, acceleration, and RPM for one of
the twenty analyzed trips is shown in Figure 3.2, In Table 3.4 is shown the iag times
for correlation coefficients of 0.75 and 0.50 for the speed, acceleration, and RPM time
series for each sampled trip.

The behavior of these lag times 1s as expected with vehicle aceeleration decor-
relating most quickly, followed by engine RPM and then by vehicle speed. The rela-
tively long decorrelotion times for speed and RPM Indicates that chenges in the vehicle
kinematics occurred slowly —~ there were not many sudden starts and stops. This Is indi-
cative of smoothly flowing traffic.

The length of these decorrelation times pose a technical problem in performing the
intended chi-squared test on pairs of speed~acceleration~RPM distributions. If a correla~
tion coefficiant of 0.50 is taken as the criterion for statistical independence between

samples, then the sampling time betwesn pulirs of any of the operational variables should
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Figure 3.2, Autocorrelation Functlons for Speed, Acceleration, and RPM Time Series for
Trip 1/14/2, (Second Trip of 14th Driver of Vehicle 1.)




P |

St LF SO

R T L 2 i ki v s e y  Sel emn Fimy r «

TSI P et g s

E

P,

a

Ed
-

3

I3
H

iZF %

Table 3.4. Lag Times for 0.75 and 0.50 Correlations for Speed,

Acceleration, and RPM for Sampled Trips

Lag Time, sec.

"+ 0,75 Correlation

0.50 Correlation

Trip* Speed Acc. RPM Speed Acc. RPM
12/ 10.4 1.5 5.2 19.8 2.7 13.5
1/14/2 12.5 1.2 5.2 23,9 2.5 21.8
2/05/1 14.6 0.8 7.3 29.1 1.9 26.0
2/05/2 12.5 0.6 12.5 29.1 1.9 28.1
3/04/1 8.3 0.4 7.3 29.1 1.0 23.9
3/13/1 10.4 0.4 7.3 22,1 1.0 23.9
3/03/2 14.6 0.6 7.3 30.2 1.7 27.0
3/26/2 1.4 0.6 5.2 25.0 1.5 17.7
4708/ 1.4 1.2 4.2 25.0 2.3 15.6
4/11/2 12.5 1.2 5.2 22.9 2.5 12.5
5/04/1 11.4 0.8 3.7 19.8 1.7 8.7
5/02/2 14.6 1.7 2.7 28.1 2.9 | .62
&/05/1 10,4 1.2 4.2 21.8 2.3 7.9
6/14/2 1.4 1.5 4.2 23.9 2,7 12.5
7/09/1 14,6 0.6 5.8 28.1 2.5 22.9
7/15/2 13.5 0.6 4.6 28.1 1.7 18,7
8/13/2 1.4 0.8 6.2 23,9 2.5 23,9
8/14/2 11.4 1.0 6.2 2.8 2.7 21.8
9/06/1 14.6 1.5 4.2 26.0 2.7 15.6
9122 | 1.4 1.5 3.7 22.9 2.5 10.4
Mean 12,2 1.0 5.6 25.1 2.2 17.9
St. Dev. 1.8 0.4 2.1 3.2 0.6 6.8

"Trip Code: Vehicle/Driver/Trip
(Example: 1/14/2 indicates the 2nd trip of the 14th driver of vehicle 1)
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I:].i no less than 25.1 sec, the lag time at which the vehicle speed reached that correlation
jqefficienr. Since the sompling time employed in this experiment was 0,208 sec, only
f;riery 1215t data sample can be considered statistically independent, Deleting the inter-

fj : ;diate 120 samples would mean removing 99 percent of the data.

Accepting such a procedure would mean that the bins corresponding to many of the
| T ely oceurring operational conditions would be vacant. Since the chi-squared test

; réiquires thot there be at least five samples in any one bin, an extremely complex algorithm
: Wiuld have to be developed to adjust bin sizes in each of the pair of arrays being compared

Cn L
i so that none had less than five samples. (The bin sizos need not all be the some 1n order

(=}
~
;

i perform the chi-squared test.)
l . . w s bmen

In view of these complexities, and In order to use more of the data base, an
cEremate scheme wos developed to study the statistical significance of differences between

b the mean non=rush and rush distributions for each vehicle . Examination of the distribution

o i;‘oys for sach of these cases showed them to be quite similar. For any of the arrays, only
a small fraction of the 6426 bins corresponded to frequencles of oceurance of greater than
: ge percent, When these "peaks” in the distribution functions for the non=rush and rush
‘ff cases were compared, it was seen that the operating conditions were generally the same.
1 o only differance was the actual values of the two frequencies {non-rush and rush) for
) 3? 3 agiven speed=acceleration-RPM combination.
Jf ¥ It was thus dacided to use a t=test to determine the statistical significance of the
' 'ifference between values of the non=rush and rush hour distribution in all speed-acceleration-
BM bins for which either of the mean frequencies of ocecurence was greater thon one percent.
' ‘5ir those bins having a frequency of less than one percent, the size of the standard devia-
o Bns about this frequency due to driver-to~driver variation Is comparable to the frequency
5 iﬂelf, so that differences between this portion of the nen~rush and rush hour distributions
& not statlsilcal ly significant. ‘
Lﬁ To implement such a procedure, not only were the mean values of the percentage
or each bin required for non=rush and rush distributions, but also the stendard deviations

Lljour those mean wvalues. Computer software was developed to calculate the required

standard deviations for sach of the average distribution arrays corresponding to the vehicle
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categories in Table 3.3. A t-test was then performed on all bins corresponding to a pro-
bability greater than one percent. As an example, Table 3.5 shows the results for the
five most common speed-acceleration-RPM conditions in the non-rush distribution for
vehicle 11, Since in each case the calculated + value is less than the critical t value,
there Is no statistical difference between the non~rush and the rush frequencies of oecur~

rence ot the 95 percent confidence level.

Table 3.6 shows the number of bins for each vehicle that did have percentages
which were statistically different at the 95 percent confidence level. Since there were
no statistically significant differences between the great majority of bins, it was judged
that for each vehicle there were essentially no differences between the non=rush and the
rush speed-acceleration=RPM distributions. As a result, the non-rush and rush distribu- i
tlons for each vehicle were combined to produce a single average speed~acceleration-RPM

distribution for each vehicle. f

It should be noted that to o certain extent, the above result may have already i
been built into the experiment. As described in Section 2.3 the test route had been |
selected in such a manner that all trips would be completed in 90 minutes. This require-
ment nacessitated the design of o reute that would avoid the extremely heavy traffic condi-
tions that exist during the evening rush~hour period on certain highways in the Washington,

D.C. area. For example, had the direction of travel along the route been reversed, the
trip times would have been much longer because of the extreme congestion in the outward=
bound direction on the 14th Street Bridge ond Shirley Highway during the evening rush=
hour. It can be anticipated that, had such been the case, the nen=rush and rush distribu-
tions would have been more different than indicated above, with the latter having o higher

percentage of "stopped" and slow moving operating conditions than the former.

Finally, a similar sensttivity onalysis of the average distributions for "vehicles"
3o and 3b showed only 3 bins out of 28 having statistically significant differences. This
indicates that any changes incurred due to the change in experimental procedure between
the Phase | and Phase 11 data gothering periods were smaller than driver=to-~driver variations.
As a result, these speed-acceleration-RPM distributions could be combined to produce a
single average distribution for vehicle #3 and the seme analysis procedure could be applied

to the data from each of the experimental phases.
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Table 3.5. Exampla of Sensitivity Test for Five Commonest
Non=Rush Operating Condition for Vehicle 1.

e Frequeney of Occurrence (Percent) - - test
Oparating Condition e Non-rush Rush -
N Dagrae -
Spocd | Acc. | KM Rark Q5Trps) | (16 Trips) of |Cale. fiCritical
(mph)- {g9) (tpm) Non=Rush | Rush | Mean | 5t. Dev. | Meon |5t. Dev.| Freedom b
2.5 0,000 875 1 7.44 3.10 8.%4 .');.76 30 1.43) 2.04
” 2.5 ~0,025 875 2 3.85 1.86 | 4,51 1.78 3 1.01y 2.04
N 2.5 0.025 875 3 3.47 2,29 3.80 ] 2.47 31 0.39 ] 2.04
2.5 G.000 1625 4 1 1.82 0.72 1.40 | 0.70 30 1.71 | 2.04
27.5 0.025 1425 5 8 1.82 0.99 1.53 | 0.9 30 0.84 | 2.04

*95 Percent Confldence Level
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Teble 3.6, Number of Bins for Which Non-Rush and Rush
Percentages are Statistically Diffarent

(95 Percent Confidence Level)

Vehicle

Total Number
of Bins With
p>1%

Number of These
Bins that are Statis-
tlcally Different

19
16
14
13
14
n
10

2
i2

16

— O W = O O N = = N
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3.6 Summary of Results

This section contains a summary of the average distributions that resulted for each of
the nine vehicles tested. Also Included is a brief analysis of the average acceleration os

a function of speed range for all vehicles.

Figures 3.3{a) through 3.3() illustrate plctorially the structure of the peaks in
the mean joint speed-acceleration~RPM probubility distributions for each of the nine

vehicles. For simplicity, only the highest fifteen bins have been shown for each vehicle.

Because of the difficulty of drawlng a four dimension.ul .percenh:;-g-;Ae.:s;ee_r;l--.accelémfion-
RPM surface on a two dimensional page, a non-standard format has been developed for these
figures. Each figure is a modification of a standard two dimensional projection of a three
dimensional surface. Normally, In such a representation, the two independent variables
(speed and RPM in this case)} define o point in the projected horizontal plane and a single
vertical bar represents the dependent variable (percent of time}. Since o third independent
variable {acceleration) must be represented in thase figures, a series of bars Is drown at

each defined speed=-RPM point ~ each bar representing a different acceleration, as shewn

"in the key to the figure. Thus, at each speed-RPM point in the horizontal plane, a pro-

jected vertical percentege~aceeleration plane is drawn se that all four varlables are indi-
cated. Note that the speed=RPM point In the horizontal plene always defines the position

of the zero acceleration bin.

By developing.such a pictorial representation of the mean distribution function for
each vehicle, comparisons can easlly be made of similarities and differences in the major
operating modes of the nine vehicles. Thus, for example, it is immediately apparent that
for each vehicle the bin corresponding te 0 to 5 mph, =0.0125 to +0.0125g accelera=
tion, and fdle RPM is the most common. This fact is not surprising when one considers

the large amount of time spent waiting at traffic control devices in urban areas.

A listing of the data presented In these figures is contained in Appendix C, which
gives, in order of decressing rank, the forty highest bins for the mean speed-acceleration=RPM
distributian for each of the vehicles. For each bin is listed the meon value of the frequency
of occurrence, in percent, over all valid trips for the vehicle, along with the corresponding

standard deviation of the individual trip frequencies about that mean value.
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The set of stondard deviations corresponding to the mean frequencies for a given
vehicle {s a measure of the driver~to-driver varlation in operating behavior. By examin-
ing these standard deviations, it con be determined that, in general, the differences
betwesn major peaks of a given mean distribution are statistically significant. However,
the differences between the greal majority of bins, each of which correspond to less than
1 percent of the total trip Hime, are not statistically significant. Thus, the pecks in these
mean distributions, which are shown in the figures, can be considered as being superimposed

upon a similar background for each vehicle.

Figures 3.4(a) through 3.4(i} show the individual probability distributions of speed,
acceleration, and engine RPM. Each of these distributions Ts obtained by petferming appro-
priate summations over two of the variables in the joint speed-acceleration-RPM probability
distribution. Thus, for example, the speed distribution is obtained by summing the joint

distribution over all accelerations and all RPM's,

As for the drawings of the joint probabilities, these figures allow easy identifica-
tion of operating conditions common to all vehicles. For example, examination of the speed
distributions shows the great majority of them to be tri=modol, with peoks in the 0- 5 mph,
25=30 mph, and 50~55 mph bins. This result is consistent with the distribution of speed
limits along the route as indicated in Table 2.5, Listings of the data in each of these

Figures is given in Appendix D.

In Appendices E, F, and G are listed the joint probability distributions for the
pairs of variables, speed-acceleration, speed-RPM, and RPM~acceleration, respectively.
Each of these were calcuated from the joint speed-acceleration-RPM distribution by summing
over the oppropriate single variable {e.g., the joint speed-occeleration distribution is

obtained by summing over RPM).

One functional relationship of general interest is the average acceleration of o
vehicle as a function of vehicle speed. To investigate this relationship, bins for positive
acceleration (@ 20.0125y) in the joint speed-acceleration distributions ware used to compute
the average acceleration over all possible speed ranges for each vehicle. The detoiled results
of this calculation are given in Appendix M. Avercges were then formed over all vehicles
of o subset of this date — namely, the average acceleration in 5 mph speed intervals from
5‘mph to 60 mph. The resulting functional relationship is shown in Figure 3.5. The error
bars on each polint reprasent plus and minus one standard deviation,
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Figure 3.3(b). Percentage of Trip Time For Vehicle 2 — Chevrolet Chevette (L4, 3A).
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Figure 3.3(d). 'Percentage of Trip Time For Vehicle 4 = VW Rabbit (L4, 4M).
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Figure 3.3(e}. Percentage of Trip Time For Vehicle 5 ~ Ford Granada (L6, 4M),

SIAIVOAYBOBYIT ITAM

R NN A rrbarp e arrare s - B Tt LT S
o i g sl b -

:



ACCILIMTION iy

Figure 3,3(f), Percentage of Trip Time For VYehicle 6 ~ Datsun 280Z (L6, 4M},
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Figure 3.4{a), Percentage of Trip Time as Functions of Speed, Acceleration, and RPM
For Vehicle 1 = Ford Pinte (L4, 3A). (Trip Time: 66.5 minutes)
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52

WYLE LARDORATORIES




SEE T s

RS e

N St i L SR T

1o

A

T

ey

oA

1

—

=1

I~

T
= e

-—

.

¥
3

|

10 r Y pr—r T
$ 20 " ;
A ;
<10k - ;
H
]
i
O &
[ 0 30 40, 50 &0 70 :
Spoad {mah) !
L e e o S s e o . s i
' :
!
. i
‘ b
1 i
|
. i
j
5030 ~0.25 ~020-0.15 <0.10=005 ¢ 003 C.10 013 020 025 030 0335
Acceleration {g)
a0 T T ¥ T T T T
o0k o
g
i i
g ;
o
&
10} 1
0
G 500 1000 1300 2000 2500 4000
b

Figure 3.4(d), Percentage of Trip Time as Functions of Speed, Acceleration, and RPM
For Vehicle 4 ~ VW Rabbit (L4, 4M). (Trip Time: 62.3 Minutes)

53
WYLE LABORATORIES




I B

il

i1

I R T I M S 4 M o i et e

CRUItER e Pak t 1

LTS

Lash by
i ¥

K
2
ke |

T L T N

;_*_’:—-'I.

I e Wt R b o

i ]

i [’r‘

i b
f

L
oo
o M
b
L

30 T T T T T
20}
g
=
:
10F o
1
0l
Q 0 a0 40 40
) Spand (mph)
300 T — ' v T ——— Y

0
10005 0 0030,
Acealaration {g)

A0k e
8
= 20r L
[
g
&

10f 1

00 5 1 00
P4

Figure 3.4(e). Percentage of Trip Time as Functions of Speed, Acceleration .and RPM
For Vehicle 5 —« Ford Granada (L6, 4M), (Trip Time: 58.5 Minutes)

54

WYLE LABORATORILES




B Rt L e ot

Sy

4‘3—‘.";3 LA

1

wnd IZ1 I

G

#
£
k8 ;

Percent Time
L)
—

[=]
T
2

o N L " "
[ [ R i
Speud {mph)

T T T T T T ¥ T T

0l
-Accnlornrlun {0}
S A S . . S T——
20
¥
o
[
i
“10} .
T T T T T

RPM
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Figure 3.4(g). Percentage of Trip Time as Functions of Speed, Acceleration, and REM
For Vehicle 7 — Dodge Monaco (V8, 3A), (Trip Time: 58.9 Minutes)
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Figure 3.4(h). Percentage of Trip Time as Functions of Speed, Acceleration, and RPM
For Vehicle 8 = Oldsmobile Cutlass (V8, 3A). (Trip Time: 59.6 Minutes)
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3.7  Comparison with Previous Studies

Of considercble interest is a comporlson of the operating parameter distributions

EP |

resufting from the present study with the results of previous studies described in Section 1.
The only study performed in sufficient detail to make aceurate comparisons possible is
that done by the Comite des Constructeurs D'Automebile du Marche Commun (Committee
of Common Market Automebile Constructors ~ CCMC) in developing their proposed

vehicle nolse emission test® A major objective of this program was to identify vehicle

: ]"" operating characteristics typical of drivers In Europe and develop a noise measurement

po procedure which more accurately reflected actual vehicle noise emission.

‘g , - , f

v The experimental approach was similar to that in the current study = to Tnstrument |
]

¢ vehicles and record operating parameters as vehicles were driven over o designed route. ,

[: Data was obtained for a total of 23 vehicles,. five of which had automatic transmissions.
. A total of 6 different routes were used,.each chosen to primarily represent central urban *
\ {a conditions. Both professional ond non-professional drivers were utilized. Four vehicle '
' parameters were recorded: vehicle speed, acceleration, engine RPM and under-bonnet
' '; noise leve!. The recorded data was processed by computer and statisticafly analyzed.

9 Much of the data developed in the CCMC study was in the form of cumulative
] 4 frequency distributions which make a detailed comparison to the current study somewhat

difficult. Mt Is instructive, however, to compare the overall statistical distributions of

8
L’ vehicle speed and acceleration and engine RPM between the two studies. |n order to

make this comparison, an adjustment Tn the data wos required to account for the different

i |8
&) bin size intervals used in the two studies. This was accomplished by dividing the time
La percentage in each bin by the size of the bin Interval. Figures 3.6 to 3.8 show the com-
& parison of the study results in terms of speed, acceleration, and RPM distributions averaged
l; over all trips In each study.

As Is apparent in these figures, there Is considerable similority between the two
data sets. The speed distributions exhiblt the sume overal| structure, having a primary
peck at speeds below 5 mph and o secandary peak in the area of 30 mph. The Wyle data
exhibits a tertiary peak near 50 mph which does not appear to be duplicated in the CCMC

data. This may be due to the greater amount of urban expressways in this country as com-

pared to the European cities studied by CCMC.

|
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The acceleration data in the two studies is striking in its similarity . With the
possible hint that decelerations maoy be more extreme in European driving, the accel-

eration distributions are almost fdentical .

Although the RPM distributions are somewhat similar, there are important
differences evident between them. Both exhibit two peaks — one in the neighborhood
of 800to 1000 RPM, the other between 1500:and 2000 RPM. However, the. CCMC
distribution exhibits a larger percentage of time at high' RPM than does the Wy le distri-
bution. Thisis almost certainly indicative of the fact that mare high RPM vehicles are
included In the CCMC data than are included In the Wyle data.

In comparing these results, it must be remembered that detailed structure in each
distribution has been removed by averoging over all vehicles in each study. Thus, although
it appears that on a macroscopic scale there are few significant difference between Eurcpean
and United States vehicle operating characteristics, there may be considerable microscopic

differences In the distributions for specific vehicles and routes,
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3 r 4.0  VEHICLE ACOUSTICAL DATA BASE
rn 4.1 . Introduction
N O —_——

i Although the joint probability distributions developed in Section 3 define the most
common operating conditions of each of the nine vehicles tested, they do not, in themselves,

i ~ define the operating conditions for which the acoustic emission from the vehicle is @ maxi=

. e
i g mum, Far this, the distrlbutions must be combined with the acoustic energy emission for
P each possible speed-acceleration-RPM combingtion and the percentage of the total trip
;' L._j acoustic energy for each combination of operating variables must be computed. The struc-

ture of the resulting acoustic energy emission distribution function can then be used to

determine which operating conditions are most eppropriate for an acoustic test procedure.

AN VT Myt e

~ The purpose of this section is to describe the procedure that was corrled out to develop
A such a joint acoustic energy emission distribution function for each of the test vehicles. The
r: following steps in the process are aach described In the sections below:

i .

¢ Development of a Vehicle Noise Data Base

¢ Construction of an Acoustic Model

[*1
o ‘Q

o Calculation of Acoustic Energy Emission Distribution Function

e Summary of Results.

4.2 Vehicle Nofse Data Base

As discussed in Section 2.2, one of the criteria used to select vehicles for this
study wos tha existence of an acoustical emission data base. Such o dura base had been
developed in an earlier EPA progrom4'-]0 which had been conducted by Wyle Laboratories

at a test track in Marana, Arizona.

In the series of tests carried out in the Marana progrem, vehicles were driven at
various aceeleration, cruise, and coast conditions past fixed orrays of up to eight micro~

phonas. Simultaneous meosurements of vehicle spaed and acceleration, engine RPM,

: and A-weighted, fost-response sound level were made at times corresponding to 0.7 foot
[ L: increments of distance along the vehicle path. A torol of 86 vehicles were tested in this

manner.
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Although the specific number and type of test performed varied from vehicle to

vehicle, in general the following operating conditions were studied:

Avtamatic Transmission Vehicles

o  Acceleration of .15y from standing start;

e Acceleration of 0,15y from moving starts of 10 mph and 15 mph;
o  Full=throttie acceleration from standing start;

o Coaost at 15, 20, 25, and 30 mph;

e  SAE J984a procedure;
¢  Corstant=throttle acceleration from standing start to achieve 100 feet in

5seconds, 0,15y at the shift from first to second gear, and 0,15g at 25 mph.

Manua! Transmission Vehicles

o Acceleration of 0.159 from standing start;
o Acceleration of 0.15g from moving starts of 10 mph and 15 mph;
o Full-throttle acceleration from standing start and from moving start of 15 mph;
s Criise at 60 and 80 percent rated RPM in first gear and at 25 mph In second gear;
o Coost at 15, 20, 25, and 30 mph;
e  SAE J98éa procedure;
o  Constant-throttle acceleration from 25 percent rated RPM to achieve 0.15g
at 75 percent rated RPM.

In most cases, the above canditions were maintained only aver a portion of the
total path for which acoustic data is avoilable. Once the vehicle had passed through the
so-called "end zone " part of the path, the driver deviated in same random manner from
the specfﬁed operating condition for the run = generally by starting to slow dawn to a stap.
Since, In mast cases, one or mere microphones were located beyond the "end zone", some
acoustic data is also available for vehicle operating conditions other than those corresponding

to the operational scenarios described ahove,

From the total data set gathered for each of the vehicles in Table 2, 1(a), the speed,
acceleration, RPM, and sound leve! data at o 50=foct distance from the vehicle were
abstracted. This was accomplished by selecting only those sets of measurements that were

made when the vehicle was ot its closest point of approach to one of the microphones located

50 feet from the vehicle and perpendicular to its path,
&6 WYLE LADORRATORIES
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Since it was desired to obtain information on the engine acoustic emission, the
data buse formed in this manner consisted only of powered runs; coast conditions were
cmitted. The total number of speed-acceleration-RPM sound level samples gathered in

this manner for each vehicle are listed in Table 4,1,

Table 4.1

Number of Speed-Acceleration=RPM
Sound Level Samples For Each Vehicle

VeNhicle Marana Marana Vehicle Engine Tfans- l\']l.:r.aif l\\;/?;'l.ligl:
o. Test No. mission Samples | Samples
1 38 Ford Pinto L4 3A 76 75
2 19 Chevrolet Chevette 14 3A 48 47
3 47 Ford Pinto V6 3A 44 43
4 é VYW Rabbit L4 4M 335 335
5 10 Ford Granada Lé 4M 263 2560
6 8 Datsun 2807 L6 4M 240 239
7 2 Dodge Monaco \'Z:] 3A 258 258
B* 1 Oldsmakbile Cutlass v8 3A 405 398
Q¥ 17,18 Buick Skylark \') 3A 500 500

* Equivalent Vehicles Tested in This Program Are: #8 — Chevrolet Camaro (V8, 3A),
#9 = Oldsmobile Omega (V6, 3A).

In order to detect erronecus data points in each set of data, the sound levels were
plotted os @ function of engine RPM. Any points lying far outside the envelope formed by
the great majority of data was deleted. In this manner the valid samples enumerated in

the last column of Table 4,1 were obtained.
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The sound levels in the data base described above correspand to total vehicle noise.
Since the intent of this program is to develop a test methodology that measures only engine,

exhaust, and driveline nolse, any tire noise contribution must be removed from the data base,

To accomplish this, estimates of tire noise contribution for each vehicle wers
subtracted from the total vehicle sound levels. These estimates were obtained as a fune.
tion of vehicle speed by performing logarithmic regressions on the coast data for each

vehicle. The regression coefficients for each vehicle are shown in Table 4.2,

Table 4,2
Regression Equations For Tire Noise Contribution
Lrie (V) = K] + K, I°910 (V/35)

Ltire = A-weighted, fast response sound level In dB,
V = Vehicle speed in mph.

Regression

Vehicle Coeffictents

e Ky K2

1 63.4 | 37.2

2 63.7 | 304

3 60,1 34.6

4 1.4 | 29.4

5 62,6 25,0

6 62.5 36.0

7 62,5 36.0

8 64.4 | 34,7

9 61,7 32.6

The estimates of tire sound level obtained from these regression equations were
subtracted on an energy basis from the measured total sound levels to produce the sound
levels dve to non-tfire sources using the relationship:

LT,.]/IU Lt A0
Lengine = 10log,q [19"Total /10 gFTire J
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Throughout the remainder of this report, this sound level shall be referred to as the "engine

sound level", Lengine' even though it corresponds to engine, driveline, and exhaust noise

sources.

4.3 Madel of Engine Sound Levels

To develop a model relating engine sound level to vehicle operating parameters,
multiple linear regressions were performed. In order to determine which such ope rating
parameters are most importont in determining engine sound level, correlation coefficients
between the sound levels in the data base and corresponding vehicle operating parameters
were computed. The opemiing pammeters studied were the measured vehicle speed (V),
vehlcle acceleration (A), engine RPM (R), and the derived power-like quantity VA, and
the torque=-like quantity VA/R. The resulting correlation coefficients are shown in Table 4.3.

The power-like parameter VA was included because recent experiments carried out
by Wyle in another EPA sponsored programw indicated that engine sound level was closaly
correlated to engine RPM and to fuel flow (os determined by throttle setting). Although
fuel flow was not measured directly In this program, the engine power s proportional to
it. The derived quantity VA is not exactly proportional to englne power since air and
frlctlonal resistance terms hove not been included; however, it should be a sufficiently
good approximation for modeling purposes. The derived torque-llke paremeter VA/R

is also related to fuel-flow, and a3 a result, may correlate with engine sound levels.

Examination of Table 4.3 shows engine sound levels to be most closely correlated
with engine RPM, as would be expected from most previous work in this area. Secondary

correlates are engine "power" and vehicle speed, while tertiary correlates are vehicle

acceleration and engine "torque".

Correlations between engine sound level and the lagarithms of engine RPM,
acceleration, "power", and forque” were also computed for vehicle #1, which had an
autematic transmission, and for vehlcle #4, which hod a manval transmissian. Ne
improvements, as compared to the values in Table 4.3, were observed so that this line

of investigation was not centinued for the remaining vehicles.
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Simple linear regressions were performed between the engine sound level data for

each vehicle and each of the operating parameters in Toble 4.3, in oddition, multiple

linear regressions were performed between these sound levels and various combinations of

these operating parameters. The stendard errors of estimate for each of those regressions

are shown in Table 4.4.

This table shows that the last four models — which relate engine sound level to
RPM and acceleratian, to RPM and "power”, to RPM and "torque", and to RPM, accel-

eration, and speed — are essentially equally accurate. In order to choose among these

models, a comparison was made of the correlation between puirs of the operating parameters

RPM, acceleration, "power”, and "torque" to determine which were most Independent of

each other. The results of this study are shown in Table 4.5,

Table 4.3, Correlotion Coefflcients Between Engine Sound

Levels and Vehicle Operating Porameters

! Vehicjl:a Operating Parometer
*Number \ A R VA VA/R
i 0.88 | 0.87 | 0.99 0.98 0.87"
2 -0.14 ; 0.83 | 0.86 0.82 0.76
3 0.94 | 0.82 | 0,98 0.93 0.63
4 0.51.}° 0,17 | 0.9 0.38 0.13
5 0.38 0.24 0.87 0.39 0.23
6 0.64 | 0,36 | 0.9 0.54 0.34
7 0.83 0.38 0.92 0.78 0.41
8 0.76 | 0.33 | 0.93 0.7 0.39
9 0.71 | 0.16 | 0.87 0.59 0.2
Mean 0.61 0.46 0.92 0.48 0.44
St, Dev | 0.33 | 0.29 | 0.05 0.22 0.24
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Table 4.4. Standard Error of Estimate in dB for Linear Regressions
of Engine Sound Level with Vehicle Operating Parameters

‘Vohlclo

Operating Paremeter(s)’

-_Single Varigbles. Multiple Variabla

Number - [ v TA | R .[-VA_| VAR | R&A | Ra&VA [ R&VA/R | R,A, &V
1 3.2 133 1.4 [1.2 3.3 1.2 1.0 1. 1.1
2 55 (3.0 | 2.8 [ 3. 3.6 2.6 2.6 2.6 2.6
3 1.9 {33 | 1.3 | 2.1 4.5 1.2 1.1 1 1.1
4 510 |59 | 1.8 [ 55 5.9 1.2 1.3 1.2 1.2
5 52 |55 | 2.8 |52 5.5 2,0 2.2 2.1 2.0
6 41 (49 | 2.2 | 4.5 5.0 1.4 1.4 1.2 1.3
7 2.5 (42 [ 1.8 | 2.9 4.2 1.4 1.3 1.3 1.3
8 4,0 |58 | 2.3 | 4.3 5.6 | 2. 2.2 2.2 2.0
9 3.3 |47 | 2.3 | 3.8 4.6 1.7 1.8 1.8 1.7

Mean 3.9 [45 | 2.0 | 3.6 4.7 1.6 1.7 1.6 1.6

St. Dev. 1.2 (1.0 | 0.6 | 1.4 0.9 0.5 0.6 0.6 0.5
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Table 4.5. Correlation Coefficients of Pairs of Vehicle Operating Parameters

Vehicle Operational Parameters

Number Vwvs R Avs R VA vs R YA/R vsiR Avs V
1 0.87 0.88 0.99 0.85 0.59
2 -0.23 0.85 0.80 0.71 -0.37
3 0.93 0.79 0.%20 0.56 0.83
4 0.55 -0.05 0.18 -0,09 0.5
5 0.43 -0.11 0.08 -0.12 0.14
6 0.43 0.03 0.24 -0.02 0.06
7 0.88 0.15 0.460 0.14 0.01
8 0.89 0.22 0.69 0.24 0.02
? 0.89 ~0.20 0.34 =0.10 -0.32

Mean 0.65 0.28 0.54 0.25 0.12

St. Dev, 0.38 0.44 0.33 0.38 0.38

From this table it can be seen that speed and acceleration are most independent
of each other, followed by "terque" and RPM, acceleraticn and RPM, 'hower" and RPM,
ond speed ond RPM, in that order. Examining only those correlations with RPM, it is

seen that the "torque" s the most independent of RPM,

In general, it is desirable to model o dependent varichle, in this case, the engine
sound level, in terms of independent variables that ore uncorrelated with each other.
Thus the mode| chosen to represent the engine sound level was that relating it to engine
RPM and to the torque-like quantity, VA/R. The regression coefficients for each
vehicle for this model are shown in Table 4.6 along with the corresponding stondard

arrors of estimate .,

4.4  AtdUstic Energy Emission Distribution Function

To develop an acoustic emission distribution function, the A-weighted acoustic

energy emitted by the engine at the speed-acceleration-RPM combination corresponding
72 WYLE LABORATORIES



-

i U P

PR A

Py

T TSR

Tabla 4,6, Multiple Linear Regression Equation Relating
Engine Sound Level to Engine RPM and "Torqua™:

T

B

—
E

i

e i

S B Nt R

1y ok, e
——
[ X

oy g

=i

P
it L E

K2 dilt

=

i LRy TESer

—

[ %2

- jm

e et e

F =

BT e oo

.

i

LErl\gan' (R{ VA/R) = C] R +C'2 (VA/R) + ('.'3
= A<weighted, fast response sound level of engine,.driveline, and exhaust in dB,
= angine RPM,
= yehicle speed in mph, and
= vehicle acceleration in g's.
Vehicle Regression Coefficient St. Err. of
Number < C, C, - Estimate
"1 | o.oond1 | sdss | a9 | a7
2 0.00924 | 4473 2.4 2.6 -
3 0.00971 24692 35.9 1.1
4 0.,00528 | 2092 46.0 1.2
5 0.00847 | 1879 .| 40.8 2.1
é 0.00513 | 2327 | 46.4 1.2
7 0.00600 | 1551 | 47.6 1.3
8 0.01003 545 40,3 2.2
g 0.00733 | 2069 42,3 1.8
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to each bin must be divided by the total of such energy contributions for all bins. The
resulting fraction, when multiplied by 100, gives the percentage of the total acoustic

energy emission for each bin .

In order to accurately determine the A-weighted acoustic energy emission for a
given bin, the A-weighted sound leve!s for the operating parameters corresponding to
that bin should be determined at a lorge number of points spread evenly over a surfoce
enclosing the source and the corresponding acoustic intensities calculated. The sum of
all of these Intensity contributions Is proportional to the total aceustic power output of
the source. The typicol acoustic energy output during a trip for this bin is then obtained
by multiplying this power output by the amount of time that the operating conditions
corresponding to that bin occur; i.e., by the value of the joint probability distribution

for that bin, which was computed in Section 3.

This procedure is quite complex since it requires developing @ mathematical model
for sound level os o function of both vehicle operating conditions ond pesition in space
relative to the source. This, in turn, necessitates knowing the detoils of the anguler

distribution of sound level about the source.

In this study, an approximation to the acoustic emission distribution function,
which requires modeling the sound level at only one point relative to the source, Is
computed. The mathematical mode| developed above, which estimates the A-weighted
sound level at a point 50 feet to the side of the vehicle along a line perpendicular to
its path, is used to compute a single acoustic intensity contribution at this one point in
space corresponding to each speed-acceleration=RPM bin. This intensity contribution
is multiplied by the corresponding value of the jeint speed-acceleration-RPM probability
distribution to determine the energy emission contribution at that point in space fer the
bin. This energy contribution is then multiplied by 100 and divided by the sum of all
such energy contributions for the total set of bins, to obtain the percentage of the total

energy ot the 50 feet location that corresponds to the given bin.

The acoustic intensity at a given point in space corresponding to a given speed (V}-

Acceleration{A}=RPM(R) bin is given by:

P L (v, A, RVI0 5
Y, A, R) = T % 10 watts/m (1)
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where

L{V, A, R) is the sound level at that point in space for the given V=A=-R combination

Prof i3 the reference pressure of 201Pa, and

P |

Pc is the acoustic impedance of air of 406 mks Rayls,

The corresponding acoustic energy per unit area at the given point In space is then:

= «.,;tj‘\.‘fé.f?.-i;‘,;:-;{,..-_

jrves

e(V,AR) = I(Vf‘,: A,R)ﬂ x: ary, A‘_,R) \«.nrcm-sec/m2 (2)

ey

e 1

where
At(V, A, R) is the total time in sec, spent at the given V, A, R operating

ag AR
=S

AR AT it
nr E
= [ R

conditions.

In terms of tha joint probability distribution developed in Section 3, the quontity

-
;1 rsi At 1s glven by:
3 '
i E PV, A, R)
:*} ; At (Y, A, R) = o0 * Tigt sec (3)
H o
& Ll! where
i
4
E }E [‘,ﬂ PP(V, A, R) Is the percentage of trip time corresponding to o given V, A, R
}3 2 operating condition and,
X
oy
I N . .
!: t i Tiop 18 the total duration of the trip in sec

The total acoustic energy per unit area emitted during the trip at the given point

is just the summation of eV, A, R) over all V, A, R binst
eror = Z Z z e(vi Al’ R) (4)
vV A R '

Combining equations (1) to (4), the percent of acoustic energy ot the glven point corres-

ponding to a given V, A, Rbin Is given by:

=

: 75 WYLE LABORATORIES

| I




T AN TR MU N TR e, b 1 e e ;

L m L

e

ISR

g

5 lg

e,

;
i
i
!
!

TR

R

U MAET R
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tot \ .
° ZE z Pr v, A, R) x 'IOL(VI A, R)/]O
VAR

If the vehicle is assumed to be an omnidirectional sound source radiating over a

(5)

Pe (v, A, R) = 100 x

half-plane, then the total acoustic energy emission during the trip is given by:
By = 2777
tob = 2mr ey , waltesec %)

where ¢ is the distance from the source, in meters, at which the sound level measurements

L(V, A, R} were made,

The multiple~linear=regression equation for engine sound level developed in the
previous section for each vehicle was used to provide the values of L{V, A, R} needed in
Equation (5) for each operating parameter bin cotresponding to non-negative accelerations.
For bins corresponding to negative acceleration (deceleration), values of L(V, 0, R) were
substituted into Equatton (8}, thus taking zero acceleration sound levels to approximate
the sound level in deceleration modes.2 0 Similarly, substituting these relations for sound

level into Equation (8) resulted in estimates of the total engine acoustic emisslon for each

vehicle,

4.5  Summary of Results

This section contains a summaty of the englne acoustic energy emissian distributions
that resulted for each of the nine vehicles tested.
Figures 4.1(a) through 4.1(i) illustrate pictorially the structure of the peaks in

these distributions of relative energy emission for each vehlcle. For simplicity, only
those bins correspending to at least 1 percent of the total acoustic energy emitted by the

engine during the trip are shown,
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These figures are simllar to those of Figures 3.3{a) through 3.3(i), which are
described in Section 3.5. The only difference is that in Figure 3.3 the vertical axis

represents percent of total trip time, while in Figure 4.1 the vertical axis represents

percent of totel acoustic energy emission by the engine.

This plctorial representation not only allows comparisons of acoustic energy distri~
bution functions between vehicles to be made, but also allows comparisons with the temporal
distribution function for the sama vehicle. Thus, 1t is readily apparent that, whereas the
0-5mph, 0.0g acceleration, idle RPM condition is the most common condition occurring
during the trip, it does not contribute a correspondingly large amount of acoustic energy to
the environment. )

A listing of the data presented in these figures is contained in Appendix |, which

glves in order of decreasing rank, the forty highest bins for the engine acoustic energy

distribution for each vehicle.

Figures 4.2(a) through 4._2I(i) show the percentage of engine acoustic energy

emission as a function of the individual vehicle operating parameters of speed, accel-

“eration, and englne RPM." The estimate of tota! acoustic energy emission from Equation (6)

i5 shown at the top 6f each figure.  Also shown for comparison are the temporal distributions
for these parameters, which were previously presented in Figure 3.4. Since, as will ba
shown in Section 5, relatively little acoustic energy is associated with deceleration, only
the non=negative portion of the acceleration curves have been shown in each set of figures.
The results shown fn ngure 4.2 were ohtained from the joint V~A-R acoustic energy
distribution function by summing over ‘oppropriate pairs of variables. Thus, for example,
the distribution of energy with speed is obtained by summing the joint distribution aver

all aceelarations and all RPM's. Listings of the date In each of these figures is given in

Appendix J.

In Appendices K, L, and M are listed the joint engine acoustic energy distribu-
tions for the pairs of variables speed-accelerstion, speed=RPM, and RPM-acceleration,
respectively. Each of these was calculated from the joint V-A-R engine acoustic energy
distribution by summing over the appropriate variable {e.g., the joint speed-acceleration

distribution is obtained by summing over RPM).
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5.0 DEVELOPMENT OF A NOISE MEASUREMENT METHODOLOGY

541 Introduction

A sultable noise measurement methadology for light vehicles must include test
conditions which are representative of the vehicle operating modes respansible for the
majority of the noise emission into the community. Clearly, it is not necessary to include
all operating modes, since most modes contribute little energy to the total nolse emission.
Only these modes that contribute significantly need be represented in the test conditions,

and the fawer these are, the more practical will be the test procedure.

This section presents the rationale for selecting the operoting medes that eontribute

-most to nolse emissien and for defining the test conditions that ore representative of these

modes. The results of this analysis provide three candidate measurement methodologies —
two bi-modal tests and a tri-model test. The advantages and disadvantages of each can-

didate test methodology are discussed.

5.2 ldentification of Primary Noise Emission Operating Modes

As discussed above, one of the requirements for an acoustic measurement methodology

is to test at operating conditions that cortespend to maximum acoustic energy emission from
the components of the vehicle which are of intarest — in this case, the engine, driveline,
and exhavst. In this section, the acoustic emission data base developed Tn Section 4 is
analyzed to identify the regions of the joint speed-acceleration-RPM acoustic energy

distributfon which correspond to significant energy emission.

To accomplish this, Figures 4.1(a) - (i) and Figures 4.2{a) ~ (i) were compared so
that prominent features in each distribution which are common to all vehicles could be
identified. One such feature, which can eusily‘ be seen in Figures 4.2, is the existance
of three broad peaks in the speed distribution for each vehicle. The speed ranges corres-

ponding to each of these peaks are the same for a!l vehicles:

Low Speed Peak: 0= 10 mph.
Intermediate Speed Peok: 10 ~ 45 mph.
High Speed Peak: >45 mph,
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The existence of these speed regions can also be seen in Figures 4.1, although
for several vehicles, the low speed peak does not appear because only hins corresponding
to more than 1 percent of the acoustic energy emission have been drawn. Further exami-
natlon of Figures 4.1 shows that, as would be expected, the low speed reglon corresponds
to low engine RPM, the intermediate speed region corresponds to intermediate RPM, and
the high speed region corresponds to high RPM. |n addition, the intermediate speed region

cortesponds to higher vehicle accelerations than do the low and high speed reglons.

Examination of the acceleration distributions in Figure 4.2 shows no distinct
common structure that would allow deceleration, cruise, and acceleration ranges to be
easily defined. The definition of such regions in acceleration space seems appropriate
since the noise generating mechanisms occurring when a vehicle accelerates are somewhat

different than those that occur when it is cruising or decelerating.

One could consider the cruise condition to imply exactly zero acceleration, in
which case, given the bin widths used in this analysls, cruise would correspond to the
acceleration bin extending from ~0.0125g to +0.0125g. In reality, however, o vehicle
is rarely driveri at exactly zero acceleration; small accelerations and decelerations occur

durlng the driving condition that is normally referred to as cruise.

[n order to define a range of accelerations which can be considered to characterize
the cruise condition, the percentages of time and of engine acoustic energy emission that
would correspond to various eruise acceleration ranges were calculated from the!temporal
ond ucoustic energy diﬁtrlburions in Sections 3 and 4. These percentages were then averaged
over the nine vehicles. The resulting average values are shown in Flgures 5.1{a) and

5.1(b), the error bars indicating plus or minus one standard deviation.,

There is no discontinuity in elther of these figures that obiously distinguishes a
ronge of accelerations appropriate to cruise mode from o range of accelerations appro=
priate to non-cruise modes However, certain ranges of acceleration can reasonably be
excluded as candidates for the definition of cruise mode. The 10.0125g acceleration
ronge, which ocecurs 19 percent of the time and corresponds to 15 percent of the acoustic
energy emission during the trip, does not occur sufficiently often to be representative of
acruise mode . Similarly, acceleration ranges broader than +0.0625g, which oceur for
more than 75 parcent of the time and correspond to more than 80 percent of the acoustic
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Table 5.1

Average Percentage of Total Acoustic Energy Emission
For Each Speed-Acceleration Region

{a) £0.0375g Crulse Acceleration Range

Speed Range

Acceleration Range Low Intermediate High ALL

(0 mph sV < 10 mph) (10 mph £ V < 45 mph) (V 2 45 mph)
Deceleration (A < -0.0375g) 0.9 5.3 6.3 12,5
Crulse (-0.0375g < A <0.03759) 4.0 20.8 26.5 51.3
Accaleration (A 2 0.0375g) 1.2 29,1 5.9 36,2
ALL 6.1 55,2 38.7 100.0

(b) £0.0625y Cruise Acceleration Range
Speed Range

Acceleration Range Low _ Intermediate Migh ALL

(0 mph £iV:510 mph} [0 {10mph < V < 45 mph) (V = 45 mph)
Deceleration (A < =0,0625g) 0.5 2,2 1.3 4.0
Cruise (~0.0625g = A < 0.0625g) 4.9 32.8 35.8 73.5
Acceleration (A = 0,0625g) 0.9 20,0 1.6 22,5
ALL 6.3 55,0 3.7 100,0

2" bimit s e b 1 e, S




Table 5.2

Centroids of Each' Speed~Acceleration Region
(V inmph, A ing)

{a) x0,0375y Crulse Range

Speed Range

Acceleration
Runge Low Intermediate ngh All

v A ia anux W A R7 Rmux v A i; Rmux v A i; Rmt‘.tx

Deceleration | 4.0 | -0.087 | 0,201 | 29,4 ~0,071 | 0,372 | 53.4 | ~0,053 | 0,588 |(37.4 | -0,065 | 0.459
Cruise 2,7 |(=0,002 | 0,201 | 32,8 .0,001 | 0,432 { 53.6 | ~-0.006 | 0.408 |(40.7 | -0,002 | 0,508
Acceleration | 4,5 | 0.105 | 0.272 | 28,2 | 10,087 | 0,460 | 5.8 | 0.055 | 0,595 (|31.4 | 0,082 | 0.478

ALL 34 (nc,012 | 0.219 | 30.0 | 0,039 | 0.444 | 53.4 | ~0.002 | 0,404

201

(b) £0.0625g Crulse Range

Speed Range

Acceleration Low Intermediate High All

Range -
1 V| & |G| V A | Rpax| ¥ R | MRyex | ¥ | MRoax

Deceleration | 4.5 | «0.112 | 0,204 | 25,3 | -0,100 | 0,329 | 53,8 | -0,076 | 0.816 [ 25.4 | -0,09? | 0.353
Cruise 28 0,000 | 0,200 | 32,4 | 0,010 | 0.437 | 58.5 | -0,004 | 0,606 |[40.4 | 0.002 | 0.507
Acceleration | 5,0 | 0,127 | 0,291 | 26,5 | 0.103 | 0,462 | 62.4 | 0.076 | 0.572 (127.2 } 0,103 | 0.463

ALL 3,4 100,012 | 0.219 | 30.0 | 0.08% | 0.444 | 53.4 | ~0,002 | 0.604
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Considering only cruise and ecceleration reglons, the candidate test condltions
are:

e Cruise: 41 mph, 0.00g, 51 percent rated RPM
s  Acceleration: 29 mph, 0.09g, 47 percent rated RPM.

The advantage of this test methadology is that it consists of only two modes and thus is
relatively simple. The disadvantage is that the speed of the cruise mode corresponds to
a region of the speed distribution for each vehicle in which little energy is emitted (see
Figure 4.2). This is due, to the fact that there are two major pecks in each speed dis-
tribution and thus an average over all speeds results in a point riear the minimum midway
batween the major peaks .

Considering only intermediate and high speed regions, the candidate test conditions
are:

o Intermediate Speed: 30 mph, 0.04g, and 44 percent rated RPM

e High Spaed: 53 mph, 0.00g, and 60 percent rated RPM.

This test methodology also hes the advantoge of simplicity since it is bi=modal . However,
it has the disedvantage that both modes correspond to rather low accelerations. Thus, the
nolse generating machanisms present during higher accelerations may not be controlled by
these test conditions.

Considering both speed and acceleration regions, the candidate test conditions
are:

e Intermediate Speed Crufse: 33 mph, 0.00g, 43 percent rated RPM

e Intermediate Speed Acceleration: 27 mph, 0.10g, 46 percent rated RPM
e High Speed Cruise: 54 mph, 0.00g, 61 percent rated RPM.

This test methodology 1s more complex than those above, since it consists of three modes.
However, it has the advantages that each test conditlon corresponds to regions of high

acoustic energy emisilon and o relatively high acceleration is included.
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[+ should also be noted that, for automatic transmission vehicles, the intermediate
speed acceleration test condition is essentially the same as Test Condition 2 in the EPA
Urban Acceleration Noise Test Procedure for light vehicles:‘ which specifies an accelera~
tion of 0.12g at 25 mph, corresponding in practice to 0.12g at 47 percent of maximum

rated engine speed.

5.4 Recommendations

The result of the current program has been to identify three candidate test method-
ologies — two consisting of bi=modal test conditions, the third consisting of tri-modal test
conditions. Each of the preposed methedologies has advantages and disadvantages, thus «

policy decislon must be made as to which test procedure is most appropriate .

In order to assist In the decislon making process, it is necessary to validate each
sot of test conditions on a larger number of light vehicles to ascertain if, indeed, they
can be attained for all such vehicles. Such has been shown to be the case for the interme~

diate speed acceleration test conditions.

In addition, concurrent tests should be performed to determine how tire noise can
be minimized for each of the proposed operating conditions. One possibility may be to
perform ‘the-high=speed crulse tests ot the engine speed indicated, but in a gear that pro=
duces a lower speed. Assuming that transmission noise Is not a major factor, this procedure
should produce the sume noise levels as the given test conditions. Consideration must also
be given to performing such a modified low speed "cruise" test af a slight acceleration in
order to simulate the load on the engine due to drag af the higher speed. Finally, addi-
tional experiments should be conducted to investigate the feasibllity of replacing some of
these maving tests with stationary test procedures and the feasibility of locating the meas-

uring microphone ot distances other than 50 feet from the vehicle.

Once such information is in hand, informed decisions can be made s to the selection
of a specific test methodology. Then detailed test conditions, instrument specifications, and

field site requirements can be developed for the selected test methodology .
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INTRODUCTION TO APPENDICES

in order to maintaln compatibliity with previous studies of vehicle operating
parameters a mixed system of English units has been used for vehicle speed and accel-
aration in the tables that follow. The conversion factors relating the units used in these

tables and stendard metric units are:

It

1.60% km/hr
35.32 km/hr/sec

1 mph
1y

n

In addition, the conversion from acceleration In g's to acceleration in mph/sec is:

1 g = 21.94 mph/sec

The lower limit, center, and upper limit of each speed, acceleration, and RPM

bin used in these tables is shown In English and metric units tn Tables '1,° 1, and 111,

Finally, the symbols MLE" and "GE", which are used in the tables. tm:Appendices.

D~M, have the-following meanings:

LE: less than or equal to

GE! greater than or equal to
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" -Table 1. Vehicle Speed Bins

Speed (mph)

Speed (km/hr):

Lower Upper Lower Upper
Bin Limit Center | Limit Limit Center | Limit
1 0.0 2.5 5.0 0.0 4.0 8.0
2 5.0 7.5 10.0 8.0 12.1 16.1
3 10.0 12,5 15.0 16.1 20.1 24.1
4 15.0 17.5 20.0 24, 28,2 32.2
5 20.0 22.5 25.0 32.2 3.2 40.2
] 25.0 27.5 30.0 40.2 44,2 48.3
7 30,0 | R.5 35.0 48.3 52.3 56.3
8 35.0 37.5 40.0 56.3 40,3 64.4
9 40.0 42.5 45.0 é4.4 68.4 72.4
10 450 | 475 | so.0 | 724 | 784 | 805
1 50.0 52.5 65.0 80.5 84.5 88.5
12 55.0 57.0 60.0 88.5 92.5 96.5
13 60.0 62.5 65.0 95.5 100.6 1| 104.6
14 65.0 - - 104.4 - -
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':.Table 1+ Vehicle Acceleration Bins

P

alg) almph/sec) alkm/hr/sac)
r:' Lower Upper |Lower [ ~  |Upper | Lower Upper
Pt Bin Limit Center Limit ILimit |Centar:{Limit | Limit |Center | Limit
- - -0.3125 | ~ - [-6.9 - - =11.0

|

~0,3125 [ -0.3000 (-0.2675 [-6.9 | -6.6 |-6.3 [=11.0 | ~10.6 |-10.2
~0,2875 [ -0.2750 [-0.2625 |-6.3 | ~6.0 |-5.8 | -10.2 | -9.7 |.-9.3
-0.2625 | -0.2500 [-0.2375 [-5.8 |-5.5 |-5.2 | -9.3 | -8.8 | -8.4
-0.2375 | ~0.2250 [-0.2125 [-5.2 |-4.9 |-4.7 | 8.4 [ -7.9 | 7.5
-0.2125 [ ~0.2000 [-0.1875 |~4.7 | -4.4 [~4.1 | =75 | 7.0 | -6.6
-0.1875 [ =0.1750 [-0.1625 [~4.1 [-3.8 |-3.6 [ -6.6 | -6.2 | -5.7
~0.1625 | ~0.1500 [-0.1375 |-3.6 {-3.8 |-3.0 | -5.7 | -5.3 | -4.9
~0.1375 | ~0.1250 {~0.1125 |-3.0 | -2.7 |~2.5 | -4.9 | -4.4 | -4.0
-0.1125 | ~0.1000 {-0.0875 |-2.5 | -2.2 [~1.9"| ~4.07 -3.5 | -3.]
-0.0875 | ~0.0750 [-0.0625 [~1.9 | =1.6 [~1.4 | =31 [ =2:67] -2.2
~0.0625 | =0.0500 [-070375°[ 1.4 | ~1:1 |-0.8:[~<2.2 (2138~ 1.3
~0.0375 | ~0,0250 |-0.0125 |=0.8 [ ~0.5 [-0.3 | ~1.3 | -0.9 | -0.4

LRI TR UM AT

- e o kb R
-— -
— O M @ N O B WD B —

-3
—
5 ]

3 13

s 14 | -0.0125 | 0.0000 | 00125 |-0.3 | 0.0 | 0.3 | -0.4| 0.0 | 0.4

k 15 0.m25) 0.0250 | 0.0375 [ 0.3 | 05| 0.8 0.4 0.9 | 1.3

g 16 | 0.0975| 0.0500 | 0.0625 [ 0.8 1.1 | 1.4 1.3] 1.8 2.2

[ 17 | o.625 | 0.0750 | 0.0875 [ 1.4 | 1.6 | 1.9 | 22| 2.6 | 3.
18 | 00875 01000 | 0.1125 | 1.9 | 2.2 | 2.5| 31| 35| 4.0

0.1125 } 0.1250 | 0.1375 | 2.5 | 2.7 | 3.0 4.0 4.4 4.9
0.1375 | 0.1500 | 0.1625 | 3.0 | 3.3 | 3.6 4.9 5.8 5.7
0.1625 | 0.1750 | 0.1875 | 3.6 { 3.8 | 4.1 5.7 6.2 6.6
01875 | 0.2000 | 0.2125 [ 4.1 | 4.4 | 4.7 6.6 7.1 7.5

SR RTINS T e
3'—“". E e
(%] ——
-_ ~0

n
[=]

N
]

! 23 0.2125 | 0.2250 | 0.2375 | 4.7 | 49| 52| 75| 7.9 | 8.4
i - 24 0.2375 | 0.2500 | 0.2625 ) 5.2 | 55| 5.8 8.4 | 8.8 9.3
I 25 0.2675 | 0,2750 | 0.2875 | 5.8 | 60 | 6.3 | 9.3 | 9.7 | 10.2
L ,
26 0.2875 | 0.3000 | 0.3125 ( 6.3 | 6.6 | 6.9 | 10.2 ] 10.6 | 11.0
_, 27 0.3125 - - 69| - - I nol| - -
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" Table Hl. Engine RPM Bins
RPM

. Bin t?n\;ir Center ll:!‘m‘:r
1 0 125 250
2 250 375 500
3 500 425 750
4 750 875 1000
5 1000 1125 1250
6 1250 1375 1500
7 1500 1625 1750
8 1750 1875 2000
9 2000 2125 2250
i0 2250 2375 2500
" 2500 2425 2750
12 2750 2875 3000
13 3000 3125 3250
14 3250 3375 3500
15 3500 35625 3750
16 3750 3875 4000
17 4000 - -
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