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ABSTRACT

This report on modal analysis of automobile emissions was prepared
for the United States Environmental Protection Agency's Division of
Certification and Surveillance, Ann Arbor, Michigan under EPA Contract
No. 6B-01-0435.

The mathematical model and allied computer programs which are
described in this report enable an analyst to calculate the amounts of
hydrocarbons, carbon monoxide and oxides of nitrogen emitted by individual
vehicles or vehicle groups over any specified driving sequence. The model
requires as input the amounts of the three pollutants given off by individual
vehicles over short duration driving sequences (modes) in which speed is

a monotonic function of time.

The validity of the model is investigated by using it to predict
emissions for individual vehicles over the Surveillance Driving Sequence (SDS)
and the first 505 seconds of the hot Federal Test Procedure (FTP) driving
sequence. The ability of the model to predict actual vehicle emissions is
compared with the reproducibility of the actual vehicle emissions measured
in replicated tests. [sing this analysis, the model performs extremely well.
The model has maximum effectiveness as a predictor of group emission charac-
teristics of warmed-up vehicles. It is understood that the mathematical
model should be used only within the region of speed and acceleration space

which is spanned by the input modal data.

It should be noted that because of the specifics of the study desipn
and the data collection process, the same vehicles were tested over the SDS
and FTP. Therefore, the test of model performance may have been more favorable
than would have been the case if the data had been obtained from two different

vehicle fleets.
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1. INTRODUCTION

In many geographic regions, the major portion of hydrocarbons (HC),
carbon monoxide (CO), and nitrogen oxides (NOx) present in the environment is
due to motor vehicle emissions. The impact of motor vehicles on the environ-
ment in a given location is a function of many factors. Among these factors
are the emission characteristics of individual vehicles, the mix of vehicles
in a particular traffic way, the numerical concentration of vehicles per mile
or per unit of area, and the driving pattern in which the vehicles are employed.
This driving pattern is influenced by the functional use of the traffic artery
(i.e., whether inter or intra city, whether it serves industrial or recreational
purposes, etc.) as well as a number of other items. Other items include the
design of the highway (e.g., whether it is designed for high or low speed) and
the extent to which it passes through and is limited by population density.

It has been well established that emission rates for a particular
automobile depend upon the manner in which the vehicle is operated -- that is,
emission rates are different for different accelerations or decelerations. In
a particular trip taken by an automobile in traveling from Point A to Point B,
that automobile will exhibit a particular time profile of acceleration and
velocity. The trip may entail a number of starts and stops, as well as a range
of speeds determined by traffic conditions, local speed controls, and other
factors. As the vehicle travels from A to B, this time profile or "driving
sequence', together with the emission characteristics of the vehicle, determines
the pollution contribution to the atmosphere. Due to the fact that emissions,
expressed in grams per miles, vary along the route, the distribution of the
vehicle emissions, as well as the total contribution of pollutants to the
atmosphere, can be determined. Indeed, the traffic way can be considered as
a line source of pollution, the strength of which depends on vehicle density,
vehicle mix, driving sequence, and the emission characteristics of individual

automobiles. Finally, the local concentration of pollution along this route
is determined by this line source distribution mechanism acting in concert with

meteorological transport processes such as wind and diffusion.

To assess the impact of vehicular emissions on a particular section
of highway requires, therefore, a number of data inputs. These include

characterization of both traffic and emission parameters. Traffic parameters



include numerical traffic density, traffic composition (makes and models
of vehicles), and traffic flow characteristics (speed, starts and stops,
rates of acceleration and deceleration). Emission parameters include

emission rates for various categories of vehicles where these rates are

expressed as functions of driving variables such as speed and acceleration.

The required traffic parameters can be readily obtained by
monitoring traffic along the route in question. The number of vehicles
passing various points along the way per unit of time can be counted, and the
total number of vehicles can be broken down into homogeneous groups accord-
ing to make, model, age or other factors influencing emissions. Moreover,
speeds and accelerations prevailing along the route can he measured by
observing a ''tagged" automobile or by instrumenting a vehicle and injecting

this vehicle as a "probe' into the traffic stream.

In contrast to the relatively straightforward approach to traffic
parameter assessment, the evaluation of applicable vehicle emission functions
proves to be quite difficult unless a means can be found for modeling the
infinite multiplicity of driving sequences which can arise. It is to be noted,
for example, that the EPA Surveillance Driving Sequence is only one of the
infinitude of possible sequences. Standard emission tests based on a pre-
scribed driving sequence serve the purpose of comparing vehicles according to
a standard set of operating conditions and make it possible to implement
emission control standards and to check compliance with these standards.,
However, they are not structured in such a way as to readily provide the
ability to predict vehicle emissions over an arbitrary driving sequence. A
generalized prediction capability can be accomplished by breaking the standard
sequence, or any other available sequence, into segments having specified
speeds and accelerations. Then, these segments can be appropriately recombined
to form other driving sequences. In this way, one hopes to be able to approx-
imate any desired driving sequence by appropriately weighting the various
segments according to their time duration in the sequence to be modeled. The
segments are referred to as operating ''modes'" and any analysis based on the

use of these modes as a "modal analysis'.



1.1 MODAL ANALYSIS OF VEHICLE EMISSIONS

In 1971, the Surveillance Driving Sequence (SDS) was developed by
EPA to measure vehicle emissions over a variety of steady state and transient
driving conditions. The acceleration and deceleration modes represented in
the SDS consist of all possible combinations of the following five speeds:
0 mph, 15 mph, 30 mph, 45 mph, 60 mph, The average accéleration or
deceleration rate observed for each mode in the Los Angeles basin is used
during operation of 20 of the transient modes. In addition, 6 of the tran-
sient modes are repeated using accel/decel rates higher or lower than the
average rate in order to determine the affect of accel/decel rate on emissions.
These acceleration and decelerations were chosen to represent the full range
of accelerations and decelerations observed in the CAPE-10 project.*

The concept of modal analysis examined in this report employs as
input data the emissions measured for the 37 distinct modes of the SDS. These
modes can be characterized by an average speed and an average acceleration.

Of the 37 modes, 5 are regarded as ''steady state' -- that is, the acceleration

is zero. The five modes represent average speeds of 0, 15, 30, 45 and 60 miles
per hour. The other 32 modes represent either periods of acceleration or
deceleration and are characterized by an average acceleration, which is constant,
and an average speed. The importance of the speed constraint can be appre-
ciated by noting that if a vehicle accelerates from 0 to 15 miles per hour in

t seconds, its emissions response is not the same as when it accelerates from

15 to 30 miles per hour or 45 to 60 miles per hour in the same time of t

seconds,

The mathematical model which has been developed to predict vehicle
emissions over any specified driving sequence is derived from vehicle data on
emissions from the 37 modes of the SDS. One difficulty presented by the use
of these discrete modes as inputs to a continuous driving sequence model is
that during much of the sequence, the vehicle may be operating at velocities
and accelerations not included in the set of five steady state and 32 accel/decel
modes. For example, a vehicle traveling at 23 mph is neither in the 15 mph or
30 mph steady state mode. To arrive at a continuous predictive model, one must
be able to interpolate or otherwise estimate the appropriate emission rates for

* "Construction of Chassis Dynamometer Test Cycles', Scott Research Laboratories,
Inc., November 18, 1971.



all combinations of speed and acceleration encountered in the driving

sequence.

The primary contribution of this report is the development of a
scheme whereby emissions from the 37 discrete modes can be expanded into a
continuous function of time. Any driving sequence can be reduced to a
speed time profile. Since acceleration is a function of speed change and
time, both speed and acceleration can be expressed as continuous functions
of time. The emission rate of a vehicle at a given point in time is dependent
upon its speed and acceleration. Using these functional relationships, it is
possible to integrate the emission rate function according to the time history

of speed and acceleration associated with the driving sequence in question.

An essential feature of the model presented in this report is a
regression function which can, for purposes of visualization, be represented

as a 'surface" in speed-acceleration space as shown below.
»
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Emission Response Surface

For any point (Vv , a) in the speed-acceleration plane there corresponds an
instantaneous emission rate é (v,a). The surface can be represented by a
mathematical equation of the form: é = f(v,a) in which the function f contains
a number of adjustable constants. These constants can be selected to represent
the emission characteristics of a particular automobile or can be selected to
represent the mean emission characteristics of a collection of automobiles.
This collection need not be homogeneous with regard to make, model, age or
other identifying characteristics of automobiles. However, if a comparison

of homogeneous sets of vehicles is desired, a characteristic emission function



for each set can be derived. In short, the model presented in this report
can be applied to individual vehicles or to composite groups of vehicles
selected in whatever way is meaningful to pollution assessment. The flex-
ibility of the model in this connection rests on the fact that the emission
rate function is developed as a linear function of adjustable constants
which can be particularized to an individual vehicle. Since the pooling of
emissions for a composite group of vehicles is itself a linear summing
operation, the composite emission function can be derived in a straightforward
manner as a weighted linear sum of the emission functions for individual
vehicles. Determination of the best process for pooling emissions from a
collection of vehicles is beyond the scope of this report, but, to provide
perspective for the use of the modal analysis, it is essential that

certain aspects of composite emissions modeling be considered since they
affect the modal analysis model.

1.2 COMPOSITE ANALYSIS OF VEHICLE EMISSIONS

Computation of the emissions emanating from a particular traffic way
in a given period of time is a composite of the emissions produced by all the
vehicles which traversed that traffic way during that time. Quite clearly, it
is not possible to assess the instantaneous emission rate functions for each
automobile. However, if the composition of the vehicle mix is known or can be
determined or postulated, one can define what might be called a “pilot mix" or
analog of the actual traffic composition. For example, suppose that a fraction
Py of the vehicles belong to Category 1, a fraction P, of the vehicles belong to
Category 2, and so on, and that the number of vehicles traversing the traffic way
per unit of time is N. An analog of this mix is n vehicles, where n~6<N; in which
there are pyn vehicles of Category 1, pon vehicles of Category 2, etc. in the
sample. If the constants for the emission-rate finction are determined for
each of the n vehicles in the sample, these constants can be averaged over
all vehicles comprising the sample to produce an emission rate function
which is '"typical" for the mix. This composite emission rate function can
then be used to compute a typical or average emission for the specified



driving sequence, where by 'typical' is meant ''representative of the
vehicle mix in question.'" By multiplying this average emission by N, the
total number of vehicles traversing the traffic way per unit of time, an
estimate of the total emission contribution in the time can be obtained.
Note that, by virtue of the additive nature of the model, the result will
be the same asuif“separate contributions to the composite were computed
for each vehicle in the sample by means of its own specific emission-rate
function, and then these individual emission outputs were added and scaled
up by multiplying by the factor N/n.

The approach taken above can be referred to as the method of pro-
portional sampling -- that is, the number of vehicles in each category in the
sample is proportional to the corresponding number of vehicles in each type
in the population. An altemative approach is one in which no attempt is
made to produce an analog of the mix in the population but rather an emission-
rate function for each category is established independently of all other |

categories. For example, n, vehicles of Category 1 would be subjected to

modal analysis and an avera;e emission rate function determined for Category 1
vehicles. Similarly, n, vehicles of Category 2 would be analyzed to determine
an average emission rate function for Category 2 vehicles, and so on. 1t is
presumed that the number of vehicles tested in each category (that is, n,
nz....) would be such that the desired precision is realized; among other
things, these numbers would depend on the intra-class variability. Then, given
that each category of vehicle has been characterized by an emission-rate
function, a composite emission-rate function for any mix of vehicles could be
computed as a weighted average of the emission-rate functions for the several

categories,

In view of the flexibility of the modal-analysis model, the definition
of homogeneous categories of vehicles is not necessary. Indeed, categories of
vehicles can be constructed arbitrarily, so long as these arbitrary categories
are useful in the particular problem under study and can be weighted appro-
priately in the composite result. Nevertheless, it was considered of interest
to examine available modal data to determine if any significant groupings
were evident and whether these groupings might influence the application of
the emission model. In this connection it was found, by discriminant-function
analysis, that vehicles in Denver exhibit somewhat different emission-rate
functions from comparable vehicles in other cities (see Appendix 5), The only



way in which this observation affects the use of the model, however, is

in the choice of input data. In short, to model traffic ways or to compare
alternatives in Denver or in high-altitude locations one must use input
modal data appropriate to these locations. In all other respects, the
‘application of the emission model would be unaffected.

-The model is particularly valuable if the analyst wishes to examine
alternatives, such as alternative routes or highway designs, before an actual
highway is built. By postulating the anticipated mix of vehicles and the
anticipated driving sequences, the relative desirability of alternatives can

be ranked according to their pollution impact.

1.3 REPORT SCOPE AND PREVIEW

In the ensuing sections of this report a methodology will be pre-
sented that will enable an analyst to predict the amount of hydrocarbons
(HC), carbon monoxide (CO) and oxides of nitrogen (I\Ox) given off by indivi-
dual or specified distributions of light duty vehicles as these vehicles
move from point A to point B by some defined speed-time profile.

The methodology will be presented in a somewhat classical modeling
approach. First, a description of the problem and the proposed model
objectives will be given in terms of the data that are available (the iconic
model). Secondly, a mathematical model will be developed that parallels the
iconic model in its objectives. This model will be amenable to computer
implementation, The model's performance will then be analyzed to see if it
is able to meet the objectives set for it.

The proposed methodology is intended to be flexible enough to
accomodate changes in emission parameters which are expected to result from
improvements in emission control systems. This flexibility will also allow
modi fication or extensions of the model's objectives as the need for such
modifications arise.



2.0 PROBLEM DEFINITION

Problem definition can best be understood in terms of the inputs
and outputs of the model. Input data consist of vehicle modal emission
measurements and speed versus time profiles for specified driving sequences.

Output data consist of estimates of emissions for any given driving seoquence.

2.1  INPUT

Vehicle emission data are given for 1020 individual light duty
vehicles that represent variations in model year, manufacturer, geopraphic
location, engine and drive train equipment, accurulated mileage, state of
maintenance and attached pollution abatement devices. The individual vehicle
characteristics and emission data were obtained by Automotive Environmental

Systems, Inc. under EPA Contract No. 68-04-0042.*

For each of the 1020 vehicles in the data base, the following
- emission data are given for the three pollutants (HC, CO and Nox) under consi-

deration:

(A) Modal Emission Data: The amount of each pollutant emitted in

each of 37 defined speed-time profiles, There are three cases: speed is

monotonically increasing and acceleration is constant and positive over time

(accel); speed is monotonically decreasing and acceleration is constant and
negative over time (decel); speed is constant over time and acceleration is

zero (steady-state), as shown below.

#
Accel  Speed
2
Time
[ )
Decel Speed
Time §
L
Speed
Steady State
Time i

* APTD-1497 "A Study of Emissions from Light Duty Vehicles in Six Cities"
March, 1973. . '



The 37 speed-time curves are referred to as modes. There are 32 accel/decel
modes and 5 steady state modes. (See Appendix I for modal specifications.)

(B) Driving Sequence Emission Data

(1) The total amount of each pollutant emitted during
the Surveillance Driving Sequence: The Surveillance Driving Sequence repre-
sents a‘ speed-time curve of duration 1054 seconds; it is made up of the
32 accel/decel speed-time curves joined together by the 5 steady state
modes. The Surveillance Driving Sequence was performed after the vehicle
had performed the Federal Test Procedure Driving Sequence. Therefore,
emissions measured over the Surveillance Driving Sequence represent emissions
from a warmed-up vehicle. (See Appendix II for the speed-time values in the
Surveillance Driving Sequence.)

(2) Emissions measured for each vehicle twice using the
FTP, once from a cold start and once from a hot start: Emissions were
collected from the '"transient' and '"stabilized' portions of these tests and
the data are reported as ''cold transient", 'cold stabilized", "hot transient”
and ""hot stabilized' values. Emissions from the Federal Short Cycle were
also measured. In the study of model effectiveness, the values used were the
amount of each pollutant given off during the FTP "hot transient' driving
sequence (see Appendix II for the first 505 seconds of the Federal Test
Procedure Driving Sequence). Hot transient data were used since the model has
maximum effectiveness as a predictor of emissions for warmed-up vehicles, The
use of data from the Federal Short Cycle to measure the effectiveness of the
model has been left for future work.

NOTE: The total amount of a pollutant emitted by a vehicle as it executes
a driving sequence is often referred to as the ""bag value'.

2.2 OUTPUT DATA

Given the modal emission data on an individual vehicle, the basic
objective of the model is to develop a method which can predict the emission
response of this vehicle over any specified driving sequence. The predictive
ability of the model is restricted to accelerations and speeds in the sequence
which do not exceed the range of accelerations and speeds spanned by the input
~modal data. In addition, it is desired to extend these individual vehicle
responses so that the emission responses of specified homgeneous groups of
vehicles can be predicted.



3.0 OVERVIEW OF THE MATHEMATICAL MODEL

In this section a general description of the mathematical model
development is given. A more detailed version of the model appears in

Appendix III.

3.1 THE EMISSION RATE FUNCTION

The mathematical model used to describe the emission response of a
vehicle or group of vehicles is built around the concept of an instantaneous
emission rate. (The instantaneous emission rate is defined as the rate at
which a pollutant is given off at a specific point in time.)

If the amount of a pollutant emitted by a vehicle from time = 0
to any time = t is denoted by e(t), then the instantaneous emission rate
function &(t) is defined as the time rate of change of e(t).

(1) e(t) = dle(®)]

The instantaneous emission rate at a specified time T is the value of the
emission rate function evaluated at this time:

In the development of this model, it has been assumed that the instantaneous
emission rate of a vehicle is a function of its speed, v and acceleration, a.
Since speed and acceleration are considered to be time dependent, the emission

rate function can be expressed as

(3) e(t) = e(v(t), a(t)) = e (v,a)

Inherent in the definition of a driving sequence is a speed-time
(and therefore acceleration time) profile. The amount of a pollutant given
off by the vehicle over a driving sequence lasting T seconds is then given
by integrating the emission rate function over the speed-time curve for the

driving sequence of interest:

10



T

(4) e(T) = Sétv(t) ,a(t))dt

o ,
where v(t) and a(t) are the values of speed and acceleration at time = t
specified by the driving sequence.

In practice the driving sequences are specified by a series of

speed-time points along the speed-time curve that are equidistant in time,
as shown below.

1
SPEED
»TIME
where t2 - t1 = t3 - t2 B e e o= tn - tn -1= At
The integration in equation (4) is then approximated by the following summation:
M-
(5) e(T) = Z S(v;.d;) At
1=1
where
A Vis1lt Yy
Vi ¥ )
T I S
* at
Nats=T

At this point, it is necessary to determine a suitable functional form
of the instantaneous emission rate function in terms of speed and acceleration.

3.2 STEADY STATE AND ACCEL/DECEL* EMISSION RATE FUNCTIONS

It is necessary to determine a functional form for the emission rate

function for the steady state case and the case of accel/decel. In the steady

~ state case (acceleration equals zero, constant speed) the emission rate
function is a function of speed only. This case is presented first.

*

If a(t) = acceleration at time t, then a(t) <o decel. a(t)>e= accel.

i1



For each of three poliutants, steady state emission rates averaged
over the 1020 vehicles in the data base were plotted against speed.
Inspection of these plots (Figures 1, 2 and 3) suggested that the steady

state emission rate function és could be expressed as a quadratic function
of speed:

. 2
(6] es(vj =5t S, V4 sy

where 1+ S and S5 are constants.

In the case of non-zero acceleration (accel/decel), the assumption
is made that the acceleration occurring at a given speed is a perturbation
to the steady state emission rate at this speed. This perturbation can be

accounted for by letting the coefficients Sy» Sp and sg become functions of

acceleration. If it is assumed that quadratic functions of acceleration represent
good approximations to these coefficients, the coefficients can be expressed
as follows:

w
[
n

s,(a) = +q a+ az
1 91 12 3

~
~3
(]
4
N
n

s.(a) = + a+ az
2 A1 * 9223 * 433

2
s3(a) = q3) + a5y + qq2

where the q's are constants., The emission rate function used during times of
non-zero acceleration éA can then be written in the form:

. - 2 2 2 2 2.2
(8) eA(via) = b1 + b2v + bsa + byav + bsv + boa s b7v a+ b8a v+ b9a v

where the b's are constants and can be expressed in terms of the q's. It is

noted that if a = 0 equation (8) reduces to:

pA

»
(9) eA[v,a =0) = b1 + bzv + bsv

which has the identical form as the equation for és. Thus, éA could be used

" to determine emissions for both steady state and non-zero acceleration periods.
At this point in the discussion, however, separate functions for steady state
and accel/decel emission rates will be retained; the reason for doing so will
be given later in this report.

12



The instantaneous emission rate function e for a given vehicle
and pollutant is a composite function given by:

(10)  &(v,a) = h(a)é (V) + (1 - h(a)) 8,(v,a)

where h(a) is a weighting function which is bounded by the values 0 and 1

and which is dependent on acceleration. Note that h(a) allows for a smooth,
continuous transition from steady state to accel/decel emission rate functions
or vice versa.

The next step is to evaluate the twelve coefficients (bi,i =1,9;
Si,i = 1,3) for each vehicle and pollutant. These coefficients will completely
specify the instantaneous emission rate function describing this vehicle's

response with respect to the given pollutant.

3.3 DETERMINATION OF THE COEFFICIENTS (bi, Si)

The coefficients that specify the instantaneous emission rate function
could be determined by a straightforward application of the least squares
regression method if values of the instantaneous emission rates were available.
However, the data base on vehicle emissions does not contain any instantaneous
emission rate observations for accel/decel modes; instead, the observations
reported are the total amounts of the pollutants collected over each mode or
the average emission rate for the mode (which covers many speeds). In this
light, the following method allows the determination of the coefficients that
specify the accel/decel instantaneous emission rate function.

(A) Specification of the Accel/Decel Emission Rate Function

It can be shown that if the proposed form of the instantaneous
accel/decel emission rate function is used to evaluate the functional form
of the average emission rate function, the same coefficients that specify
the emission rate function also appear in the average emission rate function
in a linear fashion (see Appendix III). Now, the values for the average
emission rate can be determined for each mode by dividing the amount of
~ pollutant given off in the mode by the time in mode. A standard least
squares regression analysis can then be performed on the average emission
‘rate function which will determine the values of the coefficients that
specify the instantaneous emission rate function. For example, suppose
the instantaneous emission rate function is given as:

13



*

e(v,a) = b1 + bzv + b3va

Then the average emission rate function <é(v,aPr) over T seconds is
defined as: T

1 pd 1
{e(v,a)) T FF § e(v,a) dt = + e (T)
Substituting the functional form of the instantaneous emission rate function
into the integral gives:

<ev,a)), = _}_F “. (b, +bav+bva) dt = e(T) /T
: ; T
. . l A gb
<e(v.a)>1-=__l?.§)b°\t +_T-§\>a.vd-t +To ava dt
o
T T T
Let V= -‘.\:- ngi)mz_%_ C\VJt, and since —_‘L g At = 1, have
(s] 0 o

e(T) /T = b+ baV + byav
The total emission e(T) given off in each mode and the time in each mode T are
known. Vv, and av can be determined for each mode. The coefficients (b;) can
therefore be obtained through least squares regression analysis applied to
the average emission rate function.

For the general model, there are 9 coefficients to determine and 32
accel/decel modes. A least squares regression analysis can be performed on
an individual vehicle or on the mean of a group of vehicles. This approach
forms a logical bridge from the experimental observations to the specification
of the accel/decel emission rate function.

(B) Specification of the Steady State Emission Rate Function

In the case of steady state conditions, the speed ddes not change
with time. Thus, the average emission rate is equal to the instantaneous
emission rate. Values of the steady state emission rate function are then
available from the experimental observations, and the coefficients are evaluated

directly using least squares regression techniques.

* This expression in only an example, deliberately simplified for illustrative
purposes,

14



There is, however, one problem that crops up with the above straight-
forward least squares approach. The values of the emission rate vary greatly
between speed zero (idle) and a speed of 60mph. As a result, the least
squares approach sometimes produces a steady state emission rate function which
predicts negative emission rates for certain speeds. In this event, the function
is adjusted by means of a constraint on its minimum value. The two lowest emission
rates measured experimentally are determined and averaged. Similarly, the speeds
corresponding to these two rates are also averaged. The average rate and average
speed determined in this way are then taken as the coordinates of the minimum
point of the emission rate function. Two of the three coefficients that specify
the steady-state emission rate function are thus determined; the third is computed

by the least squares method subject to this constraint (see Appendix 1I for details).

3.4 THE COMPOSTTE EMISSION RATE FUNCTION

As stated earlier, two separate emission rate functions were desired
in order to describe accel/decel and steady state conditions. The two functions
are then joined by means of the weighting function as defined by equation (10).
The reason for retaining a separate function for steady state conditions when
the accel/decel function appears flexible enough to handle the steady state case
is that the accel/decel rate function also produces negative emission rates in
some cases for steady state speeds; any efforts to modify the coefficients to
constrain the function to yield only positive steady state emission rates would
produce serious errors when the function is used to evaluate accel/decel
emission rates. The composite emission rate function allows the freedom to
adjust the coefficients of the steady state emission rate function without

disturbing the accuracy of the accel-decel emission rate function.

3.5 VEHICLE AND VEHICLE GROUP CHARACTERIZATION

Once the emission rate function for a vehicle and pollutant is
specified, it can be used to obtain this vehicle's response, over any given
driving sequence, by integrating the rate function over the speed-time curve

defined by the driving sequence. Each vehicle is characterized by 36
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parameters or coefficients; 12 parameters for the specification of each

emission rate function describing the HC, CO, and NOx response.

The characterization of a group of vehicles can be achieved by

defining the emission rate function for the average vehicle within the group:

Let bijk = k'th coefficient in the emission rate function for the j'th
vehicle within the group and i'th kind of pollutant.
Ng = number vehicles in the group.

= k'th coefficient in the emission rate function describing the

ot

[

=
W

average vehicle's i'th kind of pollutant response.

Ng

1
an By, - N b5 jk

P
1}

~Thus, the group emission rate functions are determined by averaging

the coefficients which make up the emission rate fumctions of each vehicle

in the group. The emission response of the group over any drivinpg sequence

is then determined by multiplying the average vehicle's response by the number
of vehicles in the group. The average vehicle's response is obtained by
integrating its rate function over the speed-time curve specified by the

driving sequence.
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4.0 COMPUTER IMPLEMENTATION

The computer version of the mathematical model to calculate emissions
given off from individual vehicles and vehicle groups over any specified driv-
ing sequence is made up of two main programs:

Main Program 1

A main program to compute emissions from individual vehicles over
any specified driving sequence.

Main Program II

A main program to compute emissions from a specified group of vehicles
over any specified driving sequence.

The main programs are used to read in the speed-time values of the
driving sequences, to perform any filtering operations needed to define vehicle
groups, to write out calculated emission values, and to call in proper sequence
the following set of routines which perform the majority of calculations:

Subroutine SETUP

Qutput: Subroutine SETUP determines the basis function factor arrays
for the accel/decel and steady state emission rate functions. These arrays are
labeled AA and AS, respectively.

Input: Speed-time values . for the Surveillance Driving Sequence.
Utilization: Called once in each main program.

Other Subroutines Used: Subroutine INVERS {to calculate the inverse
of a matrix).

Subroutine EDOT

Output: Subroutine EDOT calculates the 36 coefficients specifying
the three emission rate functions for an individual vehicle.

Input: (i) The amount of each pollutant given off by an individual
vehicle in each of 37 modes.

(ii) The basis function factor arrays AA and AS determined
by subroutine SETUP.
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Utilization: EDOT is called once for each individual vehicle con-

sidered in main programs I and II.

| Other Subroutines Used: Subroutine PAD.

Subroutine PAD

Qutput: Subroutine PAD calculates a set of 3 coefficients that
specify the steady state emission rate function for an individual vehicle such
that the emission rate function does not produce any negative emission rates.

Input: The amount of pollutant given off by an individual vehicle
in the five steady state modes.

Utilization Called once from subroutine EDOT for each individual
vehicle that originally had a steady state emission rate function that pro-
duced negative emission rates.

Other Subroutines Used: None.

Subroutine EDGRP

Output: A set of 36 coefficients that specify the emission rate
functions for the average vehicle within a group of vehicles.,

Input: (1) The 36 coefficients specifying the emission rate func-
tions of individual vehicles determined by subroutine EDOT.

(ii) Sequence indicator INT.

Utilization: Called by Main Program II only; once for each vehicle
in the group (INT = 1 for first vehicle in the group, INT = 2 for all the
following vehicles in the group), and once after all vehicles in the group
have been considered (INT = 3),.

Other Subroutines Used: None.

Subroutine ESUM

Qutput: The amounts of the three pollutants (HC, CO, Nox) given off
by an individual vehicle or a group average vehicle over any specified driving

sequence,
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Input: (i) The 36 coefficients that specify the emission rate
functions determined by subroutine EDOT (Program I} or subroutine EDGRP (Pro-
gram II).

(ii) The velocity~-time values for the driving sequence under
considerstion.

Utilization: Called once for each vehicle in Main Program I, called
once for the group under consideration in Main Program 1I.

Other Subroutines Used: None.

Subroutine INVERS

Output: The inverse of any two-dimensional square matrix of dimen-
sion less than 20,

Input: (i} The matrix whose inverse is desired.
(ii) Dimension of the matrix,

Utilization: Called once by subroutine SETUP.

Other Subrcutines Used: None.

Flow charts for the main programs (see Figurgs 4 and 5))
show the calling order for the four main subroutines: SETUP, EDOT, EDGRP and
ESUM, 1In any main program the following calling sequence of the main subrou-
tines must be strictly observed:

SETUP

b
TN

=
EDGRP

e .‘f”’/’/

Listings of the main programs and subroutines are given in Appendix IV.
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5.0 MODEL PERFORMANCE

Evaluation of the performance of the model can be approached only by
comparing computed and measured quantities. For this purpose, it was found
convenient to use the Surveillance Driving Sequence and the first 505 seconds
of the Hot Federal Test Procedure driving cycles as measurable quantities and
to compare these quantities with the corresponding outputs predicted by the
model. Also, it must be appreciated that the degree of agreement between com-
puted and observed results will vary from vehicle-to-vehicle and that ultimate
evaluation of the validity of the model must take into account this statistical
variability. Toward this end, several statistical quantities were employed,
as discussed below.

5.1 STATISTICAL INDICATORS OF PERFORMANCE

Notation

oij = observed amount of ith kind of pollutant given off by jth

vehicle over a specified driving sequence (observed bag value)

h kind of pollutant given off by jth

vehicle over a specified driving sequence {calculated bag value)

C;; = calculated amount of it

Nc = number of vehicles in sample (1020)

Rij = bag value error = 0.lj - Cij

To analyze the performance of the emission rate model in predicting
bag values, the following statistics are evaluated:

{a) The Mean Bag Error or Bias (ﬁi) for each type of pollutant:

R:

"
~Z
zZ
n
iz
~

e

(

A
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Rt

1
~
pd
P
.rv/l
I
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(b) The Standard Deviation of the Bag Error ((;—R.) for each pollutant:

1 —

e _
7. =\[(ATL7)JZ_, (Rej -R: )"

(c) Root Mean Square Deviation of the Bag Error (RMBi) for each
pollutant: — 2
RMS; = V R, + Up!

[

(d), (e), (f) The Mean, Standard Deviation and Root Mean Square
Deviation of the Bag Error expressed in terms of percent of the
observed mean bag value for each pollutant (5&).

Ne

0(, = Z 0°J/Nc.
y=!

(B 10:) 100 %

(Te: /O ) 1009

7

(JR: + T2 )&:) 1009

The mean, standard deviation, and root mean square deviation of the
bag error together provide insight into how the bag errors are distributed.
Expressing these statistics in terms of percent of the observed mean gives an
indication of how serious the bag error distribution is.

5.2 PERFORMANCE RESULTS

The values of the statistics for bag values obtained in the Surveil-
lance Driving Sequence and first 505 sec. of the Hot Federal Test Procedure's
driving sequence (hot transient) are given in Tables 1 and 2.

A visual inspection of the distribution of bag value errors is offered
by Tables 3 through 8 and corresponding histograms on Figures 6 through 11,
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5.3 DISCUSSION AND EVALUATION

To focus attention on the adequacy of the model, it is helpful to
condense Table 1 and Table 2 to a somewhat more concise form, as shown below.

PERCENT RMS ERROR
BETWEEN CALCULATED AND OBSERVED BAG VALUES
FOR 1020 VEHICLES

Syrveillance First 505 Seconds Peders]
Driving Sequence : Test Procedure
HC 26.1 32.0
co 23.9 29.1
NO 27.1 28.0

X

. . . — ) 0
The percent RMS error is defined as: 2'{0‘;‘1 + E’- /Z) [ IDOA

and represents the combined systematic and random errors. It is a particularly
meaningful quantity if one assumes that the mean or expected difference between
the calculated and observed values should be zero. As will be noted ip Tables
1 and 2, the RMS values are largely dominated by the random error component, as
represented by ﬁz. Moreover, these tables, together with the histograms
showing the error distributions, suggest that the difference between cpmputed
and observed results cluster rather closely around the average error R and that
this average value deviates from zero by only a few percent of the avarage
measured bag values.

A logical question arises, however, as to the interpretation which
should be put on such terms as "cluster rather closely around the ayverage' or
on such quantitative measures of performance as '"25% RMS error". Against what
criterion are these measures of performance to be judged and is the model to be
judged satisfactory or unsatisfactory?
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To answer this question, one must consider the quality of the input
data and the manner in which errors in the input propagate into errors in the
output. In particular, one must inquire as to the repeatability of emission
measurements performed on the same vehicle and ostensibly under identical test
conditions. If the results of the Surveillance Driving Sequence or any other
specified driving sequence fail to fepeat on replicate tests, this failure can
not be traced to the inadequacy of a computational model, because no such model
is involved. The accruement of instantaneous emissions over the driving
sequence is a physical, not a mathematical, process of integration, and the
vehicle and the measuring instrumentation constitute the only 'computer' in
the system.

Of the 1020 vehicles in the input data set, 61 had been tested twice
each. Thus there were available 61 "replicate'' measurements from which can be
obtained a measure of repeatability of measurements,

This measure of repeatability can be easily obtained as follows.
Consider a particular vehicle, and compute the mean iL of the two replicate
measurements. Then compute the quantity

Az

—_ . a - e
Ty = (K- Xp ) + (¥er — Ke)
N -
where X.. .and X;, are the twb. replicate measurements for the kth vehicle., Since

1k 2k A
N = 2 in this case, the formula for'G-;z reduces to the simple form

Aa
Ca; fe = 522, (X k- )(Lﬁz)éz

A
2 < .
Now let us assume that the quantity gr'k is one estimate of the variance of

replicate determinations and that each of the other 60 pairs of values provide
an additional estimate. These 61 estimates can be pooled or averaged to obtain:

¢!

A

A= Y ). %
rR=/
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as a best estimate of the variance of replicate values. Similarly, the quan-
tities Xk (k=1, 2,........, 61) can be pooled to obtain an est1mate of the
mean X for the total collection of vehicles, and the quantity CT'/Xk can be

taken as a relative or percent standard deviation characterizing the repeata-
bility of measurements.

A
The values U_k/ik are shown below for the Surveillance Driving Se-
quence and for the first 505 seconds of the Federal Test Procedure.

PERCENT STANDARD DEVIATION BETWEEN
REPLICATE BAG VALUES FOR 61 VEHICLES

Surveillance First 505 Seconds Federal
Driving Sequence Test Procedure
HC 68.6 70.6
co 14.4 26.9
NOx 15.5 15.8

Comparison of these values with those obtained by comparing calculated and
measured results suggests that the errors are comparable in the two cases.
Consequently, it is concluded that the model is performing quite acceptably
and that, indeed, its performance is substantially limited by the variability
inherent in the test measurements themselves.

Further support for this point of view is found in Tables 9, 10
and 11. Based on the 61 replicates, the quantities X, F and(a' /Y) 100%
are presented for each of the 37 modes as well as the Surveillance
Driving Sequence and the FTP. The percent standard deviations for indivi-
dual modes range from 30% to nearly 100% for HC, from about 20% to 85%
for CO, and from about 20% to nearly 138% of NO_. These errors are
reflected as errors in the determination of the regression coefficients,
and these errors in turn determine the error of estimating the instantan-
eous emission rate at any point in the (a,v) - space. Procedures are available to
trace the error propagation through this rather involved process and to produce
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"variance maps' in (a,v) - space,* but this type of analysis is beyond the scope
of this report. Moreover, even if such a variance surface were available, one
must further translate this surface into its effect on the integrated emissions
for a particular driving cycle. In view of the relatively large errors in

modal input data, however, the 25% to 35% RMS errors obtained for model per-

formance do not appear unreasonable.

Further insight into this matter can be had by an elementary and
straightforward application of analysis of variance as follows. Denote by
Xigp (=1, 253 =1, 2k =1, 2,...c., 61) the 5*M replicate of the kP
vehicle, where i = 1 denotes measured values and i = 2 denotes values computed
from the model. For each vehicle, therefore, there are four values of total
emission for each of the pollutants HC, CO and NOy. These are:

11k = Bag value measured for first replicate

12k

21k
22k = Bag value computed for second replicate

Bag value measured for second replicate

ol o o
[}

= Bag value computed for first replicate

a

These four values can each be decomposed into components representing the effects
of the model, the effects of replication, and the interaction between replica-
tions and models.

Let us visualize the effect of the model as shown in the sketch below

INPUT --a{—__;;-_i----ib OUTPUT "Identity" model
INPUT-—,[I‘ —3 QUTPUT "Computational' model

In the '"identity model", the measured emissions are subjected toc no computation,

the bag values being those obtained directly from the measurement process itself.
In the "computational model', the modal measurements are used as the basis for

generation of an emission-rate surface, and bag values are computed by integra-

H. T. McAdams, "A Computer Method for Hypsometric Analysis of Abrasive
Surfaces," Advances in Machine Tool Design and Research, 1968, Pergamon Press,
Oxford, 1969, pp. 1149-1171,
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tion over the appropriate driving sequence. Thus if the data from replicate
tests are fed to these two ''models" as inputs, the outputs will differ because
of the difference in the "transfer functions," MI and MC’ of the two models.
The difference between the outputs of the models can be called the ''model
effect" and is a measure of the extent to which the computationally inte-
grated results fail to agree with the physically integrated results. In pre-
vious discussion we have referred to this difference as a measure of the
"validity' of the computational model. In the present analysis, however, we
wish to examine this difference in relation to the repeatability of the input

measurements.

An appropriate statistical model for the analysis is

Kije = e +Aip + fsjk + (”(/3)4/'12
i=1,2;j=1,2; k=1,2,...., 6l.

th th

where xijk is the output of the i model for the jth replicate on the k
vehicle. The convention, of course, is that i = 1 denotes the identity or
physical model and i = 2 denotes the computational model. The quantity /bLk

is the mean of the four output values for each vehicle and can be thought of

as the common or reference value against which model and replication effects

can be compared. The quantity a(ik is a departure from this mean occasioned

by the effect of the particular model; since g4lk + °<2k = 0, one of the models
will be represented as a negative departure, the other as a positive departure
from the mean. The quantity fzjk is a departure from the mean occasioned by
replication. As far as /Sjk is concerned, it is assumed that the difference
between replicates, in the statistical sense, is the same for the identity model
and for that computational model; hence, /3jk represents a pooled estimate incor-
porating both expressions of the replication effect. Since fglk - /35k = 0, one
of the replicates will be represented as a negative departure from the mean, the
other as a positive departure from the mean.

In reality, there is a distinct possibility that replication will be
influenced by the model--that is, it might be anticipated that replicate results
emerging from the computational model might be different from replicate results
emerging from the identity model, If such is the case, then there is inter-
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action between replication and models. This interaction is measured by the
term ( of Igg.jk’ which represents a '"correction", in a sense, to the assumption
that repeatability of the output does not depend on whether one is considering
the identity or the computational model.

Decomposition of xijk into components is easily accomplished by the
matrix transformation

1 1 1 1 xllk Mk
-1 -1 1 1 X .
14 12k | _ | Kk
-1 1 -1 1 lek /53](
i 1 -1 -1 lJ i x22k ("(fg)lﬁj
2 2

Moreover, 0& ik * Gix and (p( j) ijk represent, respectively, the mean squares
for models, replication and interaction in a two-way analysis of variance. Each

of these mean squares has one degree of freedom.

Our analysis is completed by computing these mean squares for each of
the 61 vehicles and averaging these values. These results are presented in
Table 12 under the heading '"mean squares'. Viewed directly, however, these mean
squares are somewhat misleading, because the statistical expectation of the mean
squares for--say, the models effect--is not the variance 0‘2 associated with
models but rather: =

2 2
L T+ 73,

where O;<2 3 is the interaction variance. Similarly, the expected mean squares for

replications is not the variance Jj associated with replications but rather
/

’7% Lo d‘dd

The expected value of the mean squares for interaction is (_ o( , however. By
solving the system of equations:

2 2
v, 0; + 0’-0(.3 = models mean squares

27



replicates mean squares

275" + J‘jfj

2
Crlx,d interaction mean squares

. ara 2 2
one can extract the variance components {, , 0’; and & g These are
displayed in Table 12 under the heading '"Variance Componentsd.

Though the analysis for HC, CO, and NOx as well as the analysis for
the two driving sequences give different results, the general impression is
that the models and replications effects are of comparable magnitude (note, in
particular, the results for CO and NOx for the Surveillance Driving Sequence).
In the case of HC, it appears that the replications effect is much larger than
the models effect for both the first 505 seconds of the Federal Test Procedure
and for the Surveillance Driving Sequence. However, examination of the data
for individual vehicles revealed that there was one vehicle for which the bag
values replicated so poorly that the case might be considered an outlier. This
single vehicle is largely respensible for the large replications mean square
for HC.

Special attention must be given to the interaction components. Though
there are several examples in which this component is of appreciable magnitude,
it can not be concluded that the computational model has poorer repeatability
than the identity model, because all of the variance components denote magnitude
only, not direction. Indeed, examination of the data for individual vehicles
reveals that the interaction effect is about as likely to be negative as posi-
tive., Often the interaction is occasioned by the fact that the ranking of the
two replicates is reversed when one goes from the identity model to the compu-
tational model. For example, in the identity model the first replication might
yield a higher bag value than the second, but in the computational model the
reverse might be true, yet the magnitude of the difference between the two
replicates might be the same in both cases.

In conclusion, the computational model performs remarkably well in
view of the relatively large errors in the modal emission rates which serve as

inputs. Since the model reproduces the measured bag values about as well as a
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replicate does, it is postulated that the model can predict emissions form a
non-standard driving sequence about as well as might be expected from an
actual test performed on that driving sequence. Further experience with the
model is needed, however, to be more assertive on this point. However, the
model has maximum effectiveness as a predictor of vehicle group emission char-
acteristics, since the input variability of a homogeneous group of vehicles

is in general less than the input variability of any individual vehicle,
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6.0 SUMMARY AND CONCLUSIONS

In the preceeding discussion, a method was presented to calculate
the amounts of HC, CO and NOX emitted by individual vehicles and vehicle groups
over any specified driving sequence. The method uses, as inputs, the modal
emission data on individual warmed-up vehicles. It is to be understood, of
course, that the mathematical model should be used only within the region of
the speed and acceleration space which is spanned by the input modal data.
The model has maximum effectiveness as a predictor of group emissions for

warmed-up vehicles.

The method, given in terms of a vehicle emissions model, is character-
ized by the concept of an instantaneous emission rate. From this concept, the
emissions response of individual vehicles and vehicle groups are given in terms
of instantaneous emission rate functions. The development of the instantaneous
emission rate functions for a vehicle contains two important computational
features: the assessment of the coefficients that specify the instantaneous
emission rate function and a method to bound the steady state emission rate
function so that the fumction is non-negative (does not produce negative

emission rates) on the speed interval (0,60) mph.

In a least squares fitting procedure, it is possible to obtain negative
predicted values for some points on the speed and acceleration/deceleration
surface. Such a possibility is most likely in extrapolated areas of the surface
or areas with very few actual data points. Due to the complexity of the
prediction procedure over the range of accel/decel space, the current model
does not check for negative emissions for each possible point in the prediction
surface of each vehicle. This type of problem did not occur for the set of
vehicles considered when appropriate weighting functions were used. However,

a test for negative emissions over accel/decel space and an appropriate

mathematical correction is planned as a future refinement to the model.

The instantaneous emission rate function can be used to characterize
an individual vehicle's emission response over any driving sequence as well
as to describe a vehicle group's emission response. The latter is accomplished
by the determination of the group's average vehicle emission rate fimction.
Further, a means of investipating the homogeneity of hypothesized vehicle

groups using linear discriminant function analysis is presented. (Appendix V)
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The content of the discussion and structure of the model allows for
the immediate use of the emissions model by an analyst to predict vehicle
emission and serves as a base for further research in predicting vehicle

emissions and their effect on the environment.
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TABLE 1: BAG VALUE STATISTICS FOR THE SURVEILLANCE DRIVING SEQUENCE
T oo | SR ooy | VEESGRE | o0s
POLLUTANT 3] R G’ R 41 RAR2| & g )
HC 53.5 | 7.2 143.3 12.0 14.0 13.5 22.4 26.1
0 625.0 | 43.1 | 20420.8 | 143.0 149.3 6.9 22.9 23.9
N 48.2 | -2.7 163.0 | 12.8 13.0 -5.6 26.5 27.1




ve

BAG VALUE STATISTICS FOR THE FIRST 505 SEC. OF THE

TABLE 2:
FEDERAL TEST PROCEDURE DRIVING SEQUENCE
_ ~ —2 —2
R 100 _G 100% R+ G 1003
_ _ 5 2 =2 — % — . — .100%
POLLUTANT 0 R Or OrR R° +LR ) 0 0
HC 21.0 | 2.8 37.3 6.1 6.7 13.4 29.0 32.0
0 223.7 | 9.2 4158.0 64.5 65.1 4.1 28.8 29.1
No_ 17.2 | 0.5 22.9 4.8 4.8 2.9 27.8 28.0




TABLE 3: DISTRIBUTION OF HC BAG VALUE ERROR (OBSERVED - CALCULATED)
FROM THE SURVEILLANCE DRIVING SEQUENCE

ERROR (GMS) NUMBER OF VEHICLES

-70 to -65 e e e e e e e e e e e e e e e e

-65 to -60 e e e e e e e e e e e e e e e e

-60 to -55 e e e e e e e e e e e e e e e e

-55 to -50 e e e e e e e e e e e e e e

-50 to -45

~45 to -40 e e e e e e e e e e e e e e e e e e e

~40 to -35 e e e e e e e e e e e e e e e e e e e

-35 to -30

-30 to -25 e e e e e e e e e e e e e e

-25 to -20 e e e e e e e e e e e e e e e

-20 to -15 . e e e e e e e

-15 to -10 e e e e e e e e e e e e e e e e e e

-10 to - § e e e e e e e e e e e e e e e e e e e 24

-5t -0 e e e e e e e e e e e e e e e e e e 149
0 to 5 e e e e e e e e e e e e e e e e e e 309
5 to 10 e e e e e e e e e e e e e e e e 246
10 to 15 e e e e e e e e e e e e e e e e e e e 97
15 to 20 e e e e e e e e e e e e e e e e e e e 80
20 to 25 e e e e e e e e e e e e e e e e e e e 37
25 to 30 e e e e e e e e e e e e e e e e e e 16
30 to 35 e e e e e e e e e e e e e e e e e e e 18
35 to 40 s e e e e e e e e e e e e e e e e e

40 to 45 e e e e e e e e e e e e e e e e e
45 to 50 e e e e e e e e e e e e e e e e e
50 to 55 . e e e e e e e e e e e e
55 to 60 e e e e e e e e e e e e e e e

60 to 65 e e e e e e e e e e e e e

65 to 70 e e e e e

70 to 75

75 to 80

80 to 85 e e e e e e e e e e e e

85 to 90 e e e e e e e e e e e e e

90 to 95 e

95 to 100 e e e e e e e e e e e e e e e

100 to 105 e e e e e e e e e e e e e e

105 to 110 e e e e e e e e e e e e e e e

110 to 115 e e e e e e e e e e e e e e e

115 to 120 e e e e e e e s e e e e

OUTANOMOOOO =

IHODOOOOHNOMNOHCII&(A

TOTAL 1020
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TABLE 4: DISTRIBUTION OF CO BAG VALUE ERROR (OBSERVED - CALCULATED)
FROM THE SURVEILLANCE DRIVING SEQUENCE

ERROR (GMS) NUMBER OF VEHICLES

-750 to 700 e e e e e s e e e e e e e e e e
-750 to -650 e e e e e e e e e e e e e e e e e
-650 to -600 e e e e e e e e e e e e e s e e e
-600 to 550 e e e e e e e e e e e e e e e e e e
-550 to -500 e e e e e e e e e e e e e e e e
-500 to -450 e e e e e e e e e e e e e e e e e e
-450 to -400 e e e e e e e e e e e e e e e e e e e
~-400 to -350 e e e e e e e e e e e e e e e e e
-350 to -300 e e et e e e e e e e e e e e
-300 to -250 e e e e e e e e e e e e e e e e e e
-250 to -200 e 10
-200 to -150 e e e e e e e e e e e e e e e e e e 22
-150 to -100 e e e e e e e e e e e e e e e e e 57
~100 to - S0 e e e e e e e e e e e e e e e e e e 94
- 50 to 0 e e et e e e e e e e e e e e e 170
0 to 50 e e e e e e e e e e e e e e e e e e 272
50 to 100 e e e e e e e e e e e e e e e e e . 143
100 to 150 e e e e e e e e e e e e e e e e e e
150 to 200 e v e e e e e e e e e e e e e e e
200 to 250 e e e e e e e e e e e e e e e e e
250 to 300 e et e e e e e e e e e e e s e
300 to 350 e e e e e e e e e e e e e e e e
350 to 400 e r e e e e e et e e e e e e e e e
400 to 450 e e e e e e e e e e e e e e e
450 to 500 e e e e e e e e e e e e e e e e e e
500 to 550 e e e e e e e e e e e e e e e e e e e
S50 to 600 e e e e e e e e e e e e e e e e
600 to 650 t e e e e e e e e e e e e e e e e e
650 to 700 e e e e e e e e e e e e e e e
700 to 750 e e e e e e e e e e e e e e e e e e
750 to 800 e e r e h e 4 e e e e e e e e e
800 to 850 e e e e s e e s e e e e e e e e e e
850 to 900 e e e e s e e e s e e e e e e e
900 to 950 e e e e e e e e e e e e e e e e e

TOTAL 1020

NP Q= OO0 Q-

W o
NN

[ ]
AOOOMNRENUNNNTOI
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TABLE 5: DISTRIBUTION OF NOx BAG VALUE ERROR (OBSERVED - CALCULATED)
FROM THE SURVETILLANCE DRIVING SEQUENCE

ERROR (GMS) NUMBER OF VEHTCLES

-65 to -60 RN 1
-60 to -55 0
-55 to -50 e e e e e e e e e e e e e e e e e e e 0
-50 to -45 e e e e e e e e e e e e e e e e e e 2
-45 to -40 1
-40 to -35 3
-35 to -30 e e e e e e e e e e e e e e e e e e 8
-30 to -25 e e e e e e e e e e e e e e e e e 13
-25 to -20 e e e e e e e e e e e e e e e e e e 26
-20 to -15 e e e e e e e e e e e e e e e e e 81
-15 to -10 e e e e e e e e e e e e e e e e e e 98
-10 to -5 e e e e e e e e e e e e e e e e e e 203
-5 to 0 e e e e e e e e e e e e e e e e e e e 298

0 to 5 e e e e e e e e e e e e e e e e e 145

5 to 10 e e e e e e e e e e e e e e e e e e e 60
10 to 15 e e e e e e e e e e e e e e e e e e 44
15 to 20 e e e e e e e e e e e e e e e e e 22
20 to 25 e e e e e e e e e e e e e e e e e e e e 17
25 to 30 e e e e e e e e e e e e e e e e e e e 14
30 to 35 e e e e e e e e e e e e e e e e e e, S
35 to 40 e e e e e e e e e e e e e e e e e e 6
40 to 45
45 to 50
50 to 55 e e e e e e e e e e e e e e e e e e
55 to 170 e e e e e e e e e e e e e e e e e “_l__

TOTAL 1020

— T -
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ERROR (GMS)

-45
-40
-35
- 30
-25
-20
-15
-10
-5
0

5
10
15
20
25
30
35
40
45
50
55
60

TABLE 6:

to
to
to
to
to
to
to
to
to
to
to
to
to
to
to
to
to
to
to
to
to
to

-40
-35
-30
-25
-20
-15
-10
-5
0

5
10
15
20
25
30
35
40
45
50
55
60
65

DISTRIBUTION OF HC BAG VALUE ERROR (OBSERVED - CALCULATED)

FROM FIRST
DRIVING

505 SEC. OF THE FEDERAL
SEQUENCE (HOT TRANSIENT

38

TEST PROCEDURE
PORTION)

NUMBER OF VEHICLES

AU N O

158

592

. 172
. 35
11

N == R ™



TABLE 7: DISTRIBUTION OF CO BAG VALUE ERROR (OBSERVED - CALCULATED)
FROM FIRST 505 SEC. OF FEDERAL TEST PROCEDURE
DRIVING SEQUENCE (HOT TRANSIENT PORTION)

ERROR (GMS) NUMBER OF VEHICLES
-350 to -300 e e e e e e e e e 2
-300 to -250 e e e e e e e e e e e 1
-250 to -200 e e e e e e e e e e e e e e e e e 1
-200 to -150 e e e e e v e e e e e e e e e e e e e B
-150 to -100 e e e e e e e e e e e e e e e e 24
-100 to - 50 e e e e e e e e e e e e e e e e e 72
- 50 to 0 S e e e e e e e e e e e e e e e e 279
0 to SO e e e e e e e e e e e e e e e e e e 483
50 to 100 e e e e e e e e e e e e e e e e e e e 103
100 to 150 e e e e e et e e e e e e e e e e e 30
150 to 200 C e e e e e s e e e e e e e e e e e 3
200 to 250 e e e e e e e e e e e e e 5
250 to 300 0
300 to 350 1
350 to 400 1
400 to 1000 1
TOTAL 1020
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ERROR (GMS)

-25
-20
-15
-10
-5
0

5
10
15
20

TABLE 8: DISTRIBUTION OF NOx BAG VALUE ERROR (OBSERVED - CALCULATED)
FROM FIRST 505 SEC. OF FEDERAL TEST PROCEDURE DRIVING
SEQUENCE (HOT TRANSIENT PORTION)

to
to
to
to
to
to
to
to
to
to

-20
-15
-10
-5
0

5
10
15
20
25

40

NUMBER OF VEHICLES

13

60

468

. 351
. 88
. 24
. 10



TABLE 9

REPLICATE MODAL ANALYSES OF HC FOR 61 VEHICLES

MODE X (gms/min.)
1 3.8570
2 1.6284
3 2.4522
4 2.8327
5 3.5073
6 1.9178
7 5.2240
8 2.7310
9 4,4227

10 2.9622
11 4.,9806
12 3.0453
13 4.,9745
14 3,2702
15 1.8480
16 1.4517
17 4,2265
18 2.2881
19 3.7102
20 2.3403
21 5.7121
22 3.1666
23 3.5338
24 4.2144
25 2.9225
26 1.8284
27 4.2448
28 3.0080
29 3.1500
30 4.5983
31 2.6819
32 1.9091
33 1.2829
34 1.2182
35 1.6903
36 2.5522
37 3.2911
FTP (gms.)} 21. 3255
SDS (gms.) 54.4599

41

A
G (gms/min)

2.2342
1.1856
1.2589
2,7032
3.2759
1.0114
3.2673
2.1971
3.7429
1.3290
3.6829
1.3054
4,1268
1.8522
0.8133
0.5117
3.4144
1.5467
3.0242
1.3852
4.1975
1.2412
2.8711
3.7651
1.6542
1.0534
3.3618
0.9896
2.6789
3.8230
1.4452
1.1396
0.3898
0.9104
1.0114
2,3242
2.6043

15.0555

37.3647

A
g 100
X

57.93
72.81
51.34
95.43
93.40
52.74
62.54
80.45
84.63
44,86
73.95
42.87
82.96
56.64
44.01
35.25
80.79
67.60
81.51
59.19
73.48
39.20
81.25
89.34
56.60
57.61
79.20
32.90
85.04
83.14
53.89
59.69
30.39
74.73
59.84
91.06
79.13

70.60

68.61

o®



TABLE 10

REPLICATE MODAL ANALYSES OF CO FOR 61 VEHICLES

A
MODE X (gms/min) 3“(gms/min) -%: .100
1 49.4840 14.9649 30.24
2 15.3812 13,0886 85.09
3 32.4560 9.8602 30,38
4 36.1708 11.1998 30.96
5 40,5807 11. 3075 27.86
6 17.4203 8.4930 48,75
7 96.5027 23.5758 24 .43
8 24.6048 10.4125 42,32
9 65.0038 31,8901 49,06
10 22.3535 9.3043 41.62
11 90.2337 50.5725 56.05
12 21.4964 9.9618 46. 34
13 80,1931 50.5111 62.99
14 25.9958 5.0928 19.59
15 16.1499 5.1828 32.09
16 19.9149 5.4151 27.19
17 63.0919 16.0394 25.42
18 20,5962 7.7882 37.81
19 59.6194 25.6127 42,96
20 21,1044 8.6146 40.82
21 106,7290 51.5901 48,34
22 24,1967 9.0618 37.45
23 50.1886 11.6789 23,27
24 71.2064 50.5271 70.96
25 25.8109 10.7750 41.75
26 17.0626 9.7663 57.24
27 65.9579 17.3853 26.36
28 25.9421 12.5521 48.38
29 44,9232 13.5433 30,15
30 85.6044 49.4810 57.80
31 26,3899 10.8379 41.07
32 18.1339 8.8996 49,09
33 16.9898 4.7618 28.03
34 17.3020 5.1765 29,92
35 16.7257 4,7752 28,55
36 28.9744 7.7927 26.90
37 45,2389 8.8608 19.59
FTP (gms) 239,8225 64.6112 26.94

SDS (gms) 677.9143 97.8159 14,43

42
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TABLE 11
REPLICATE MODAL ANALYSIS OF NOx FOR 61 VEHICLES

A M

Mode X _(gm/min) G (gm/min) 0 /X .100%
1 3.5689 1.0305 028.87
2 0.6435 0.2893 044,96
3 0.9107 0.4624 050.77
4 2.8518 0.9324 032.70
5 5.2695 1.1874 022.53
6 1.5707 0.6046 038.50
7 6.9947 2.2683 032.43
8 2.9842 1.2236 041.00
g 7.9071 2.5482 032.23
10 1.8646 0.8339 044 .72
11 7.2462 1.6195 022.35
12 1.7380 0.7112 040.92
13 7.0501 1.4354 020,36
14 1.9580 0.8544 043.64
15 0.6813 0, 3585 052.62
16 0.3179 0.3019 094.94
17 4.9960 1.1487 023,01
18 1.1132 0.6661 059 .83
19 4.,8965 1.3169 026 .89
20 0.9471 0.3277 034,59
21 6.6968 1.6761 025,03
22 1,3989 0.5392 038.54
23 2.9016 0.9026 031.11
24 6.9010 1.3887 020.12
25 2.0334 0.7985 039.27
26 0.6391 0.2832 044,31
27 6.5950 1.2575 019.07
28 1.3037 0.4668 035.80
29 2.5598 0.6831 026 .69
30 6.6468 1.7541 026.39
3 2.1487 0.8939 041 .60
32 0.6203 0.2489 040,12
33 0.1174 0.1618 137.83
34 0.1826 0.2170 118.81
35 1.0192 0.2395 023.50
36 3.1829 0.6877 021.61
37 6.3341 1.2201 019.26
FTP (gm) 18.2670 2,889} 15.82
SDS (gm) 50.8930 7.8712 15.47
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Source

Models
Replications

Interaction

Source

Models
Replications

Interaction

TABLE 12
VARTANCE COMPONENT ANALYSIS FOR 61 REPLICATE TESTS

First 505 Seconds - Federal Test Procedure

Mean Squares Variance Component
HC Co N HC co NO
5.74 832,57 3.39 1.54 79.59 1.01
94.00 784,67 2.64 45.67 55.64 0.63
2.65 673.39 2,37 2.65 673.39 1.37

Surveillance Driving Sequence

Mean Squares Variance Component

HC Co NO HC o NO
b X

24,95 5560.34 29,76 7.75 1394.90 12.31
600.84 4759.36 26.37 295.65 994 .41 10.61
9.54 2770.54 5.13 9.54 2770.54 5.13

44



FIGURES

45



9

BEE 20x20 TO INCH

~r

T

-

N BER N

L

i




NS

PR SR IR DNNPENE S S

I T B I

T
;
1

t
[Bng: 8
MBS B S NS gy

DN &350 Y
h
Y

it ] , el eattt il sl g st sict hantel Sildfefed
T H TEHTH T

T
INEE B NS
I

RS
Ao ke
I

T
17
BRNEINE NN S-S

ﬁmiw.ﬂ | nuﬁ -H- WA ”LMJ, L wuxf w”%- A HH : gb ; ﬁnm ww m ‘W.« : v

]{@h"jj”!xl*

]
1
T
1Y
]

oy
m
t
R
=)
i
S
+
-4
]
t
jy
B
Iz

-1 4 44+ 4 - - 4+ 14+ tht it
[ ¥ - L FAAH A HAHE 114 t

] it AN 1 - +H THTT ] REEREREEE

-] + $1-H .

- 1T

sSEun.a b e - i

(11 o

ON_RATE (GMS/MIN)

) RN
R W T

1

mER e
!
:
1
1
+

IESEE SNERES

SakuEE
4

3
1117
+
b
i

4

IND B
INE N
jEE 81
1
3
+
H
| 8]
3
i

==

11 1 1 11 RBNnal T

IBESE ERERE YR
14
L
Y

i
1T 1 T

potd : frpad

[T =)
Il..l..l

[

1] NNANNS NN SN I FE-HH -

b § Tl 4 4oy~ & 4

-1 — ] ] 11 1t -t 44

444 . HEJUREREE NN b1+ Htt4 344 +4 B 1 +

uJJJ - - . D 1 4+ r._v.U -4 . '+
[TIOaT 1]

suam |1 Nﬁ T y SN NREBE SN I LT

» r 1- 1] 1

H I AREES " o SRS

H SRANNANE SRNRERN BENGRNuY T

- b - 4
T } 19+
H FENSENEaEE BN E8 au THEEL
H ~ BASRRNNBNES ] v ; 4. 1
HH y . RESEUGRNBNESENERS o] -1
FHH b . e
n » PR ESEE NN Lot .
H FLOTHHEI H o 1

bt
1
jEEan{
BN
i
1
——t-
M
I




BEE 20x20 TO INCH

J 4444 us
] T TH T ; ]
FHTH
4 - R
¥ Fry e T
s o TTITT T sum o
| A ] [ THHH TH
+- - enss .
Tt T 1
T CIry 1 aa ]
o SASEsEnunEn
I
r11 3 anasgis
o | T I Pt ] .
B 1
. niN
TiH [ [ ]
s 1] sEuaE 14 1t LI
- T 9
HT1 11 SRS BN N
I H I
111 I
1]
Ran
T
“\ B¢
2 §
,ll
»
Mnm
i
-
A
y
oy
-
LI
oy -
. & an
ppnt - pagerg
“_H_r—_.—_-_ TITLT AN | LT
-
TTTL IT
T 1
l.wx
ST
T
!
P -
1

1
17

48




FIG 4: MAIN PROGRAM T

READ VELOLITY VS. TIME ARRAY
FOR THE SURVEILANCE DRIVING

SEQUENCE. |

READ VELOCITY VS. TIME ARRAY
FOR DRIVING SEQUEME OVER
WNHICH EMISSIONS ARE ToO BE
CALCULARTED. |

v

DETERMINE BASIS FUNCTION
FACTOR ARRAYS .

READ TN VEHICLE MOOAL EMISS/ON
DAR7TA, ,

+

DETERMINE EMISSION RATE FUNCTION

COEFFICIENTS.

INTEGRATE EMISSION RATE FUNCTION
OVER SPECIFIED DRIVING SEQUENCE,

. ]

WRITE out AMOUNTS OF He,co,
NOy GIVEN OFF BY VE.WeLE

OVER SPECIFIED DRIVING SEQUENCE.

1

49

SUBROUTINE SETUP

Su8RrRodTINE EDOT

SuBRodTINE ESUM



FIG 5. MAIN PROGRAM T

READ VELOCITY VS. TIME ARRAY FOR THE
SURVEILLANCE DRIVING SEQUENCE.,

READ VELOCITY VS. TIME ARRARY FOR THE
DRIVING SEQUENCE OVER WHICH EMISSIONS
ARE TO BE CALCULATED,
— .
DETERMINE BASIS FUNCTION FACTOR ARRA
RN

READ IN VEHICLE SPECIFICATIONS. J

Is 45\1/5#1%5

CONSIDERATION
\

READ IN VEHICLES MODAL EMISSIoNS DATA.

!
DETERMINE EMISSION PATE FUNCTION FOR

\WVEMHICLE L

ADD VENICLES EMISSION RATE FuNCTION

COEFFICIENTS TO GROUP'S FumcTioN

lL—<«— Ao 4@ N éroup?

DETERMINE EMISSION RATE FuNcTI/ON FOR

{ '

AVERAGE" VEHICLE REPRESENTING GRuP, |

INTEGRATE AVERACE VEHICLES EMISS)0A
RATE FUNCTION OVER SPEC/IFIED

DRIVING SEQUENCE,

DETERMINE TOTAL EMISSIONS ¢wEN oFF

BY GROUF
:

WRITE OUT AMDUNT Hc, CO, MOy EIEN oFF

50

l—— ND-<I~ GROUP UNDER SPECIFIED &ROUP FILTER,

SusrRourwe EDOT

Susrourine EDERP,
INT=/,3.

Sueroutve EDGRP,
INT =3,

Jusroutve ESUM
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APPENDIX I



APPENDIX I

Specification of the 37 Modes and Evaluation of the Average Values

of the Basis Functions

(D Modal Specifications: Table 1-1

(I1) Evaluation of the Average Values of The Basis Functions

The nine functions of speed (v) and acceleration (a) which form the
basis functions of the instantaneous emission rate function must be averaged over
each mode in order to determine the coefficients which specify the emission rate

functions (See Appendix III).

To demonstrate how these average values are evaluated for the basis

. 2 2 2 X
functions: 1.0, v, a, va, vz, va", v a , consider the case of determining the

average value of the 3rd basis function va over the i'th mode.

Let: 'I‘i = duration of i'th mode
vi(t) = speed at time =t in the i'th mode, t £ Ti
AL+ = cl Vi) acceleration at time = t in the i'th mode,
W <
dt sy
t s .
hen by definition: 11
Valiz L | ihaiwdt
LK
(o
This 1ntegrat10n 1s evaluated by the following approximation:

..\.-.-,-&\l z (\hl -l-V\,;-H) (\'L;) - V':'ls) At

where: \/’j_1 - 1n1t1a1 speed of mode:

= average speed over the j'th time interval

Vij =+ Viga
2

of mode i




\’L']H ~ V"l = average acceleration over the j th time interval of

4 t mode i

and, N at T

The averages of the other 9 basis functions are similarily determined. Values
for the averages of the basis functions over each mode are given in Table 1-2.



Table 1-1
MODAL SPECIFICATIONS

MODE DURATIUNISEC) DISTANCE(MI} SPEED (MPHI AT ULNE SEC. INTERVALS
1 12.0 0.06020 0.0 1.8 5.1 9.1 13,2 1741 2006 Z3.4% 25,7 27.3 28,6 2947
e o 30.0 o Lo
2 1640 0.07410 30.0 29.6  28.9  28.1 2649 25.4 23,5 2142 1B.5  15.5 12.5 9.4
6e4 3.7 1.6 0.3 0.0 "
3 840 0.02010 0.0 leT 4t Tt 1043 1243 13,7 L4 15.0
% 11.0 0.07050 1520  15.9  1Te3  18e9  20e6 2244 2442 2529 2T.5 2848  29.8  30.0
5 13.0 0.13600 30,0 30,7  31.T 32,9 3442 35.6 37,0 38.5  39.9  41.2 42,4  43.5
e e . 4404 45,0 . i
6 12,0 0.12680 45,0 44,7  G4el 43.4 4242 40T 38,9 3.8  3ke6 32,6  31.0  30.1
30.0
7 17.0 0.21630 30.0 30,0  31.0 32,5 3443 36,2 38,3 40.5 62,7  45.0  41.3  49.5
5146 53,6 55.5 57,2 5846 59,8 ¥
8 12.0 0417460 60,0 60,0  59.7 59,1 5843  57.2  55.7 53,8  51.7  49.6  47.5  45.9
. 45.1
9 14.0 0.20430 45,0 45,6  46.5 4T.6  4B.7 50,0  S1, s 5 PRSI
58.5 59.3 80,0 1.3 5206 53,9 55,2 S56.4  57.5
10 30.0 0.33670 600 59,7  59.3 58,8 5843 57,6 56,9 5640 54.9 53.8 52+4 50.9

4942 4Teb 4545 43,4 Alel 38,8 3644 3440 31,5 23,0 2666 243
221 20,2  18.4 17,0 15.9 15.2 1%5.0
AL 2640 0.31360 1540 1647 200 23,1 26,1 28,9 31,6 34,2 3646 38.9  Alel 43,1

45,0  46.8B  4B.5 50,1 5145 52,8 54,0 85,1 56,1 .56.0
58,9 $59.3 50.0 * . . 57«7 58.3

12 2140 019730 6040  59¢% 5845 57,4 S56al 54,4 52,4 49,9 46,9 43,6 3
. 9.8 v
31.2 2606 21a9  17.3 1248 8.7 5.1 2.3 0u5 0.0 8 3%
13 32.0 0.33130 0.0 le5 502 . 8.6 1240 15,3 18,4 21,8 26,2  27.0 29,6 32,1

— - — 3405 36,8 390 41,0 43,0 448 46,5  48s1  49.6 51,0 52.3 535

54,5 55.5 56,4 S5T.2 57.9 58,5 58.9 59,3 60.0

C e 23,0 0429940 0.0 59,7 $9.3 58,9 58.3 576 56.7 55,7 54,9
: G108 45.8 43,7 41.6. 394  3T.3 35,4 336 32.1 0.5 3002 o8
1s 9.0 0.05790 30,0 29«5 2B47  2T.3 2543 22,7 15.9  17.3 15,4  15.0
16 B.0 0.01730 15.0 1l4é.% 13.3 11,3 8.5 542 2.1 0.2 0.0 7
17 22.0 QL7590 0.0 2% 6.3 10,0 13,5 16,8  19.9 22,8 25,5 28,0  30s3 32,&
LYY ] 36e2 37.8 39,2 40,8 41l.6 42.6 43,4 44,0 L17% ] 45,0
18 16.0 0.13920 45.0 4445 43,9 43,0 41,8 40,2 38.2 35,8 33,1  30.1 269 23,7
15 20,7 18.1 l:-; 15-5 ;3'° S ST e
19 1a.0 0.15280 1540 1549 _ 1Te3 18,9 20,7  22.6 24
2 36.9 38.8 40,5 42,0 43,4 44,5 45:3“ (26ed 207 . 30:0. 328 2429
.20 19,0 0413040 450 449¢5__ 437 42,7  4ls% 39,8 ITe8  35e3  32:5 29,2 2346  2la8
17.8 3.8 9.9 s 3.5 1.3 0.1 0.0
21 25.0 0.26540 0.0 2.6 Tel 11e5 357 1946 23,4 26,9 30,3 33,4 36.% 39,2
41,8 642  kbeh  4B.S. 5003 52,0 53,5 54,7 5641  ST.l  %8.0 58.7
59.3 40,0 R } _ .
22 28.0 0.26340 60.0 596 5940 58,3  5T.4 56,5 55,3 54,0  52.4 50,6 48.5  4ba2
e 4306 4068 3748  34eb  3le3  27e9 2403 2048  1Te2 14,0 10,7 7.8
Se2 3.0 1.3 0.3 0.0 —
23 15.0 0.07370 0.0 1e2 3.5  b4% 906 1248 15,9 1848  21.3 23,85 25,2 2647
27.8 28,7 296 30,0 R T T
24 25.0 0.31340 30,0 30e5  3led 3249 3306 38,8 36,0 3T 38.7 4042  4les 43,1
4heb 460  @T.5 48,9 5044 51,7 53,0 54,3 55.5 56,6 57.5 58,8
o 59,3 _ 50,0 N B _
25 18.0 0.23620 60.0 5946 591 58,4 5Te6 56,5 55,1 53,4 S51.5 49,3 4Ab.8 44,3
ale6 38,9 36,3 34,0 32,1 30.7 30,0
26 10.0 0.04440 30,0 291 2Te?  25.% 22,0 17,6  12.5% Teh 2.9 0.3 0.0
27 38,0 0. 40090 0.0 0e? 4.0 6.9 9¢8 1246 15,3 17.9  20e% 22.8 2%5.2° 27.4

2946  3le7 3347 35,7 3T7e5 3943 41,0 42,5 44,2  45.56  AT.0  4B.4
~- e . 49,6 %0.8  51e9 5249 53.8  5%.T7 535 56,3 56,93 57.5 5841 58,5
58,9 59,3 60.0
28 35.0 0.32910 60,0 59,7 592  58.7T 5841 S5Teh 56,7 55,8  S5%e8 53T 52.% 50,9
49.3  4Teb " 45%.T 43,6 4le4 39,0 36,6 34,0 31,3 2B,6 2548 22,9
2001 1Te3  1%e6 1240 95 7.2 5.2 L 1.9 0.8 0.2 0.0

29 18.0 0.08860 0.0 0.8 2.7 Ge9 Te5 1061  12.8 15.4 17,8 20,1 2241 23,8
2502 2605 2T.4  2B.3 29,0  29.8  30.0 .

3o 21.0 0.25390 3000 30.7 3l.8 33,1 34,5 38,0  3Tes 39,3 4l.0 42,8  4be5 46,3
8.1  49.8B  S5le5 53,0 S54e6 5640 5Te2  584% 59,3  60.0

n 1440 0.18130 60:0  59¢5 58e7  5Teb  S6.1 54,0  51.5 48,5  5,T 41,6  38.0 34,7
32.1  30.4 3040

32 13.0 0. 05920 30.0  29.4 2845  27.2 254 22.%  19.9 " l6.%  12.5 Bab 5al) 2.1
0.1 0.0

33 6040 0.0 sPE&p = 0.,0FOR 60 SEC

3¢ 60,0 0. 25000 SPEED = 15.0FOR 60 SEC

32 6040 045060 sPEED = 30.0FOR 60 SEC

3¢ 6040 0. 75000 SPEBD * 45.,0FOR 60 SEC

37 60,0 1.€0000 spsgp = b0.0FOR 60 SEC



Table 1-2
VALUES OF THE AVERAGES OF THE BASIS FUNCTIONS OVER EACH MODE

w— ——— et — ——
_MODE 1 v .. a va. . . V> _ar. _a. . va* vta*
i 1.0000 18.0500 ce500U 37.5C0C 4235968 T.7567 747.7608 1€4.8537 164C,. 1320
T i.0000  I6.6625 T =1.8750 ~28.1250 38645459 4.4550 —561.5264  el.99¢C 1103.4938
3 1.0060 9.0375 1.8750 14.5625 1054887 4,315C 139,7132 29.2004% 255.4498
& 1.0000 23,0727 1.3636 30.6818 556+ 5605 Z«0B00 TI5.6334 46.5847 1075..698
5 1.0000 37.6538 1.1538 43,2692 144G.5222 1.4046 1644.0825 52.5375 1986.8048
T% T UIS0006 T 38.0500 0 =T.2500 7 —46.BT5C  I&Te.zI13 ° T Z.0417 -1780.94<3 T5.4888 2818.375¢
7 1.0000 45.8000  1.7647  T79.4118  2192.9562  3.4094  3705.3125 152.B414 TC64.6548
8 1.0000  53.0083 ~1.2500 -65.6250 2838.4180 2.0500 -3468.4389 106.5081  5561.0050
9 1.0000 525428 1.0714 56.25C0 2783.142:C 1.2014 2973.0977 62.9974 3322.1119
10 1.0000 40.4033 ~1.5000 —56.2500 1873.35%6 2.8120 -2362.0152 100.7045  3951.2095
11 1.0000 43.4156  1.7308  64.9038 2067.4378 3.7085  2725.2108  123.4465  4606.5663
12 1.0000 33,8333 ~Z 8571 ~85.7143 I572.5804 1C.20T6 -3425.2217  282.9109 10063.8078
13 1.0000 38.2375 1.8750 56.2500  1789.5073 4.4462 2248.999C 10T.7057 3670.17s1
T4 1.0000 46 .8609 TITJ30A3 0 —5B.69%6 Z303.4566  2.1313 -2738.8101 = 93.85297  4220.4915
15 1.0000 23.1778 ~1.6667 —37.5G00 564.6190 3.5533 —874.301¢ 78.0627 1761.9989
16 — 1.0000 T.8125 -1.8750 ~14.0625 89.8487 4.6950 -139.5406 32.8369 290.9055
17 1.0000 28.8454 20455 46,0227 10l6.1811 5.2827 1379.3948 967243 246T.4T04
I8 Y. 0000 31.325C T=T.8T50 T =556.2500 @ 1093.6045 TT%.5450 -1827.1115  131.2360 ~ #035.1918
19 1.0000 30.5500 1.6667 50.0000 10264346 2.9TTB  1624.5391 88.6821 2826.166%
0 T 10000 2%.7158 SZ.36B4  S53.2895 861.2722  T-1937T -1596.6755  149.6970 3992.4466
21 1.0000 3842760 24000 72.C000 1791.6623 Te2248  2BTT.9475 176.2425 6001.1068
22 ~—1.0000 33.8750 —Z2.1429 ~54.285T 1575.964% 5. 7421 -2570.01%3 156.2388 5656B.8549
23 1.0000 17.7333 20000 30.0000 411.6827 4.8573 598.9142 65.4T1% 1148.7460
T 2% 1.0000 5. 1440 7 T.2000 TSR, DO00 T 2128.2651 T 1.5128  25I9.8353 ~ &T.T95%  3133.72717
25 10000 47.2333 -1 .6667 -75.,0000 2334.0895 3.402Z -3499.3613 149.2304% 6730.2482
26 1.0000 15.9960 =~ =3.00600 = —-45.0000 369.3002 I1.8100 -695.7151 164.27T15 ~2912.0867
- 27 1.0000 38.0053 1.5789 47,3684 1770.6486 3.1421 . 1894.1427 T5.7415 2585.3045
Py . -1. TT=51.4286  1575.8225 3.6766 -2056.4181 T01.8697 3624.8628
29 1.0000 17.7333 1.6667 25.0000 %12.2008 3.3911 499.36T4 4£5.65602 803.7473
30 T1.0000 25,2687 7 T.4ZB6 T T6%.2B5T T Z140.43%Z7 7 Z. - TTTO8.629T RAG5.I00T
31 1.0000 46,6280 -2.1429 96,4286  2283.44T2 5.8200 -4498.5436 255.5805 11536.7248
327 TTIL0000 0 16.400C T <SZ.3G7T T T -34.61%% 379.8860 T 6.8246  —690.4485  94.9561 1686.8623
33 1.0000 0.0 0.0 0.0 Ced 0.0 [ ¢ 0.0 0.0
3% 1.00C0 15.000C 00 7.0 225.0000 0.0 0.0 0.0 0.0
35 1.00C0 30,0000 U0 0.0 900.0000 0a0 U0 0.0 0.0
36 T TEL.0000 0 T 45.0000 0 0 CL.0 0 A "2025.0€0C G.C o, T T C.C 0.0
37 1.0000 60.0000 G.0 0.0 3500.0000 0.0 CeG OCal 0.0




APPENDIX 11

Speed vs. time curves
for the Surveillance Driving Sequence
aad first 305 seconds of the Fedaral

Tast Procedura Criving SzjLerce.



_ . TIME SPEFC  Tyur
(SEC) (vPH) {SEC)
Y. _C.C ___s£.

2. c.0 59,
3. C.0 en,
e %e__0.C ___t1.
5. C.0 €2
6. 0.0 63,
e _Te _C.O0_ &4,
B. c.t £S5,
9, C.0 €64
IR U P I &7,
11. I.8 €8,
12. 5.1 &9,
—13. 9.1 70,
14, 13,2 1.
15. 171.1 12.
o lée 2C.6 13,
17. 23.4 74.
18. 2%5.7 15.
e 27,y 7e,
20. 28,6 7.
21. 29,7 T8,
22. 3C.C 9.
T30 T 3c.e T eo.
24.  30.0 f1,
__25._30.¢ " ez,
26,7 30.0 E3,
27. 3C.C 84,
__.28. 3C.0_ @85,
29, 30.0 86,
30. 3c.C 8l.
31._3c.0 __ &8,
32.  3C.0 6,
33. 3c.C S0.
3. _3C.C___ SI.
315. 30.¢ S2.
6. 30.C 93,
___37. 30.c___ sa,
W, 29,4 S5,
19. 2g.9 Sé.
___ 4. 2801 7.
41. 26.9 S8,
42, 25.4 <.
_.__43. 23.5____1c¢a.
44. 21.2 1Cl.
4S. 18.5 1C2.
__46. _15.6  1r3,
47. " 12.5 1Ca.
48. 9.4 1C5.
&%, &4 1C6.
50. 3.7 1¢7.
51. I.6 1C3.
. %2 C.3 19,
S3. €.t 1ic.
56, c.c 111.
_ . S5.__C.0__ _112._
Sk Cc.0 113,
7. c.C 114,

SPFET
(MPH)

[o]

1

e
[ T I I N S
I

- .
D ~NLr=OID2OOD
o

12.1
13,7
14.6
15.¢
15.¢
15.C
15.¢
15.¢C
15.C
1s.c
1s5.0
15.¢
15.¢
15.¢
15.¢C
REW
15.¢C
15.C
15.¢
15.9
17.13
18.9
28, ¢
22.4
2442
25.9
27.5
2R, %
252
3n.n
3c. 0
3¢.¢
3¢.0
30.¢C
3C.C
30.C
30.¢
30,2
3c.0
30.¢C
30.0
Jo.r
3c.C
30.0
30,0
30,7
3.7

T1vE
1S0C)

115.
116.
117,
118,
119,
120.

121,

122.
123,
124,
125.
126.
127.
128,
179,
13¢.
131,
132,
133,
134,
135,
136,
137,
138,
139,
140,
tat.
142.

T 167,

144,
145,
l4t,
147.

14k,

149,
150C.
151.
1872,
153,
1564,
155,
1564
is7.
158,
159,
160,
ler.
162.

163,

164,
1€%5.
lee.
167.
1¢8.

_len.

17C.
171,

SLRVEILLANCF ACCFLEPATION-CECELERATION CRIVING SEDUENCE

SFFFC
{¥PH)

32.9
34.2
5.6
37.¢
3R.5
39.9

41.2

42.4
43.5
Y4,
45.C
5.0
45.¢
45,C
45.0
45.¢
45.0
45.0
45.0
45.0
45.0

#5.C

45.¢C
45.0
65.0
&5.¢
44,7
44.1
43,4
42.2
“C.?
3R.9
je. g

4.6

32.6
31.0
3C. 1
3C.¢
30.C
M. 0
ic.¢
3C.0
3r.0
3c.o
0.8

3c.¢C

3c.0

3t.c
3c. ¢
3.7
3C.C
%, ¢
3%.¢
31.C

32.5

36,3
36,2

TIVE
£sLC)H

112,

173,
174,

175,

176.
177,
174,
179.
180.
131,

" 1Az,

133.
184,
185,
186,
187,

“18R.

189,
to0.
191.
192,
173,

- 194,

195,

1%,

107,
1o8,

199,

T 2co.

201,
202.
203,
206,
205,

T266.

207.
2c8.
209.
210,
211,

T2,

213.
214,
215.
216,

217,

218,
219,
220,
221.
272.
273,
224,
2?5.

226,

2217,
228.

SPLFN TIMF SPrEp  TIMF SPCED  TIwe Sprep
[MFH) 1SEC) tvbw) 1SEC) thPr) tSEC) (4pF)
N3 227, 47,6 286.. 15.0 343, 52,4
40.5 233. 4R.7 287. 15.0 344, 58,5
42.7 2il. 50.0 288.° 15.0 345, 57,4
J42.0 732, 51.3 299. 15.0 _ 346. S5¢.1
47.3 233. 52.6 290. 15.0 347, 94.4
49,5 234. 53,9 291. 15.0 348, S52.4
Sle6  235. 55,2 292. 15,0 349, 49,3
53,6 236, 56.4 293, 15.0 350, 4¢.3
55.5 237, 1.5 294, 1%.0 351. 43,6
57.2 238. 53R.5 _ 295. 15.0 __ 3152. 139.8
53.6 237, 51,3 296, 15.0 353, 35,7
59.8 24D, 60,0 297. 15.0 354, 31,2
62.0  _241. 60,0 298.__15.0 355, 26.&
60.0 242, 60,0 279, 1%.0 356.  21.9
60.0 243, 60.C 300, 15.0 357, 17.3
L6000 244, 60.0 301, 15.0 __. 358, 12.8
50.0 245. 40,0 302. 16.7 359, 8.7
60,0 246. 60.0 303, 20.0 360, 5.1
60.0 247. 60.C 304, 23.1  36l. 2.3
60.0 248, 60,0 305, 26,1 362.  €.5
€0,0 24%9. 60.0C 306, 28,9 363. 0,0
60.0 _ 250, 6D.0_ 307. 31.4 364, 0.0
60.0 251. 60,0 308. 34,2 365. 0.0
60.0 252. ¢Ln.0 309. 36.6 386,  C.0
60.0 __ 253. 80,0 310, _38.% 367, 6.0
€n.o 254.7 60,0 311. 4l.t7 368, 7 c¢.0
60.0Q 255. 60.0 312. 43.1 369.. ©.0
60,0 256, 60,0  313. 45.0 _ 370. 0.0
59.7 257, 59.7 314, 46.8 37, T c.0
59.1 258. 59.3 31, 48.5 372, 0.0
5B.3  259. SR8 3l6. 50.1_ 373, 0.0
57.27 240, "s8.37 31, Ts1.5° T 374. 1.5
55.7 261. 57.6 318. 52.8 375. 9.2
53.8 _ _262. 56,9 __ 319, 54.0 _ 376.  B.6
51.7 263, 56.0 320.  35.1 377, 12.¢
49.6 264, 54,9 321. 56.1 37R. 15.3
47.5 ___265. _51%.8 322, _56.% ___379._ _18.4
£5.9 266, 52,4 323, 57.7 38BN, 21.4
45.1 267. 50,9 324. 58.3 381, 24.2
45.0 _26R._ 49.2 325, 58.9 _ 382, 27.0
45.0 267, 47.4 326, 59.3 383,  29.6
45.0 27C.  45.5 327, 60,0 384, 372.1
45.0 2700 _43.4__ 32B._ 60.0__ _IBS. 34.5
45.0 2720 4l 329, 60.0 386, 36.8
45,0 273. 18,8 330. 65.0 337, 39.0
45.0 _ 274. 35,4 331, 60.0 | 3BP. 41.0
5.0 275. 34,0 332, 60.0 389, 43.0
45.0 276, 31.5 333, 60.0 390, 44,8
45.0  277. 29.0 ___334. 60,0 9L, 46,5
45,0 278, 26.6 335. 60.0 372, 48,1
45.0 279, 24.3 336, 6040 393, 49,6
45.0 280 72,1 237, 60,0 394, S1.0
45,0 281, 20.2 338.  60.0 5. 52.3
45.0 292. 18,4 339, £0.0 396, 53.5
_45.0 283, 17.0___ 360.__ 6D.0_ __ 33T, 54.5
45.6 284, 15,9 341, 0.0 3198, 55.5
465 285. 15.2 342. 60.0 393, S6.4

1

l

rive
(SEC)

400,
491.
402,
4C3.
4G4,
4ns,
4C6.
407.
408,
403,
410.
411,
412.
413,
“ls.
415.
416.
417.

418,

419.
420,
421,
422
423.

44,

“?5.
426,
427.
428.
4293,
430,
431,
432.
433,
434,
435,
436,
437,
413g,
439,
440,
441,
442.
443,
444,
4450
4465
447,

448,

447,
430,
451,
L52.
453,

C45a,

455,
456,

sPren
(MPH

57,2
57,9
59,9
58,9
59.3
63,0
60.0
60.0
60.0
€3.0

£0,0

£0,0
0.0
£0.0
[ ]
60.0
60,0
6C0.0
650.0
6C.0
60,0
57.7
59.3
58.9
58.3
57.6
56.7
55.7
54.5
53.1
51,5
49.7
47.8
45,8
43,7
4l.6

3%.4

37.3
35.4

3.6

32.1
36,9
30,2
30,0
39,0

30,0

30,0

30.0
3%.0

30.0
39%.0
30,0
3.0
32.0
3.0
30.2
30.0

Tive SPEED

(SECT (MPH)
_ 457, 30.0_
458, 130,C
4%9, 29.5%
460. 28,7
461, 27.3
462. 25.3
L 463, 22,1
464, 19.7
465. 17.3
456, 15.4
7467, T 15.0 7
468, 15.0
469,  15.0 _
470, 15.0
471. 15.0
472, 15.9 _
473, 15.0
474, 15.0

_475. 15.0
€76, 15.9
477, 15.0
478, 15.0

T479. T 15.0
480. 15.0

_481. 15.0
482. 15.0
483, lbé.4
484, 13.3
T485.  11.3
486, 8.5
4B7. $.2 _
GER. 2.1
489, G.2

__490._ 0.0 _
491. 0.0
492, .0
493, 0.0 _
494, C.n
495, 2.0

_49s, 0.0 _
497, 0.0
«9e, 0.0
471, 0.0 _
sen. 0.0
5C1. 2.4
S502. 6.3
503, 10.0
504. 13.5
$CS. 16.8 __
S506. .19.9
507, 22.8
SCE.  25.5
509, 24.0
510. 3N.3

_S11. 3204
512.  34.4
St3l. 3642



TIME SPEED
{SFC) (#PH)

TIME SPEEC TIME SPEED
{SEC) (MPH) tSEC) (MPH)

514. 37.8 S5t4. 24,5 634.
515, 39.2 515. 26.6 635,
_516. &C.5 576. 28.7 636,
517. 4&l1.6 577. 3C.8 637.
518. 42.6 5¢8. 32.9 638.

_519. 42,4 579, 34.9 639,
520, 44.0 58J. 36.9 640,
521, 44.5 5gl. 38.8 b4l.

_522. 45 [+) 5e2,__jc!m___“§423
523, €.0 S583. 42.C 643,
524, 45 o 5R4. 43.4 644,

525._45.C_ 5B5, 44.5 __ 645.
526. 45.0 $86. 45.C 6464
527. 4S5.0 587. 45.0 647.
_528._ _45.0 588,  45.C 4R,
529, 45.C S#9, 45.0 649,
530. 45.0 $80, 45.¢C 65C.

_521.__45.0____9561. 45.0 ___ 651.
532. 45.0 562. 45.C 6527,
533. 45.C 593. 45.C 653,

53, 45,0 S9. 45.C __ 654.
535, 45.0 595, 45.0 655,
536, 45,C &G6. 45.C 656,

_537. 45,0 597, _45.0 _  6S57.
53B. 44.5 568, 45,C 658,
539, 43.9 559, 45,0 659,

_ 540, _43.C 6C0, 45.C 660,
S41. 4}1.8 6Cl. 45.¢ 661.
542, 4C,.2 €C2. 44,5 662.

_543, 3B,2  6C3. 43.7 663,
544. 35.8 6Ca, 42,7 664,
545. 32.1 6CS5. 4l.4 665.

_ %46, 3C.1 €C6,  39.R 666,
547. 26.9 607, 37,8 667.
S48. 23.7 £ce 35.2 668,

__ 549, _2C. 1___«§C9. 32.5___ 669,
550. 1Bal 610, 29.2 670,
551. 1€,1 . &l11. 25.6 671.

552, 15.) 612, 21.8 _ 672.
553, 15.0 613. 17.8 613,
554. 15.0 6lée 12.PR 674,

__555%. _15.0_ ___ €15, 9.5 __ 675,
556. 15.0 616 64 676
55T7. 15.0 617. 2.5 677.

_ 558, __15.0 6l18.___ 1.2 . 678,
$59. 15.C 613. C.1 679,
560, 15.C 620. 0.C cer.,

_ 561, _15.0___ 62le _Q.C__ &P,
562. S0 622 c.¢C 60?2,
563. 15.C 623, 0.C 683,

. 56%._ 150 €24.__ 0.C___ 604. .
5€65. 15.0 £25. 0.C [ 3418
966, 15.C 626 C.C 6R6.

_56T.__15.C €27, C.C____ 6R7.__
5¢8. 15.0  €28. c.C 688,
569. 15.9 €29. 0.C 689,

_ 570, _17.2 630, 0.0 690, _
57T1. 18.9 621. 2.6 691.
$72. 2C.7 622. T.1 652.

5713, 22,6 @ 633, J1.5__ 693,

15,7 6%4.
19.6 #9S5.
23,4 ___ 69%.

26.3 697,
3C.3 678.
3344 699.
6.4 700.
15,2 701.
_41.8 702.

4442 703.
Y-} 704,
48.5  T05.
s, 3 706
52.0C 107,
_53.5 ___ 1NB,
54,9 T09.
6.l T10.
57.1 Tile

58.C Ti2.
58.7 713,

59.3 _ _ Tl4.
60.C - 715,
€0,0 6.
&C.o_ . N1,
&6, C 718.

60.0 T19.
€C.C 72Ce.

&C.0 721,
€0.0 122.
_60.0 723.
£C.C 124.
60.C 725.
6CeC 1264
EC.0 27
€c.cC 728,
60.0 727,
60.0 730.
59.6 1.
59,0 _ 7132,
58.3 733,
57,4 734,
_56.5 115,
55,3 736,

54.C 737,
52.4 _ _ _738, _
5C. 6 739,
4R.5 T4G.
46.2 T4l

43.6 T42.
4C.8 743.
37.6 ___ To44h.
34,6 765,
31.3 T4b.
21.6 T4T.
26.3 748,
2C.8 149,
173 __ 750._.
14.¢C 751.
1C.7 752.

T.8___ 153,
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3.0 755.
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_27.8 _ 780.
28.7 781.
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30.0 183,
30.0 784,
30.90 785.
30-07_ _TI86.

30.0 787,
30.0 78R,
30.0 __ 7389.
30.0 790,
30.0 T91.
_30.0_____ 792, .
30.0 793.
30.0 79,
30.0 __ 7195, 2
0.0 1964
3C.0 797.
30,90 _79f. _
30.5 799.
3l.4 8nn,
.32.4 __ 8Cl.
33.6 802,
34.8 803.
36.0 ___ 804, _
37.4 80s,
38.7 80b6.
40.2__  8C7.
“1.6 808.
43,1 809,
44b__ B10._

46.0 811.
41,5 glz.
48.9_ . _B13.

TIME speec‘

763,

765.
T6H,

AL T 831,

«6 8B40, |

T TIME SPEED T

R9R. ¢

_903. 139,

"TIME SPEED
(SEC) (MPH) (SEC)
&  Bla. 29.1  874.
815, 27.7 B75.
816, 25.4 876,
817. 22.0 877.
818, 17.6 878.
____B19. 12.5  873.
820. 1.4 880,
821. 2.9 881.
_822._ 0.3 A82.
823, 0.0 883,
824. 0.0 884.
_8?5. 0.0 _ 885.
826.  €.0 fR4.
827. 0.0 as7.
828, 0.0 aRg. °
829. 0.0 889,
830. 0.0 R90.
0.0 a3l.
832, 0.0 892,
833. 0.0 893,
B34, 0.9 ___ 8%,
835. 4.0 875.
A36. 6.9 R964.
831, 9.8 __ 897, |
£38. 12.6
839, 15.3 899,
17.9 a0c,
841, 20.4 901.
842, 22.8 992,
843, 29.2
" B44e 2744 904,
845. 29.6 905.
__B46._ 31,7 __ 936,
847. 33.7 907.
f48, 35.7 e08.
B4, 3T.5___ 909,
B850, 39.3 910,
851. &1.0 911.
__ B524_ 42.6.___ 912.__l%.6
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&%, 45.6 914,
___AS5._ &47.0____915._
856. 4B.4 916,
857, 49.6 917.
_B5B,  50.8___ 91@,__ |
8%9. 51.9 919,
86C. 52.9 920,
P61, 53,8 ___921._0
P62. 54.7 222.
863. 55.5 212,
864, _56,3_ _ 924,
865. 56.9 925.
866, S5T.% a26.
_86T._ 58.1__ _927.
86B. 58.5 928.
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__B70. _5%.3%  _ 930,
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872. 60.0 32,

. B13._60.0 = 933, __
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FEDERAL TEST PROCEDURE

TIME(SEC) SPEEL(MPH) TIME(SEC) SPEED(MPH) TIME(SEC) SPEED(MPH) |TIKL{SEC) SPtED(MPHI TIME(SEC) SPLED(MPH)

? 0.0 5% 15.8 110 ° 5142 185 220 50.0
0.0 56 17.7 111 s1eb 106 9. 9 2zl 5
T 00 57 15.5 12 3732 167 13,2 772 STT
3 0.0 58 216 113 324 168 16.% 223 51,5
4 0.0 TR TTTTTTZILETTTT T 114 32.2 169 T UTTYLBC 224 52 .0
b 0.0 60 2442 115 31.7 170 22.¢ 25 53.2
& 0.0 61 Y } U 28,6 B ¥ £ UL 22¢% 54,1
7 0.0 o2 24.9 117 25.3 172 25.8 221 54.6
B - B Y 53 250 118 22.T 73 755 278 S5
o9 0.0 64 2446 119 18.7 174 25.7 229 55.0
10 0.0 &5 %% T TIZOTTTT T 1564 ITs Z5.1 7T T30 T By
11 0.0 66 4.7 121 12.1 176 24.7 231 54 .6
12 0.0 X4 7%.8 122 8.8 77 2507 CEITTTTUBRLE T
3 0.0 68 24.7 123 5e5 178 25.2 233 54.8
I " &9 755 2% P SR ¥ L 75.% 3% 55T
15 0.0 70 2446 125 0.0 180 25.8 235 55,5
s - 0.0 7T 25T 4.3 Loy T8T T2 236 - TY S
17 0.0 T2 25.6 127 0.0 182 26.5 237 S56.1
{g N 0.0 T3 Z5.7 128 0.0 :gs g-zm_; Z38 5533
0.0 T4 25.4 129 0.0 4 . 239 5.6
T TIo 0.0 75 2439 T30 0.0 85 T9.% 250 55—
21 3.0 76 25.0 131 0.0 186 17.7 241 56.7
22 5.9 148 25% 132 LYY 187 172 PLY 5605 -
.. 43 8.6 78 26.0 133 0.0 188 18.1 243 54.5
EZ N § $4-3 A4 26,0 3% 0.0 igv w.g 5% 56.5
25 14.3 80 25.7 135 0.0 0 20. 245 56.5
Tz 16.9 ¥T 7651 136 0.0 T9T rray PLT] 555
.27 17.3 82 26.7 137 0.0 192 24.5 247 56.5
<8 8.1 83 2715 138 0.0 193 273 riy: LT
29 20.7 84 28.6 139 0.0 194 30.5 249 56.1
TTTTTTTZINT 85 2933 130 U0 19% 33°3 250 5587
31 22.4 86 29.8 141 0.0 196 36.2 251 55,1
3 eyl BT 30LT 142 U.U 197 373 ri-y4 54.5
- 33 22.1 88 30.4 143 0.0 198 39.3 253 - 54.2
TR 215 BY 3057 1%% 0.0 199 %05 5% 5520
. 35 20.9 90 30.7 145 0.0 200 42.1 25% 53,7
TR 20.% 9T —3035 %% 0% zo1 b 756 536
37 19.8 92 30.4 147 0.0 2 . 257 53,9
B 17.0 g3 3053 %8 0.0 703 %650 Z58 5520
39 14 .9 94 30.4 149 0.0 204 46 o8 259 54,1
T T® Y 95 30.8 150 0.0 205 T35 280 S&.1T
4l 1542 96 3044 151 0.0 206 47.5 261 £3 .8
TTRZTT T TIBGS g7 29.9 152 oo 207 T3 262 53.%
43 16.0 98 29.5 153 0.0 208 47.2 263 53,0
44 I7.7 99 29.8 I5% 0.0 209 5T.0 5% 52.56
45 19.1 100 30.3 155 0.0 210 47.0 265 52.1
B TS5 55 S 12 S O 156 oo ra et 470 266 S8 T T
.4t 2247 102 30.9 157 0.0 212 47.0 261 52.0
'''' %8 229 103 31.0 158 o.U 213 570 258 BN 4 A
49 2241 104 30.9 159 0.0 214 472 269 1.7
>0 2246 105 30.% 1 {3Y v0.0 <15 &T.% r44Y 5T.5
51 21.3 106 29.8 161 0.0 <16 47.9 271 51.6
52 1940 10T R o L3 AN {7 SR < S s 3 el 1 E Yy S o
EX) 17.1 108 3042 1e3 0.0 <18 49.1 213 521
54 1.8 109 30,7 SR 11 it - R 219 wYY 27e 52.%



TIME(SEL) SPLED(MPH) TIMEISEC) SPEED(MPH) TIME(SEC) SPEED(MPH) TIME(SEC
o e e g - e . phabiipendh

e L Eaaie

5.0 385

33.% o

&40

) SPEED(MPH)

0.0

- TIME{SEC) SPEED(MPM)

276 53.5 331 4.7 386 31.4 441 0.0 piée 28.0
regd T%.0 332 1% 387 29.0 rY vy oo T 25.5
278 54,9 333 0.0 388 25.7 443 0.0 pid 3
- - A1 oS ¥ A Y 389 Z3.0 T byl : —gy——— 8
280 55,05 335 0.0 390 20.3 445 g:g 500 5
TTTTZRYTTTTTTOBEL,0 T 33% T T 0.0 391 175 TTTTTRAE T T 040 T BT 13'5
e8¢ 56.0 337 0.0 392 14.5 447 0.0 502 10.7
Z83 5.8 338 0.0 393 IZ.0 448 I3 —5yzT— 7.2
244 5%.2 339 0.0 394 8.7 449 6.6 504 b3
295 5475 %0 0.0 T 395 L ] —gg—— 1.0
286 53.6 341 0.0 396 2.1 451 13.2
ZB7 TT8ZCS T3 T0L0 T 397 0.0 TR TTTTTTTIE D
288 51.5 343 0.0 396 0.0 453 19.8
89 51.% KLY 0.0 Exad [Py 8 ®5% 73T
290 51.5 345 0.0 400 0.0 455 264
291 5101 3%8 0.0 %01 U.U — 556 ZT.8
292 50.1 347 1.0 402 0.0 457 29.1
XYy T RUL.UT 358 LT ] 503 Y] 559 IS
294 50,1 349 7.6 404 5.9 459 33,0
295 50.0 350 0.9 341 KXY %50 I35
296 49.6 351, 14.2 “06 12.5 461 34,4
29T H7 D 398 Ife3 U7 IS8 L2-Y4 I5.1T
298 4945 353 20.0 408 19.1 463 35.8
799 LY IS 35% 225 Lotk d 225 465 T
300 49.1 355 23.7 410 25.0 465 36,6
307 4T .% 355 r4- XY L2323 cJe0 %55 5.1
302 48.1 57 26 & 412 27.5 67 36.2
303 4742 L1 <85T f w13 29U H68 3550
304 46.1 359 30.0 4le 30.0 469 35.7
305 55.0 BELLY TRE L 28] 30T R0 ELTY)
306 43.8 361 31.6 4l6 30.0 471 36.0
307 BT 36d 321 b2 4 Tl LA L4 E- T4
308 4le5 303 32.8 418 29.3 473 35,5
309 0.3 36% 335 &I9 2B.8 LY AT ISTH
310 38.5 E1-31 34.5 420 28.0 475 35.2
31T ITL0 368 E LY ] wZT 2520 %76 357
312 5.4 367 34.9 422 21.7 477 35,2
373 33.E 354 358 LI £ | 1875 §7H I
314 32.5 369 34.5 424 15.1 479 35.2
315 E2 - 370 ELTYR S %25 I8 R 15 ] IS
ale 30.6 371 35.5 426 B.5 481 35.0
s » o sRSnRSR s 5. 2 - A {1 o R LY XY 282 I5.T —_—
318 30.0 373 36.0 424 L9 483 35,2
319 9.0 IT% 35,0 %29 0.0 58% I5.%
320 275 375 36.0 430 0.0 485 5.2
R 2 SR Y TTT3TE 3650 %3Y oy T T ——— —
322 Zle5 3717 36.0 432 0.0 487 35.0
TTTTIZ3 T TT20L1 IR T 36T 53X 0.0 T RBB T T —— e
324 15.1 374 36.4 434 0.0 489 34,8
325 T8.D JBU E1-XY) %3% T.U /Y9G ELTY -3
3L6 17.0 38} 3o.4 436 0.0 491 34.5
h=ra 15.% 387 T 3B B> 2 S « 1 g 3308 e
328 12.5 ECE 3501 418 0.l 493 32,0
R Ta 10.8 ELL] I AR T 040 - a9 30.1 -



APPENDIX III

THE MATHEMATICAL MODEL

The mathematical model presents a method to calculate the amount of

2 particular pollutant given off by a vehicle or vehicle group over any specified

driving sequence given the modal emissions data on the individual vehicles.

Notation

e(t) = amount of a pollutant given off by a vehicle from time = 0
to time = t,
de (t) . A .

e(t) = Tt ° instantanecus emission rate function.

eA(t) = accel/decel instantaneous emission rate function,

es(t) = steady state instantaneous emission rate function.

EJ' = amount of a pollutant given off by a vehicle in the j'th mode.

Tj = duration of jth mode. (in seconds)

VJ. (t) = speed at time = t in the j'th mode

v(t) = speed at time = t for any driving sequence
dv, (t)

aj (t) = o acceleration at time = t in the j'th mode
dv(t) s . R -

a(t) = Tt - acceleration at time = t in any driving sequence.
7

{<va)) =__l_/é ¢ = average value of the emission rate function for the
A A j'th mode.

o



(A) Functional Form of the Steady State and Accel/Decel Emission Rate Functions

Based on Figures 1, 2, 3 (Appendix VI) where average steady state
emission rates over the 1020 vehicles in the data base are plotted versus

speed, the assumption is made that the steady state emission rate function

eg can be represented as a quadratic function of speed:
(1) és(v) = S, +S, VvV + Szv*

where S., S,, and S, are constants.

1’ 72 3

The functional form of an emission rate function that will be appli-
cable during periods of acceleration/deceleration is obtained by assuming the
constant coefficients (Si) become functions of the acceleration and that this _
functional dependence can be sufficiently represented by quadratic functions of

acceleration. Therefore:

S, = S;ta) = n +42 @ + g"; a*
2
(2) Sa = S Ca) = 94y + Qa2 & + T3 at

where the q's are constants

and

(3) Salv,a)= Sa) + Syta) Vv + S3z(a) U*

) Ep(via) = (gntgnatgua?)+ (G +rGua +923a%) v

* (931 v 4@ + 93z a*) - Ut

Upon multiplying and redefining the constant coefficients we have the following

expression for the accel/decel emission rate function

(5) e',q (v,a) = b,f—ﬁ,,v/ +b_;a,+£qllaa+$; V"+66a_"

+ b v + bgatv + byvia®



(B} The Instantaneous Emission Rate Function

Although the accel/decel emission rate function is functionally
identical to the steady-state rate function when the acceleration is zero,
both functions will be retained to allow independent adjustment of the
coefficients (bi and si) specifying the accel/decel and steady state emission
rate functions.

The two functions can be joined by an acceleration dependent
weighting function h(a) to form the instantaneous emission rate function:

) Etya) = hia) €swv) + (I-hta)) é,(v,a)

Hhereh(a) = _ *_-"___ a'+,
y Ky ya>0
ol
-4 a+ly Az <a<o
ol
o, a 7,
O .,
A £
or L

¥

<n Acceleration oy

By specifying the constants o1 and &2 the weightings of the two rate

functions will vary between 0 and 1 in a continuous manner when the transition is

made between amccel/decel and steady state periods of driving. If the accel/decel
and steady state emission rate functions are thought of as a response surface §

in (v,a)-space then h(a)és + (1 - h(a}}éA: h{(a) # 0 can be visualized as a

ramp function that joins the two responses é_,é,.

Ex: N .
A(a.)es + (/- 6(1))3,9




In practice ol ) and ©<2 have been arbitrarily set to -1.2 sec and
1.0 mph/sec respectively.

(C) Specification of The Emission Rate Function

Given the functional form of the emission rate function, the
coefficients (bi’ Si) must be determined in order to specify the emission

rate function which characterizes a vehicle's emission response,

(1) Determination of The Accel/Decel Emission Rate Function

Coefficients (bi)

The only modal emission observations available are the total
amount of each pollutant given off in each mode of the SDS; there are no
measures of the instantaneous emission rate given for accel/decel modes.
Therefore, the following procedure is used to determine the coefficients
(bi) that specify the instaneous emission rate function for a given vehicle

and pollutant:

Let: JCI - /.0 ;[z. Y !3 - a

- — ™
-A,-a,u‘ , #S-Lr", £, = a
¢7 = U*a |, 1ty = an" #3‘7 via®
where the ’Ci ) ¢ = !, 7 => basis functions of the accel/decel emission

rate function.

Then using equation (5) we have:

) 9
Cra - S kh

For an accel/decel mode the weighting function h(a) =< 0, then:

@) Ca(v,a) = € (va)

Now consider the average emission rate over the k' th mode:

e
R
0



by equation (7) 7;

—.[’7— ch(v,a) At

R o

(9 <e’zV,4)>7; = <éﬁ(v’a)>r,.

However, the average emission rate over the k th mode is also equal to the
total emission amount (Ek) divided by the time in mode Tk ~---- both observable

quantities. Therefore:

(e va)dy, = B /7

and [ e
(11) 75_,—:-‘-= *7{;' O/éA (V,a)c/t = _TZi_ oj(% A;[;):/l‘:
Since the b, are constants: T
0 &/ /T ) b ( D/'Ci Jt)
Te
Now, /Te of £odt is just the average value of the i'th basis function

over the K'th mode, which can be easly evaluated knowing the speed as function
of time for the k'th mode Uk(t) , and acceleration as a function of time, <L, (1‘-)_

”
Let, 7[le = —7—{-_; [7[(. c/t
o

(see Appendix I for values of -ﬁl’h)

Thus, _Z_ .
- \ T

(13) e = ) bk
/)g —_

c=1

and since EK/TK is known for all modes and the ?i can be evaluated then the

k
bi can be determined using standard least squares regression techniques.



The result of the least squares regression method can best he

given by defining the following matrices and elements:

Y, Y(k) = Tﬁ-— (response) k =1, 32
k (32 accel/decel modes)

X, X(i,k) = fik i=1,9
B, B(i) = bi
and using the convention
’
Y-l

Transpose of Y

Inverse of Y

we have by equation (13):
(14) Y = BX
The method of least sgquares then gives:

(15) B = (x’x)’1 X'y

-1 7 .
Let : AA e (XXX (AA basis function factor array)

Then, (16} B = AAY

and the i'th coefficient is given by (hi]:
32
(16) b, = L Ay (LK) V() yisL9
L=
In summary, the average emission rate, which can be evaluated by
using experimental observables, is used to determine the coefficients that specify

the instantaneous accel/decel emission rate function.

(2) Determination of the Steady State Emission Rate Function
Coefficients [Si)

In the case of steady state emissions the average emission rate is

equal to the instantaneous emission rate because the speed is constant in time.



Let: ,(,tz .0 -g,_\z = Vg S‘s\e_ = Vg

then, by equation (1):
=3
17y és (Ve = 24 S gr;,lz
=1
Consider the k'th steady state mode , aJA(ik) ~10

(18) T\z_
<e vy = CE€svipp = Eroo 1 S ( 7 sl kie ) Jt
Tw Te
O
since both Si and Fik are now constants
le

EvL N t - 2 V
an 7 L b K T T 2a s b

e 3 o .

The coeffictents can now be detemmined using standard least squarcs recression

techniques.

Consider the situation in which the Si have heen determinced by the
above procedure and the specified emission rate function produces negative

emission rates as shown below.

(®>observed pts

esnr - . PR - ~ 6’
Steady state ’
Emission rate éq , . . @D/;;hﬁf/’”_- Regression Curve ,
. ’ (‘_‘“,451\1"-54 \J‘)
J e\ ,’ -
R
EL e + -+

Nepative Emission

Rates



When this happens (each steady state emission rate function is tested for
this possibility) a new set of coefficients (Si) is calculated in a manner
that will guarantee the steady state emission rate function will be positive

for all values of speed between 0 and 60 mph. The procedure to determine
the new set of coefficients is described below,

The minimum of the regression curve representing the steady state
emission rate function is forced throught the point given by the average of
the 2 lowest emission rates and the average of their speeds. In onur
example above this point (&€ ,Vv ) is given by

&= €+éz/z | U = VaiVi/z
Requiring the minimum of the regression curve (steady state emission rate .

function) to go through (e,v) specifys two of the three coefficients. Since e,

is a quadratic function of speed, the coordinates of the minimum are given bv:

4S5S4 - S R
453 253

Therefore

—\-/- = "'g"'/zg.?

— PN

e = 4S.sy- Si/4q¢<,
Solving for S1 and 82 in terms of 53’ v and e we obtain:

S‘L. - - '2..—\733

s, = e +7V*

substituting these values into equation (1)

(20) és (V) = e + UL S_3 -+ (-‘Z——O Sg) 1V -+ 53 v*
Regrouping:
(21) Cstv)= e + s3; (V*_avvu + v%)

The only coefficient left to determine is now S, which is obtained by

3
the standard least squares method.



This method will remove any negative emission rates over the 0 to 60

mph _speed interval and still retain the peneral trend of the observed data.

(D) Characterization of Individuwal Vehicle and Vehicle Group Emission Responses

Assuming input modal data is available, each vehicle's emission response
can be characterized by the 36 coefficients that specify the three emission rate

functions for HC, CO and NOx (12 coefficients per function).

A vehicle group can be similarly characterized by determining the

coefficients for the average vehicle in the group.

Let: bijk k'th coefficient of the emission rate function for the j th

vehicle in group sample and i th kind of pollutant

N
24

Eik k'th coefficient of the emission rate function for the

number of vehicle in sample representing group

average vehicle for i th kind of pollutant

The coefficients describing the average vehicle's emission rate function is thus

given by: N%
(22) B = ;,L . Pae
o=

(e) Determination of Individual Vehicle and Vehicle Group Emissions Over a

Specified Driving Sequence

The amount of a pollutant e(T) given off by a vehicle i1 undergoing 2
driving sequence from time = 0 to time = T is obtained by integrating the instan-
taneous emission rate function describing this vehicle's response with respect to

pollutant under consideration over the sequence:

(23) T

e (T) =

e w,aydt = | (hia) eg(y) +U-h) eqwa)) db
0

{ ka(S‘$SLV + S3v?) +-L\~htaﬂ(b\+51v-+55u_

+ \Dq.(&\l +l:vg\lz' +bb0}+ \’)7 VLO\ ‘Fbg (}8‘\/ 'i"LolULL\)L)}d-t
The integral is then approximated by the following summation:



(24) elT) =) 1|n(a;J(:.+s,_\1;+53Uf) # Ll-hta)) (b e bovi v bsay

L=
T . 1
+heaive +be vy +bpal vbyylal %—'Dsafvan"cﬂ?)E

where

Nat =1

(25) Veo= o vlkl) o+ VL'C'H-\)/Z

1]

oy Vikia) = vt /Jat

The total amount of a pollutant given off by a vehicle group is
obtained by integrating the average vehicle's emission rate function over
the sequence and then multiplying the average vehicle's emission response

by the number of vehicles in the group.



APPENDIX IV

Program Listings

(1)
(2)
(3)
(4)
(5)
(6)
(7N
(8)

Main Program I

Main Program II

Subroutine
Subroutine
Subroutine
Subroutine
Subroutine

Subroutine

SETUP

EDOT

PAD

ESUM

EDGRP

INVERS



LEVEL 21.6 ( MAY 77 ) 0S/360 FORTRAN H

COMPILER OPTICNS ~ NAME= MAIN,OPT=02,LINECNT=60,STZE=0000K, i

J

C“A 7;‘”;'*’*“*##“#*?#'*' MAIN PROGRAM T tt*t‘ﬁ‘t*‘t#t*t."“**‘**;w*:——‘
[l MAIN PROGRAM I DETERMINES THE AMDUNT OF FMISSIONS GIVEN OFF RY
C INDIVIDUAL VEHICLES DYER A DRIVING SEQUENCE SPECIFIED BY ARROVWYT Y,
,,,,,,,, .- C - e [ I
C VIMil)= )VELDCITY VS. TIHE(IN ONE SECOND INTEQVALSI OF THE SURVEIL-
— L -LANCE DRIVING SEQUENCELYTMCI)=VEIOCITY(MPH) AT TIME II-13SEC
C (REAL®4)
[ — N e S . —
C VT {I)=>VELOCITY VS, TIME(LIN ONE SECOND INTERVALS) OF ANY DRIVING
— L. __SEQUENCE OYER WHILH EMISSIONS ARE TO BF CALCULATED.YWYLII=VELOC~-
c ~{TY AT TIME (I-L1 SEC. (REAL*4}
C
C AMTC(T 4 di=> AMOUNT QF T'TH EMMITTANT GIVEM OFF IN J4'TH MQOQOE.
L D
C DSt Iy= {)ISTlNCE(HILES}TRAVELED IN I'TH MODE. NOTE « STEADY STATE MODES
G ARE 60 SEC IN DURATIOM.
c
C SEEFAER R DA AR BE AR B R SRR AR ESRNRE SR R AN R AR B B AR AR SRR AN R SR f kRS I
——IsM poQ23 000 JIMENSION JTAB(Z0:2).IDATI%:26) ADATL]21,200080F3Y = == =
ISN 0DD4 DIMENSLON WTM{1055) ,wVTI2000) e AMTC (34370 ,L13)
—I5MD0J03  REAL®E AA{2,32).AS[3,5).BRD13.12) -
ISN 00256 DATA DS D602 3 20T 1y -02011.0T057-1360'.126-&9-2163p-l'llb
Ceal0%35,,33
ETIIBO"I -2b5‘ll -253‘»..0731..3134:--23621-0#4-'01-4009|.3293p-0885p-25‘?9
— Lsal8134 205924 al00009 02500 o 50002 475004120007
!SN 6007 DEFINE FILE 99(75432564UeN1)
S V— —_—
c READ IN SURVEILLANCE DRIVING SEQUENCE
L
ISN 0008 DO 3000 I=1,100
ISN 0209 = NXl=({l-1)%]16)+] e —
ISN 0010 NX2=NX1+15
—ISN QQ11 . e READ(54100)(VIM{K}oK=NX1eNX2} . =
ISN 0012 100 FORMAT(16F5.0)
1SN 0013 IF(YTMINX1).GT2992.0)GOT0O311]1
ISN 0Q15 3000 CONTINUE
—ISN 0016 3111 CONTINWE = _ . —
C
— c READ IN DRIVING SEQUENCE OVER WHICH EMMISSIONS ARE TO BE CALCULATED
o8
C IN THIS EXAMPLE ¥¥WT=> FIRST 505 SEC. QOF FIP
C
. ISNOO)7 . DO 150G I=1,100 U
ISN 00ls8 NX1={(1-1)*161)+1
_ISN 0019 =  NX2=NX1l+15 — s
ISN 0020 READ{5, IOO)IVVT{KJ'K =NX1sNX2)
ISN Q021 IEEVYT{NX1}.6T.99.0)}GOTAL555
IsN 0023 150G CONTINUE
GISH 00260 1555 COMTIMLE -
C
. Lo .. SET UP pASIS FUNCYION FACTOR ARRAYS AAeAS. . . ...
C
15N 0025 _ CALL SLTUPIYTM:AAsAS) — e
C

_ISN 0026 . MWRITE{&.500).



ISN Qo027 500 FORMAT(1H!I)

L __READ N INDIVIDUAL VEHICLE MODAL FMISSIONS DATAL _
C PUT MOOAL EMISSIONS DATA INTO ARRAY AMTC
R 1 S
c IN THIS EXAMPLE YHE MODAL EMSSTONS DATA 1S READ OFF A DISK FILE
. e
ISN 0028 NCART=0
ISN Q029 READ(99'75) I1TAR
ISN 0030 DO 2000 1Y=57,71
JISN go3Y . IREG=IY~S& . -
1SN 0032 JSTART=ITAB(IREC,1]
_XISN 0033  JEND=ITABIIREC.2}Y
1SN 0034 DO 2001 J=JSTART,JEND
1SN 0035 READ{99" J){{IDAT{L oK) oL =1o4)s IRDAT (LK) ol=1,121)sK=],26)
ISN 0036 DO 2002 K=1¢26
_ISN Q037 0 IFLUIDAT{1,K]l.FQ.~-916OTQ200) e _
ISN 0039 NCART=NCART+1
_ISN 004Q OO 1000 JR=1.37 —
ISN 0041 DO=1.D
_LSN 0042 JFLIR.LE,32)D0=05 (IR)
ISN 0G4s DO L0D1 IC=1.3
LN OC45 0000 IW=L({IR-~)1133}+10+IC
1SN 0045 AMTCI{IC A IRI=ROAT ( IW,K ) %00
15N 0047 _1001 CONTINUE
1SN OC48 1000 CONTINUE
£
[4 DETERMINE INDIVIDUAL VEHICLE EMISSION RATE FUNCTION COEFFICIENTS
C
ISN 0049 CALL EDOT{AMTCsAA sAS,BAD)
N o
c
C CTION QVER THE
c DRIVING SEQUENCE,
e - v
C
_ISN 0050 . CALL ESUMIVYT.506+BAD.C{1)+Ct2),C(3),DISTY =
c
C.
c WRITE OUT EMISSION RESULYS.ess
,,,,, [
ISN 0051 WRITELS ¢SOLINCART ¢ [CLLY L=1,3
L ] =" ]
C2¢)
_ISN Q053 2002 CONTINVE
ISN 0054 2001 CONTINUE
1SN 0055 I _
ISN 0054 1234 ST0P

_ I8N Q057 END




LEVEL 21.6 [ May 72 |

US/360 FDRTEAN b

CIMPILFR UPTIUNS ~ NAMF=  MAIAWOPT=02+LINECNI=ADsSI7E=00C0%,s

|
|
|
|
|
|

e SDURCL L LRCOIC A NOL] ST NCOFCK,LOAD ,MAP NCELI T 1D XREF

. C FREXEIR AR EAR ke kbR ann MATN PROGAAM L1 | Xexkdskeskid vdks sk dkkkhs
< . R e
C MAIN PRUGRAM IT DCTERMINES THE AMOUNT F EMISSIONS GIVEN OFF BY
R L A GROQUP OF YEHICLL.S SPECIFIED BY THE FILTER OVER THE DRIVING SEQ.
C SPECTIFIED BY ARRAY Y VwvTe,
C VIM{T)=>VELOCITY VS, TIME(IN ONE SECOND INTERVALS) OF THE SURVEIL-
o -LANCE DRIVING SEQUENCE.VYIMUL)=VELDRCITY{MPH) AT TIME (I-1)SEC.
C (REAL®4)
R - L _ e B — e
C VWT{IF=DVFLOCTTY V5. FIME{IN ONE SFCOND INTERVALS) OF ANY URIVING
. —.L._  SEQUENCE OVER WHICH EMMISSIONS ARE TO BE CALLULATED.VYTII)=VELOC=
C ~ITY AT TIMe (1-1) SEC, (REAL*4)
I O, e e
C AMTCAT,J)=> AMOUNT UF I°'TH CMMITTANT GIVEN OFF IN J'TH MODE.
— c S —
C DS{I)=0ISTANCE{MILES)TRAVELED IN T'TH MODE,NDTE,STEADY STATE MODES
L _ ARE 50 SEC IN DURATION.
C
S U & 1. b1 AL LA L AL L L i E LA S L LA S LA b S Lt it tntiiblitilddiilid ]
ISN DOD2 DIMENSION ITAB(20,2)y IDAT{4426),RDAT(121,26),D5(37}
_ISNQQO3 = M ON VYM{1055),¥VT(2000) AMTC(3+3T),C{3) S
ISN 0004 REALXE AA(9,321,A5(3,5),840(3,12)
__ISN 92005 . DATA DS | /a06022.07415.02013.0705,.13600al268452201634,1716

Cre20434.3367,43136,219734.3313,4.29944.0579,.0173,.1759,.1392,,1528

e Cral304s2205%0 22630920l 3 700303 e235622e0%%%104009423293140685,,2599

C1el8134.0592,.00004,25004.5000,.75C0,1.000/

3N 000 = DEFINE FILE 99{715,3256.UeNL) § [

C
e ..—C_.  _ READ IN SURVEILLANCE DRIVIKG SEQUENCE = - e -
c
ISN Q007 . DO.3000 I=1,100 . e e
ISN 0QocB NX1={{I-1)*1&}+1
—dSN 0009 MX2=NX1+15 S —
ISN 0010 REACES,100) (VIMIKI4K=NXLoNX 2T
. ISN Q011 100 FORMATIL&FSLO) e e
15k 0012 IF(VTMINKL) .5T.99.0)G0TO3111
. ISN Q014 3000 CONTIMUE — SR R
ISN 0015 3111 CONTINUE
L — e ——
C REAC TN DRIVING SEWUENCE OVER WHICH EMMISSIONS ARE TO BE CALCULATED
e e e o e e e
C IN THIS EXAMPLE ¥W¥T=> FIRST 505 SEC., DF FTP
U O U -
ISN guls LO 1500 I=1410C
ISN 0017 NA =(il-1)*16)] R S—
ISN gnlA NX2=NX1+15
Isy Q19 READ(5.1001{yVTIK)sX=NX1:NXg] -
ISN Qu2n IFLYVTINXLY .GT.99.01GDTO1555
IsN 0022 150G LONTINUE e .
ISN 0223 1555 LNNTINUL

[N e &

SET UP 3ASIS FUNCTION FACTUK ARRAYS AA, A4S,



ISN 3324

CALL SETUP(VTM,AAAS)

I
c READ IN INDIVIDUAL VEHICLE MODAL EMISSION DATA
L FILTER VEHICILES FOR GROUP REPRESENTATIVES
C
— L
[ INIVIDUAL VEHICLE MODAL EMLISSION DATA IS PUT INTO ARRAY AMTC
o IN THIS EXAMPLE THE GROUP IS= DENVER,PRE EMISSION CONTRGL.
C
1SN Q025 = NVIG=0
ISN DO26 READ(99°*75)ITAB
_1SN Q027 DO 2000 1Y=57,711
ISN 0028 IREC=1Y-56
1SN 0029 JSTART=JTABLJREC,1)
ISN 0030 JEND=ITAB(IREC,21
ISN 00231 DO 2001 J=JSTARY,JEND
ISN 0032 READ(99*JI({IDAT(L yK) oL x4} (RDATI{LyK)9L=24221)¢K=1,26)
=
ISN 0034 IF(IODAT(1 4K} EQ.-9)GNTO2001
C
c FILTER VEHICLES=> PASS ONLY DENVER,PRE EMISSION CONTROL=>PRE&T
[
ISN 0036 NYR=IDAT(1,K)/1000000
ISN 00371 NLOC=IDAYI(3,K}/7100000
ISN 0038 IFINYR,LE.6T JAND . NLOC.EQ.5)G0TOL1313
ISN Q040 2 .
ISN 0041 1313 NVIG=NVIG+]
ISN 0042 DO 1000 IR=1,37
ISN D043 DD=1.0
=NS (IR}
ISN 0046 DO 1001 IC=1,3
__ISN Q047 Ie={{IR~11%3)+10¢1C
ISN 0048 AMTC(ICsIR)=RDAT (IH,K)*DD
ISN 0949 1001 CONTINUE
ISN 0050 1000 CONTINUE
o}
Cc DETERMINE INDIVIDUAL VEHICLE EMISSION RATE FUNCTION CDEFFICIENTS
L .
ISN 0051 CALL EDOT(AMTC . AA,AS,BAD)
c
C ENTER THIS VEHICLES'S COEFFICIENTS INTO THE GROUPYS EMISSION RATE
[ FUNCTION
c
ISN 0052 JEINVIGLEQaL1INT=1
ISN 0054 IF(NVIG.GT,1)INT=2
___JSN Q0396 CALL EDGRPIBADGINT)
C
[
ISN 0057 2002 CONTINUE
ISN 00539 2001 CONTINUE
ISN 0059 2000 CONTINUVE
C
C NOW THAT ALL VEHICLES IN GROUP HAVE BEEN CONSIDERED,INT=3
C DETERMINE THIS GROUP*S EMISSION RATE FUNCTION COEFFICIENTS.
C
ISN D040 CALL EDCRPIBADS3)
C
C




c INTEGRATE THIS GROUP'S EMISSION QATE FUNCTION OVER THE DRVING
G SEQUENGEe .

_ISN Qdel .. .. CALL ESUMIVYT+506,BADCHL11.0C{2]C13).D18T72
C
I DETERMINE YOATAL EMISSION=>MULTIPLY EACH EMISSIOUN AMUUNT BY NG.
C VEHICLFS IN GROUP
e ,_ C o B USSR _—
ISN Ou&2 VN=NVIG
_ISN 0063 ... . DO 503G I=1.3 . S,
ISN 0264 5030 CLII=CL{TI)*VN
[ S WRITE QuUT EMISSION RESULTSawaa . o oo o . .
ISN Q165 WRITELG,500MICLLY L=1e31)
_ISN Q066 500 FORMAT(]IH +'HC='FlC.2:2Xe*'L0=",F10a2+2Xe ' NOX="+F10Qu2) .
ISN QusT StTOoP

1SN QQe8 . END . S O e



LEVEL 21.6 ( MAY 72 )

$/360  FORTRAN H

 COMPILGR OPTIONS ~ NAME= MAIN,OPT=02,LINECNT=60,SI1ZE=0000K,
SOURCE$EBCDICoNOLIST+NODECKsLUADsMAP,NOEDIT,IDSXREF

ISN

Quo2

SUBROUTINE SETUP{VTM,AA,AS )

L ¥R RAERAREER R RN AR R R RS RE RSN RARER R RRE N RS R SRR RR R RS SRR AN

C

e SUBROUTINE SETUP COMPUTES THE BASIS FUNCTION FACTOR ARRAYS FOR _

C ACCEL/DECEL AND STEADY STATE EMISSION RATE FUNCTION DETERMINATIONS
% 2 ARRAYS 'AA' AND *AS® JTIVELY, GIVEN THE VELD TIME
C HISTORY OF THE SURVETLLANCE DRIVING SEQUENCE(ARRAY VTM),
S v —_ O — S
C VIM{I)=>VELOCITY VS. TIME(IN ONE SEC. INTERVALS) OF THE SURVEILL-
G ANCE DRIVING SEQUENCE, VTM{XI)=VELOCITY AT TIME J.(REAL*4)
C -
——— =z M
C DRIVING SEQUENCE.{(REAL®%4)
i c
c TMOI}=TIME(SEC) IN I*TH ACCEL/DECEL MODE. (REAL*4)
e c
C AA=> BASIS FUNCTION FACTOR ARRAY FOR ACCEL/DECEL.(REAL*8)
C
C AS=>BASIS FUNCTION FACTOR ARRAY FOR STEADY STATE,(REAL*8)
_ c
C SAEBEREERFEE R RS R FR SRR AR AR R RN R R R AR AR RO KRR R R R RE RS R Rk

—ISN Q003 =~~~ OIMENSION VTIM(1QS55).M¥T(32),TM(32]}

ISN 0004 REAL®B X(3249)ySVsSA,TMDC{999),AA(9,32),SUM,AS(3,5)
C374494214945901948349501.953849569¢1602.963149671.9709.9739.9780.9
C8l40983442887,2932,0965.41001..1030./

ISN 0006 DAT‘ T"/lz.,lbolaogllo’13.'120'17.'120'l"ot300'26-021.'32.|23.'9.'
cs

ISN 0007 NOBSA=32

ISN 0008 NOBSS=5

1SN Q009 NBF A=9
ISN 0010 NBFS=3
(¥
C e 55& CALCULATE AA X5 kshssn X
c
c CALCULATE BASIS FUNCTION ARRAY X
L

ISN 0011 DO 1000 IM=1,NOBSA

ISN 0012 NTS=MYT{IM]) —

ISN 0013 NTM=TM( IM)

ISN 0014 NTF=NTS+NTM~1

ISN 0015 DO 999 IK=2,NBFA

ISN 0016 999 X{IM.I1K)}=0,0D00

ISN 0017 X{IMy1)=1.0D0

ISN 0018 D0 1001 IT=NTS.NTVF S

ISN 0019 KT=1T+1

ISN 0020 SY=(YIM(IT)+VIMIKT))/2.0

ISN 0021 SASVTM(KT ) =vTM(IT)

_ISN QQ22 X{IMs2)=X{IMe2)2SV S

ISN 0023 XCIMy3)=X1IMy3)+5A

1SN 0324 X(IMe&)=X(IMs4) 4 (SVESA) e

ISN 0325 X(IMy5)=X[IM,5)+(SVER2)

ISN Q026 X(IMs6)=X(IMe6)¢ (SA®X2)

ISN 0027 XCIMyT)=X{IMyT)+( (SVRR2)R5A)

__ISN Q028

o X{IMeB)=X(IMa ) {(SARR2)*SV)



I[SN 0029 XOIM,98=X(IM, 534 (SVE*2 )3 SAR®.))
- ISN 0030 1001 CONVINUE

©ISN 0031 DO 1002 1K=2,NBFA
ISN 0032  _ _ __ TIMD=TMI{IM} o .
ISN 0033 X(IM,IK1=X{IM,IK}/TMD
CISN 003% 1002 CONTINUE . o .
ISN 0035 1000 CONTINUE
o L , L
c SET UP C ARRAY, C={X'X)—*
o Y o }
ISN 0036 DO 1003 I=1,NBFA
ISN Q037 DO 1004 J=1,NBFA
ISN 0038 SUM=0. QD0
__ISN Q39 DO 1005 K=1sNOBSA
ISN 0040 SUMSUM+ (XTI, 1) %X {K,J))
_ISN 0D4)1 1005 CONTINUE
ISN 0042 CUI,J)=SUM
___ISN Q043 1004 CONTINUE L o
ISN 0044 1003 CONTINUE
¢
c
_ISN QD45 ___ __ CALL INVERSIC.NBFALNAFA)
c
_ o C
[ SET UP AA ARRAY
C
1SN 0046 DO 1006 I=1,NBFA
L ISN QDeY 0 DO 1007 J=1,NOBSA
ISN 00438 SUM=0,000
1SN 0049 DO 1008 K=1,NBFA
ISN 0050 SUM=SUM+(C (1K) *X{JyK})
__ISN 0051 1008 CONTINUE
ISN 0052 AA(T,0)=SUM
ISN _Q0%3 1007 CONTINUE
ISN 0054 1006 CONTINUE
c
c sakkst CALCULATE AS ARRAY $sskdssss
C
c CALCULATE BASIS FUNCTIONS
C o
ISN 0055 DO 2000 1=1,NDBSS
ISN 0256 xI=I-1 —
ISN 0057 VaX1%15.0
ISN 0058 X{I,11=1,0D0
1SN 0059 X(I,2)=V
ISN Q060 = K{l143)=ye%2
ISN 0061 2000 CONTINUE
o C e _
o} SET UP C ARKAY C=([X*X)~"
c
ISN Q062 DO 2001 I=14NBFS
_ISN QD&3 . DO 2002 J=1,NBES . .
1SN 0064 SUM=0,0D0
ISN 0065 DO 2003 K=1l,NOBSS = ___ .
ISN 0060 SUM=SUM4 (XEKs ITIRXIK, ) )
___ISN 0067 2003 CONTINUE -
ISN 0048 Cl1,J)=SUM

ISN 0069 2002 CONTINUE



CISN UD70 2061 CONTINUE

C —— _
C
JISN Dufl. . _CALL INYERSIL,3.:91 . ..
c
e S - —
ISN 0072 DO 2604 I=14NBFS
_ISNOQOQF3 DD 2005 J=1.NOBSS
ISN 0374 SUM=0.00D0
JISNQQYs DO 2006 KELsNBFS —
ISN 0376 SUMSSUMS{CHT yK)®X(J9K})
. ISN 0Q77 . 2006 CONTINUE
ISN 0078 AS(1,J)=5UM
_ 79 g _
ISN 0080 2004 CONTINUE

—  RETURN
ISN 04082 END




LFVEL 2146 ( MAY 72 ) 0s/360 FORTRAN H

COMPILER OPTIONS - NAME= MAIN,OPT=02,LINLCNT= =60,517t=0000K,

— e SOURClx;BCDJC1NQLIS]1YUQ§£K1LQAD15591NQEDIT;EDIXREF

ISN 0)02 SUL)‘?DUT!NE EODOT(AMTC 4 AA 4AS s BAD)
AR KRR KRR IR KR R R Rk R R R AR A A KRR R KRR R R R Aok KK ok Ak Ak kK

SUBROUTINE EDDT COMPUTES THE COEFFICIENTS THAT SPECIFY AN AUTO'S
CINSTANTANEQUS EMISSION RATE FUNCTIONS FOR HC LO«NOX{ARRAY 'BAD'),
GIVEN THE AMOUNT OF EACH EMITTANT GIVFN OFF BY THE AUTO IN 32 A/D
——.MODES AND 5 STEADY STATE MODES(ARRAY ‘'AMTC°*J).AND THE BASIS _
FUNCT10ON FACTOR ARRAYS{AA,AS).

i

|

|

I

I
phbmnnr,

CAMTC(I,J)=AMOUNT(GMS) OF THE I'TH EMITTANT GIVEN OFF 8Y THIS AUTO
- IN.THE J'TH MODE.I=1=>HC,1=2=>00R+1=3=>N0X.J0=1,37132 A/D MODES
5 STEADY STATE MODES).(REAL%4)

1
|
h

|

BAD(T,J1=J"TH COEFFICIENT OF THIS AUTO'S INSTANTANEOUS FMISSION
RATE FUNCTION FOR THE LITH KIND QF EMITTANTAI=1=DHC,I=2=>CQ, .
I=3=>NOX. tREAL#8}

|

i
OO oOoODONOEMO

t
i

AA=>BASIS F1
AA=BASIS FUNCTION FACYOR ARRAY FOR ACEL/DECEL(CALCULAYED BY SUBROU
~TINE SETUP}.
S U N
c AS=8ASIS FUNCTION FACTOR ARRAY FOR STEADY STATE(CALCULATED BY
—e— L SUBRQUTINE SETUWPY. T -
C

C TMI11=TIME(SEC) IN I*TH MODE.(REAL*4) —
C

— S . - AL L i A5t it L L L L I Ry I L i e R L e A AL e Al LI

ISN 0003 DIMENSION TM{37),AMTC(3,37)

-~ ISN Q004 REAL*8 AA{9:32)+A5(3,5),BAD13,12),SUM,YA(22),YS(5)sB(3)sX0pX1sX2

CsAl A2
—JISN 0QDS ~ ~  DATA TM/124416.3Baellasl3aelesl?,12.91403300026002)00322223035%0
CBoa022¢9)6e91B80019.9254128.4150925,9184.9104438.935.918.921e914.,13.

[ e K100 2260220042600 26007 e . S
ISN 0006 NOBSA=32

SN Q00T NOB SIS
ISN 0008 NBFA=9
ISN 0009 NBFS=3

c
JISNQOLQ o DO X000 IC=1e3 il . JE

e G IC=1EOMC,IC=252>CQ0I=33NOX
— € CALCULAYE QBSERVED AVERAGE EMISSION RATES QVER 32 A/D MODES

IsN 0011 _  D0.1100 I=1.32
ISN 0012 A1=AMTCUIC, 1)
S ISN 0013 0 A2=TMAR) e I
ISN 0014 YA(I)=Al/A2
ISN Q015 1100 CONTINUE v .
o
e 6 CALCULATE COEFFICTENTS THAT SPECIFY A/ZD EMISSTON RATE FUNCTIONS
o

ISN QQLe DO 12Q0 I=1sNBFA
ISN 0017 SUM=0.000

_.ISN 0018 DD 1250 J=1,NOBSA IS
1SN 0019 SUM=SUM+ (AA({T,,J)2YA(J))
_ISN.Q0290 .. 1250 (ONTINUE




1SN og2t

T BAD(IC,I)=SUM

ISN Q022 1200 CONTINUE
C
€ CALCULATE (OBSFRVED AVFRAGE EMISSION RATES OVER 5 SS MODES =~
C
_ISN 0223 DO 2000 I=33437
ISN 0024 1p=1-32
_ISN 0025 A =AMTC(IC,T}
ISN 0026 A2=TM(1)
- =AL/A2
ISN 0028 2000 CONTINUE
— C
c CALCULATE COEFFICIENTS THAT SPECIFY SS EMISSION RATE FUNCTIONS
L
ISN 0029 DD 2001 I=1,NBFS
_ISN 0030 SUM=0.000
ISN Q031 DO 2100 J=1,NOBSS

_ISN Q032 - SUMsSUMS(AS(I.J)*YS(J})

ISN 0033 2100 CONTINUE
ISN Q034 BII)=SUM
ISN 0035 2001 CONTINUE
C
C CHECK ON EXISTANCE OF NEGATIVE EMISSION RATES
o
ISN 0036 LOOP=0
102151
ISN 0039 X0z (B(2)%%2)~(4.0D0%B(3)*B(1))
_JISN 0040 102153
ISN 0042 X0=DSQRT{(B(2)%*%2)~{4.0D00%B{3)*B(1)))
_ISN 0043 Xi=(-p[2)+X0) /12 .0D0%R{3))
ISN 0044 x2={-8(2)-X0)/(2.0D0%B(3))
ISN Q045 IF{{X1a
c)iLogr=1
ISN 0047 GOT02183
ISN 0048 2151 x0=~B(1)/8(2)
=
ISN 0051 2153 IF(LOOP.EQ.0)GOTO2154
¢
C IF LOOP=0=>DNC NEGATIVE EMISSIONS FOR VELOCITYS BETWEEN 0,60
[o
c IF LOOP=1 DR 2=> NEGAYIVE EMISSION RATES BETWEEN 0,60MPH.
G
C CALL SUBROUTINE PAD TO FIND COEFFICIENTS WHICH DO NOT PRODUCE
[4 NEGATIVE EMISSION RATES.
¢
_ISN 0053 CALL PAD(YS.B)
- C
_ISN Q05% 2154 BADEIC,10)=B(1]}) o
ISN 0055 BAD(IC,11)=8(2)
ISN 0056 BAD(IC2121=B(3)
ISN 0057 1000 CONTINUE
ISN Qo58 . REJURN =

ISN 0059

END




LEVEL 21.6

COMPIL R

MAY 72 )

OPTIONS ~ NAME=

0S/360

FORTRAN H

MAIN, DPT CZ;L]NECNT—éO'SIZE OOOOKv
CSOURCEERCOICNOLISTNODECKSLOADSMAPWNGEDITs IDsXREF

ISN 0002 SUBRUUTlNF PAD(Z,8T)
- ce T EEAREEIENERERRRE AR KRR R RN KRR RN TR IR R AR AR R AR BEE AR SRR R KK
C
_ _ C _ __SUBROUTINE PAD CQMPUTES A SET OF COEFEICIENTS THAY SPECIFYS AN
C EMISSTON RATE FUNCTION FOR STEADY STATE CONDITIONS THAT IS
J— c NON NEGATIVE BETWEEN VELOQCTY O AND 60 MPH.
C
e L FEEERRE AR RN KRR R R R R Rk R RN Rk Rk ko kR Rk ok ok ok ok
C
SISN 0003 REAL¥E 2(5)aZP(S) BT43)eZ1+Z2,AeB,SUMLaSUM2.Y.CL .
IS5N D004 71=211)
ISN D205 2=212]
ISN 2D0& T1=%
. ISN Q207 12=2 . S —
ISN 000V8 IF(Z1.1T7.22160701
—_ISN 0010 . . . =22 e
ISN 0211 22=21(1)
—ISN Q312 Il=2
ISN 0013 Iz=1
ISN Q04 = 1 00 2 I=3,5
ISN 0J15 IF{2(I1.6GT7.22)G0OT02
—ISN 0017 __Z2=2(11]
ISN 0018 I2=1
ISN 0D19 IF121.LT,2216G0TQ2
ISN 0021 Ci=Z1
_ISNQQO22 = I1=22
ISN 0023 22=C1
o IX=X1 -
ISN 0025 I1=12
ISN 0026 12=1X
ISN 0027 2 CONTINUE
ISNOQO2B =~ 000 B={Z]1+472)/2.000
ISN 0029 vi=I1
ISN 0030 v2=12
ISN 0031 Vi={V1l-1.0)*15.0
ISN 0032 ¥2={v2-1,0)%15,0
ISN 0033 A=(V1+v2)/2.0
___1ISN Q034 DO & J=1,.5 -
ISN 0035 4 IP(I)=Z(1)-B
_ISN QQ36 SUML=0.00¢ i
ISN 0037 SuUM2=0.00D0
ISN 003§ DO S T=1,5
ISN 0039 vi=1
1SN 0040 Yl=(V1-1.0)%15.0
ISN 004l v=v1
_ISN Q042 @ X=(y*%2)+{~-2,0D0%A%V)+(A%*2) _ R
ISN 0043 SUML=SUM1+{ZP(TI}*X)
ISN QQ4% SUMZ=SUMZ*{ X*¥%2)
ISN 0945 5 CONTINUE
_-ISN Q046 _BT{3)=SUM1/SUM2 S, e
ISN 0047 BT(1)=B+(BT(3)%(A%2))
_ ISN 0248 BT{2)=-2.000%081(3}*A - --
ISN 0049 RETURN
ISN 0V50 END




LEVEL 21.6 ( MAY 72 ) 0S/360 FORTRAN M

COMPILER OPTIDNS — NAME= MAIN,OPT=02,LINECNT=60,5SIZE=0000K,
o SOURCE EBCDIC NOLIST NODECKLOAD+MAP . NOECITsIDXREF _

ISN G602 SUBRDUT INE ESUMIVVT4NT,BAD s AHC yACD, ANCX 4+DIST)
I SO, . . 2.2 L5 L E L AL LI LA L3S 2L s LR AR R RS ISR I LR R L2 23222218 s
c
e G SUBRQUT INE ESUM CALCULATES THE AMOUNT OF HC, CO, NOX EMITTED
C ANO THE OISTANCE TRAVELED 8Y THE AUTD THAT HAS THE INSTANT ANEOUS
€ EMISSION RATE FUNCTION SPECIFIED BY THE ARRAY 'BAD*s AND A DRIVING
c CYCLE SPECIFIED BY THE ARRAY 'vvT?,
S oS S
C WTII)=>VELOCITY VS. TIME HISTORY(ORIVING CYCLE} IN ONE SECOND
e en o) e~ INTERVALS,VWTAI)=VELOCITY(MPH]) AT THE I1°'TH SECOND.REAL*4 o
[
e C__ NT=>MAXIMUM NUMBER SECONDS IN DRIVING CYCLE+} SECOND
c
S c BAD(I,J)=>J'TH COFFFICIENT OF THIS AUTOD*S INSTANTANEQUS EMMISSION
C RATE FUNCTION FOR THE I°'TH KIND OF EMITTANT,I=1=>HC,
— C e 122=2(0,1=3=ON0X L (REAL®S)
c
- C AHC=AMT{GMS) HC GIVEN OFF BY THIS AUTO IN GOING THRU DRIVING CYCLE
C REAL*4
I o
C ACO=AMT(GMS) CO GIVEN OFF BY THIS AUTO IN GOING THRU DRIVING CYCLE
— [ REAL#%4 .
C
—_— L ANOX=AMY(GMS) NOGX GIVEN GFF BY THIS AUTD IN GQING THRU DRIVE CYCLE
< REAL®4
C
C DIST=DISTANCE(MILES}IN SPECIFIED DRIVING CYCLE,REAL®4
C
I e L T T e N L T
ISN 0003 DIMENSION VYVYTINT)
ISN 0004 REAL*8 BAD(3,12) s AMT{3)4X{12)4DIS,AMIN,AMAX AL, A2, HOA,SOA
__ISN Q005 AMMAX=1,000
ISN 0006 AMIN=-1.2000
ISN 0007 Al=~-1.0DO/AMIN
ISN 0008 A2=-1,0D0/AMAX
_C
C CLEAR AMT ARRAY
C
ISN 0009 DO 1000 I=1,3
ISN_ 0010 1000 AMT(11=0.000
C
L INTEGRATE AUTQ*S EMISSION RATE FUNCTIDN OVER DRIVING CYCLE
C
1SN 0011 DIS=0.0D0
ISN 0012 NTT=NT-1
ISN 0013 DO 3000 IT=1.NTT
ISN 0014 KT=1T+¢1
ISN Q015 x{1)=1.0D0
ISN 0016 X(2)=DBLE((VVT{IT)+VVT(KT})/2.0)
1SN _Qa17 X(23)=DALE(VYTIAKTI-VVIOITYY
1SN 0018 X(4)=X{2)*X(3)
__ISN 0019 X{5)=x{zj*x2 O
ISN 0020 X(61=X{3)%%2
_ISN Q2<1 X{T)={X{2)*k2 )X 3} B
ESN 0022 X(B)={X(3)ex2)%X{2)

CISN D023 . K(OYzAX{2IeRZAM(X(INXRZ) -



ISN 0024 xX{10)=x(1}
1SN 0025 _ X{11)=X(2) S
ISN 0026 X(12)=x(5)
1SN 0027 CAF(X(3)1.GELAMAXIHOA=0,0D0 R
ISN Q029 IF(X(3).LE.AMINIHOA=0,Q00
_ISN QQ31. . IF{X(3)aGELO.OD0AND. X{3) .1 T.AMAXIHOA=(A2%X(3))+1.000
ISN 0033 JF{X(3)eLEsO.ODOAND.X(3)GTLAMINIHOA={AL*X(3))+1.0D0
ISN 00335 DO 29991C=1,.3 _—
ISN 0036 DO 2998 I1E=1,12
. ISN. 0037 | e S0A=1.000-HOA S
ISN 0038 IF{IE.GT.P)50A=HOA
- ISN Q040 . AMT(IC)=AMY(IC)+(X(IE)*SOA*BAD{IC,.IEYY . . .. .
ISN 0041 2998 CONTINUE
ISN Q042 2999 CONTINUE
ISN 0043 DIS=DIS+X(2)
_ISN 0044 3000 CONTIMUE e - —
ISN 0045 AHC =aMT (1)
_ISN QQ46 | ACQ=AMT (2} — e
ISN 0247 ANOX=AMT (3}
ISN 00Q48 DIS=RYIS/3600.0D0
ISN 0049 DIST=D1S
1SN 0050 DO 4000 ICK=1,3 e
ISN 0051 4000 IF{AMT({ICK).LT.0.0D0)GOTO4001
_JSN 0053 GOT 04444
1SN 0054 4001 WRITE(b6,+4002)
"M T '
ISN 0056 4444 RETURN
._ISN 0057 £ND




LEVEL 21.6 ( MAY 72 }

CAMPILLR NPTIONS — NAME= MAIN,OPT=02 LINECNT=60+51ZE=0000K,

05/360 FORTRAN H

SUBROUTINE EDGRP {BAD, INT)

ISN 0002
e L AEREEAARERREFUERER RS R ERAEEFARAESR SI RN AN IR SRR RS R A SR AN RS SR SR ER AR A

c

o —— e
C INSTANTANEQUS EMISSION RATE FUNCTIONS OF THE 'AVERAGE' AUTO OF
C SOME _GROUP NF AUTDS. EDGRP IS CALIED ONCE F
C GROUP, SPECIFYING EACH TIME THE TINSTANTANEOUS EMISSION RATE

,,,,,, o FUNCTIONS COEFFICIENT ARRAY 'BAD® FQR THE INDIVIQUAL AUTG. AFTER
c FDGRP HAS BFEN CALLED FOR ALL AUTDS WITHIN THE GROUP, THE YAVERAGE

_ c AUTO*S INSTANTANEOUS EMISSION RATE FUNCTIONS ARRAY IS GIVEN BY
c ARRAY 'YBADY,
c
C BAD=>INSTANTANEQUS EMISSION RATE FUNCTIONS ARRAY.(REAL*8}

R C
C SET INT=1 FOR THE FIRST AUTO IN THE GROUP
[
< SET INT=2 FOR THE REST OF THE AUTOS IN THE GROUFP
C
C SET IKT=3 AFTER ALL THE AUTOS IN THE GROUF KAYE BEEN CONSIDERED
o
c FERKER R SREEA A RIS GRS RERAN RN N R LB REI SN RSN EEN N s AR UK S E Ak 6

ey
»

IF(INT.GT.1)G0T02000

1SN Q004
1SN QQg6 DO 1000 I=1,3
ISN 0007 DD 1001 J=1,12
ISN QQ08 B(1+.4)=0,0D0
ISN 0009 1001 CONTINUE
1SN Q010 1000 CONTINUE
1SN 0011 CIN=0.0D0
_ _JSN 0012 2000 JFCINT.EQ.31G0TO4133
ISN 0014 CIN=CTN+1.0D0
__ kSN 0015 DO 2001 I=1.3
ISN 0016 DO 2002 J=1,12
ISN 0017 BileJ)=Re]1,4)+BAD(]1s )
ISN 0018 2002 CONTINUE
ISN 0019 2001 CONTINUE
ISN 0020 IF{INT.NE.3)GOTO4000
ISN Q22 4133 DO 3000 I=1.3
ISN 0023 DO 3001 J=1,12
___ISN 0024 BADII . J)=B{I. )/CTIN
ISN 0225 3001 CONTINUE
__.J5M 0028 3000 CONTINUE
1SN 0027 4000 RETURN
1SN 0928 END




LEVEL 21.6 ( MAY 72 | 0S/36G FORTeAN W

COMPIL:IR OPTIONS — NAME= MAIN,OPT=02 ,LINECNT=&0+STZE=0000K 4
I e SOURCE SEBCDIC aNOLIST ,NIDECK LOADMAPNOEDIT YDy XREF

ISN 0902 SUBROUT INE INVERSTAWNsN1)
cs , _ x
CHREXEFREEERAR XXX RRRRRERERRERERREE [NVERSE  wxkdrkakkk bbbk bk ek S h k¥
- . _L* . . . . . . *
o} ] Y
e L*  REMARKS 3 THE ROUTINE COMPUTES THE INVERSE OF MATRIXA: DIMENSION <20, *
C* WHERE N IS THE DIMENSION OF A, *
_L* . R . B R . *
C* THE INVERSE 1S RETURNED IN MATRIX A, *
Cx N IS RETURNED AS -1 WHEN A IS SINGULAR L]
e L . O *
CERRXREEBREEERAR AR E SRR AR EEA MR RR R EE AN KRR KRR R R R AR RN AR S R RR SRR G X®
e [ PEE e e e o . - L
ISN 0003 DIMENSION AINL,N1)y5(10,20} i
ISN 0004 . DOUBLE PRECISION SeBUFF OVHSFPY A i
ISN 0005 K= N+N
o — . ; e
C INITIALIZATION 3 S = (A LT}
- ISMN 0006 DO 501 I=1.00 ___ . . R — I,
ISN 0007 D3 50z J=1,20
1SN Q008  S{I.Jdl=0.00 . . S
TSN 0009 502 CONTINUE
ISN 0910 _ 201 CONTINUE
1SN 001L DO 12 I = 14N
ISNOO2 DD RO J = 1,N_ —
ISN 0013 S(I,J) = AlI, )
ISN 0014 10 CONTINUE —
ISN 0015 IN =1 + N
ISN 0016 SUI.IN) = 1.D0
ISN 0017 12 CONTINUE
B PR —— - — e
C COMPUTE INVERSE OF A MATRIX S
I g e _ —m
[ LOWER TRIANGULAZATION OF 5
ISN 0018 15 00 150 I=1,N
ISN QQ1l9 L=1 R
ISN 0320 M = T4]
ISN 00Q21 JIN = I
ISN 0022 20 TF(SI1,1).NE.O.D0)GOTO4S
__ISM 0024 29 LE =1 +1
ISN 0025 26 IFILS{LE,I).NE.0.DO)YGOTDBOO
2T LE = LE + 1 s
ISN 0028 28 IF (LE-N) 26,26,900
1SN 0029 =~ BQO DO 35 J=sl.K - o R
ISN 0030 BUFF = S(Ipd)
ISN 0Q31 S(JIeJd) = SULELJ) ——
ISN 0Q32 S{LEsJ) = BUFF
... ISN 0033 .35 CONTINUE e e e e -
ISN 0034 41 GO TU 20
o ISN Q035 45 OYH = S Ll
ISN 0036 DO 46 J=1,K
ISN 0027 46 S{I.J) = S{I.0)/0VH o —— S
ISN 0038 SIT.1) = 1.000

ISN 0039 48 IF(L GEe N} GO TO 149



ISN Oual 49 FPY = S{M,L)
— 1SN 0042 JE L FPY o EQas Caill )y _Go_In 1%
ISN Q044 50 DO TG J=14K
_ISN QQ4%  BUFE = FPY * S{l,.J) ) o
ISN 0046 S{M,J) = S{Ms+J) - BUFF
_-ISN 006eY 70 CONTINUE S— S —
ISN 0048 75 JIN = M4l
ISN Q049 1F { JIN o GT.N } GO T0 149
ISN 0051 100 M = M+l
_ISN 0052 120 GO TD 49 . .. ___.
ISN 0053 149 CONTINUE
__ISN 0QS4 150 CONTINUE _ -
c DIAGONALIZATION CF S
__ISN 0055 D0 385 I1=2,.N
ISN 0056 L =1
__ISN Q057 M= I-]
ISN 0058 350 FPY = S(M,L}
__ISN 0059 1E._ { EPY o EQ, 0.00 1 60 10 375
ISN 0061 351 00 370 J=1,K
ISN Q062 BUFF = FPY % S{I..)
ISN 0063 S(MyJ) = S(MsJ) ~ BUFF
_.ISN 0064 37G CONTINYE
ISN 0065 375 IF ( M LE. 1 ) GO TO 384
380 M = M-l
ISN 0068 GO TO 350
ISN 0069 384 CONTINUE
ISN 0070 385 CONTINUE
L STORE INVERSE IN A
1SN 0071 390 DO 402 [1=1.N
ISN 0012 LL=11
ISN 0073 395 DO 400 Jl=1.N
1SN _Q0T4 KK = N + J1
ISN 0075 396 ALI1¢J1l) = S{LLsKK)
400 CONTINUE
ISN 0077 402 CONTINUE
_IsnNooyy =~ RETURN
C NO INVERSE
TELS,7000)
ISN 0080 7000 FORMAT(LHO,?NO INVERSE?')
ISN 00B] _N=-1
ISN 0082 RETURN
1SN 0083 END




APPENDIX V

VEHICLE CLASSIFICATION BY DISCRIMINANT FUNCTION ANALYSIS

The implementation of the emission-rate function model is assessing
the impact of a collection of vehicles on the environment requires that the input
data be appropriately chosen according to the problem under consideration, A
matter of central concern in this regard is whether available data can be
employed in a setting different from that in which it originated. [In particular,
such questions as geographic location and time frame are of interest. For
example, can surveillance data obtained in one location be employed as a basis
for modeling emissions in a different location, and can data collected in the

past be used as a basis for modeling present or future problems?

In a previous report, it was noted that a distinction exists between
the emissions of vehicles in Denver as compared with five other cities of lower
altitudes. Also, as would be expected, the implementation of emission controls
clearly affected the emissions of vehicles in both geographic categories. The
concept of discriminant function analysis was employed to crystallize and quantify

these differences.

The distinctions alluded to above were based on an analysis of total
emissions of HC, CO and N()x over the surveillance driving sequerce. Though it
is presumed that these differences among categories of vehicles would persist
in other driving sequences, it was considered of interest to investigate this
assumption in a systematic way. Toward this end a discriminant function approach

was undertaken.

The logic of this approach is as follows. Each driving cycle consists
of a series of accel/decel and steady-state modes. Conceivably some of these
modes might be more sensititve to geographic or time differences than others.
This would result in a situation where driving sequences consisting of combina-
tions of these modes could themselves differ in this regard. A linear discriminant
function is a weighted combination of the modes constructed in such a way that
differences between vehicle categories, if they exist at all, will be most

clearly delineated.



Suppose that only Denver versus non-Denver vehicles are considered

and the emissions for a particular pollutant for the various modes are denoted

Xl’ X2, ceny x37. Then the linear discriminant function is defined as
F = a %)+ AXy * o * 8ggXqy
where a1, 8y, ... 85, are coefficients selected according to an optimization

logic. For each vehicle, one can compute a value of F, If one groups together
all F values for Denver vehicles and all F values for non-Denver vehicles,

one can compute a mean value of F for each group and a variance or standard
deviation for each group. The two groups will separate clearly, with minimal
overlap of the two distributions of F values, if the difference between the
mean values for the groups is large and the dispersion or scatter of F values
within each group is small. The coefficients a), 3, ..., 85, are chosen so

as to make as large as possible the ratio of the dispersion of the group means

to the pooled dispersion of the individual vehicles within groups.

If only two groups are inwlved, it is possible to compute only one
discriminant function for each vehicle. However, if there are G groups, one

can compute G-1 such functions, provided G-1 does not exceed the number of modes.

For example, consider the following groups of vehicles

GROUP 1 - Non-Denver, pre-emission control
GROUP 2 - Denver, pre-emission control
GROUP 3 - Non-Denver, emission control

GROUP 4 - Denver, emission control

In this case three discriminant functions can be computed as follows:

Fi = Oy, #Gi¥a + - - - Qs Xas
FL = b‘l\ "’b\. x-‘_ + - .- - }331 ¥31
Fy = QX G + - oo Cay ¥ay '

These functions employ three distinct sets of weighting coefficients icx;}'ﬁb;},ic;g
the efficacy of which can be appreciated best by a geometric argument.



For each vehicle, one can compute Fl’ FZ’ and FS' Consider these
three values as the coordinates of a point in three-dimensional space. If
each vehicle is plotted as such a point in 3-space, then there will result a
collection of points which, hopefully, will tend to cluster into four distinct
"clouds', these clouds being associated with the four groups of vehicles
under study. If the separation of these groups is complete, one can partition
the space into disjoint compartments and there will be no overlap or spillover
from one compartment to the other. In reality, this will not be the case, and
there will be a certain amount of "mixing' or "confusion' if one attempts to
assign a particular vehicle to its correct group merely by looking at the F-value
coordinates of that vehicle. Quantification of the degree of correct and
incorrect classification is therefore required in order to assess how ''good"

such a classification matrix is.

To appreciate the nature of this quantification, consider first
the case in which there are only two catepories--say, Denver and non-Denver--
and only a single discriminant function F. Divide all vehicles into two sets
on the basis of their known membership--that is, consider all Denver vehicles
as a group and all non-Denver vehicles as a group. There are 169 vehicles
in the Denver group, 851 in the non-Denver group. For the Denver group,
compute F for each of the 169 vehicles and display these results as a histogram.
Similarly, compute F for each of the 859 vehicles in the non-Denver group and
display these results as a histogram. The results are shown in Figures 5-1,
5-2, and 5-3 for HC, CO and NOX respectively. Ouite clearly, a czrtain
amount of overlap is evident, so that if one attempts to assipn class
membership on the basis of the F value only, a certain number of both the benver

and non-Denver vehicles will be misclassified.

A technique which can be used to determine the quantitative separation
of groups is the construction of a "classification matrix" for the groups. The
concept, as illustrated below, represents classifying automobiles as coming from

City A or City B on the basis of a particular test value.

CITY A CITY B
CITY A 83 17
CITY B 42 58

CLASSTFICATION MATRIX FOR TWO CITIES



The classification matrix should be interpreted in the following way.
Assume a technique which takes a test value for an automobile from City A
and, on the basis of probabilities for this test value, classifies this
automobile as coming from either City A or City B, whichever has the highest
probability for the given test value. If all the automobiles from City A
are subjected to this probability test, one will find that some are correctly
classified as coming from City A while others are incorrectly classified
as coming from City B. The same test can be performed on the automobiles from
City B. Since the number of automobiles from each city is known, one can
convert the number of automobiles correctly or incorrectly classified into
percent of automobiles from each city. The diagonal elements of the matrix
represent the percent of automobiles coming from City A and City B which were
correctly classified as coming from City A and City B. The off-diagonal elements
give the percent of automobiles incorrectly classified. Therefore, 83 percent
of the automobiles from City A were correctly classified as coming from City A,
while 17 percent were incorrectly classified as coming from City B. Likewise,
58 percent of the automobiles from City B were classified as coming from
City B while 42 percent were classified as coming from City A, In this case,
the probability for classifying automobiles was more heavily weighted in favor
of City A.

Classification matrices for Denver versus non-Denver vehicles are
shown in Table 5-1 and the corresponding histograms on which they are based are
shown in Figures 5-1, 5-2 and 5-3. It can be seen that the separation of the
two groups is somewhat better for (0 and NOx than for HC. Also, in the case of
HC, it is more likely that Denver vehicles will be misclassified as non-Denver
vehicles than that non-Denvervehicles will be classified as Denver vehicles.
Thus once the probabilities for a set of groups have been determined for
values of a given test the classification matrix technique can be used to give

an easy-to-interpret quantitative measure of the separation between groups,



1f the number of groups used in the classification is increased,
the size of the classification matrix increases accordingly, with the diagonal
elements indicatinp the percent correct classification., In this more elaborate
situation, a vehicle can be misclassified in more than one way, and the nature
of the misclassification can provide insipht into which categories of vehicles

are most "alike".

Just as the number of groups (cities) in the classification matrix
can be increased, the number of discriminant functions to be used as the basis
of classification can also be increased. In this case one calculates, for
a given automobile, the probability of occurrence of each of the discriminant-
function values associated with the vehicle. For reasons discussed later, it
can be assumed that the several discriminant functions are statistically
ndependent. Therefoure, thesc probabilities can be multiplied together and it
can be assumed that the product is the probability of the joint occurrence of the
particular discriminant function values encountered for the vehicle in question,
Then compare the probability products calculated for all the groups and assign
the automobile to the group with the highest probability product.

In the case of Denver and non-Denver vehicles before and after the
advent of emission controls, there are four catepories and three F values. By
virtue of the theory on which discriminant function analysis rests, the three F
values are statistically uncorrelated. Also, by virtue of the fact that each of
the F values is a linear combination of the outcomes of 37 random variables,
it can be presumed that the Central Limit Theorem of statistics will cause the
distribution of the F values to tend toward a Gaussian distribut on. Under these

conditions, the assumption of independence is believed justified.

The classification matrices for HC, CO and NOx according o Denver and
non-Denver, pre-control and control eras are presented in Table 5-2.
The type of inferences which can be drawn from these tahles is exemplified by
noting the classification matrix for NOx. For example, note that non-Denver,
pre-emission controls (category 1) is misclassified more frequently as non-Denver
emission controls (category 3) than as either of the DNenver categories (categories
2 and 4). Similarly, the Denver pre-emission control is confused more with Denver

post -emission controls than with the other two categories, and the Denver emission



TABLE 5-1
CLASSIFICATION MATRICES

GROUP 1 = NON-DENVER

GROUP 2 = DENVER

HC

1 2

1) 82 17
2) 42 57
Co

12

1) B4 15
2) 11 88
NO

X

i 2z

1) 88 11

2) 11 88



TABLE 5-2

CLASSIFICATION MATRICES

GROUP 1 =
GROUP 2 =
GROUP 3 =
GROUP 4 =

1

1) 47

2) 19

3) 16

4) 5

1

1) 56

2) 12

3) 15

4) 12

1

1) 58
2) 7

3) 27

4)

NON-DENVER PRE-EMISSION

CONTROL

DENVER PRE-EMISSION CONTROL
NON-DENVER EMISSION CONTROL

DENVER EMISSION CONTROL

HC

[LS)

13
48

15

co

® N

72

11

NO

|I\)

10
73

23

%

23

58
11

e

25

79

|

20

66

|+

14
28
21
68

[ B e A e

72

© &

17

68
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