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A standard passenger vehicle has been instrumented to measure fore
and-aft acceleration and velocity, and most significantly, a digital data 
recording and processing system has been developed and implemented 
that provides for convenient and rapid reduction of the measured data. 
This system, consisting of both hardware and software, has been checked 
out and debugged, and has been applied to the collection of a fairly ex
tensive set of field data over a heavily traveled urban freeway. The 
most extensive subset of data was collected using six drivers, each on 
a different day, making eight runs for each direction of flow (during the 
morning peak traffic period). Statistics computed from the data included 
average acceleration, average velocity, standard deviation of accelera
tion (or acceleration noise), standard deviation of velocity, autocor
relation functions, power spectral densities, travel time, and distance 
traveled. Acceleration noise has been related to volume and density, 
and has been shown to have a correlation coefficient of 0. 75 with travel 
time. Indications are that individual driver differences are more evident 
with acceleration noise than with travel time. Speed-volume-density 
relationships are also examined. 

•ACCELERATION AND SPEED, as functions of time for individual vehicles, are impor
tant characteristics of traffic flow. Few data are available concerning these character
istics, let alone in-depth data. In order to obtain comprehensive measurements of 
acceleration and speed, there was a need for the instrumentation of a passenger vehicle 
with appropriate equipment to conveniently obtain such data. Special attention would 
have to be given to the generation of data in a form that would be more amenable to con
venient analysis. Data reduction and data processing have been a particular bottleneck 
in the collection of such data in the past. It appeared that the techniques of digital re
cording and processing could be well applied to the problem. 

Certain statistics of vehicular acceleration and velocity are of particular interest in 
studies of traffic operations. Among these are the means, variances, autocorrelation 
functions, and power spectral densities of acceleration and velocity. Acceleration noise, 
a traffic performance measure of increasing interest, is defined as the standard devia
tion of the acceleration process (1) . With the availability of measured time series of 
acceleration and velocity, attention could also be profitably directed to the development 
of computer software that would compute selected statistics. Software would also have 
to be developed to ensure the reliable use of digitally recorded data; for example, through 
a program that would edit the recorded data, which might have erroneously recorded 
data sequences, into a computer-compatible format. 
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OBJECTIVES OF THE STUDY 

The overall objective of the study was to address the stated need for individual vehi
cle's motion characteristics data. A research program was conducted to investigate 
the fore-and-aft vehicle motion characteristics in the traffic environment of selected 
sections of some heavily traveled urban freeways. 

The program was oriented, primarily, to satisfy the needs of a broader program of 
study, "Analytical Models of Unidirectional Multi-Lane Traffic Flow," conducted for the 
U.S. Bureau of Public Roads. Among the applications for this data collection system 
would be 

1. Validation of various car-following models; 
2. Setting up the parameters of a program for estimating positions and velocities 

from aerial photographs; and 
3. Estimation of the errors in the aerial data collection system by providing a meth

od for measuring the velocity-time curve that is independent of the aerial photography 
method. 

It is expected that the availability of this system will stimulate other applications. 
The conduct of this research program first required the development of an appro

priate set of research tools. In particular, the detailed objectives of the study were 
the following: 

1 . Instrument a standard passenger vehicle to measure and record, in a convenient 
form, {a) fore-and-aft acceleration and {b) fore-and-aft velocity, independently, as 
functions of time. 

2. Develop and check out computer software to r educe and process the measured 
data in order to produce, in printout or plot form or both, the following statistics: {a) 
mean and variance of the measured acceleration data; (b) mean and variance of the 
measured velocity; {c) autocoval'iance and autocorrelation of acceleration; (d) autoco
variance and autocorrelation of velocity; (e) power spectral density of acceleration; (f) 
power spectral density of velocity; (g) travel time of each measured run; and (h) distance 
traveled for each run. 

3. Collect a fairly extensive set of field data that would be representative of condi
tions on heavily traveled urban freeways, through the use of the vehicle-software 
system. 

4. Examine the distributions of acceleration and velocity, and their relationship to 
traffic, for a sample of the collected field data. Test the hypothesis of normality for 
acceleration. 

5. Examine the effect of traffic on the autocorrelation function. 
6. Examine the effect of traffic and vehicle operation on the power spectral density. 
7. Relate acceleration noise to traffic density and traffic volume. 
8. Relate travel time and average speed to traffic volume. Also examine the speed

flow-density relationships. 

The spectral analysis was expected to give a more informative and convenient way of 
comparing the various time series obtained from the experimental program. It can be 
shown by a well-lOlown theoi-em that the integral of the power spectral density is equal 
to the acceleration noise. Thus, the power spectral density is genernlly expected to 
provide more information. The power spectral density presents, in a compact form, 
the characteristics of a time series in the frequency domain. Formally, it is the 
Fourier transform of the autocorrelation function. The distribution of power, particu
larly for the acceleration time series, was expected to vary over the frequency axis, 
depending on the prevailing traffic conditions and on the driver and road environment. 

EQUIPMENT AND INSTRUMENTATION DESCRIPTION 

The test bed vehicle selected for instrumentation is a standard 1967 Plymouth sedan. 
The total instrumentation system installed in the vehicle includes the following major 
components: 



15 

1. A Systron-Donner servo-accelerometer (with a range of ± 1 g); 
2. A Labeco fifth-wheel device; 
3. Optysin shaft angle encoder; 
4. A digital data processor, ITC Model 8110; 
5. A Deltacorder Model Il incremental magnetic tape recorder; 
6. Argo-Kienzle tachograph; 
7. Control boxes on the vehicle dashboard; 
8. Supporting power supplies and cables; and 
9. A radio transmitter-receiver. 

The servo-accelerometer is located on the floorboard right behind the front seat, along 
the vehicle's fore-and-aft axis. The digital processor is located right behind it, with 
the tape 1·eco1·der sitting on top of the processor. The tachograph is installed in the 
trunk area. The fifth-wheel device is binged, so that it can be retracted back over the 
trunk when not in use. The instrument controls are conveniently located below the dash
board. 

The digital data processor is a special-purpose piece of equipment that was developed 
to record acceleration and velocity data in a form that can be readily processed by a 
general-purpose digital computer. 

An analog-to-digital converter is used to convert the accelerometer analog voltage 
outputs into digital form. A series of pulses is generated, which is proportional to the 
distance traveled (over a given increment of time), through an Optisyn shaft angle en
coder that is mechanically connected to the fifth wheel. This provides the speed mea
surements. The output data from the digital processor are recorded incrementally, 
every prescribed time increment on a 7-track magnetic tape on a 6-in. mini.reel. The 
tape recoder (a Deltacorder digital incremental recorder) records at 200 bpi (bytes per 
inch). The Argo-Kienzle tachograph is employed as back-up equipment for velocity 
measurement; the device is attached to the speedometer cable connector. 

Two modes of operation are available through a switch on a control box on the dash
board: the recording of both acceleration and velocity, and the recording of only accel
eration. For the first mode, the recording time increment is 2/io sec. For the second 
mode, the recording time increment is 1/10 sec. 

Figure 1 shows the functions performed by the digital processor on the acceleration 
and velocity data. The figure also suggests data link communication with a helicopter. 

The tape record is formatted in terms of 6-byte words with one decimal digit per 
byte. The first recorded word is the manual data word, where the first 4 bytes denote 
header data and the fifth byte describes the fifth-wheel in or out. The sixth byte is a 
dummy. Acceleration and velocity are then alternately recorded, as 6-byte words, 
whenever the fifth-wheel is indicated to be on. The first byte for acceleration describes 
the sign, the next 3 describe the magnitude, and the last 2 are dummy characte1·s. 

Three decimal digits of precision appear to be adequate for the vehicle perfo1•mance 
studies that are considered to be of interest. This precision implies that velocity can 
be recorded to within 0.2 ft/sec and acceleration can be recorded to within 0.001 g 
( or O. 32 ft/ sec 2). This velocity precision figure follows from the fact that the shaft 
angle encoder generates 50 pulses per foot of wheel travel, and we can resolve no 
better than one pulse for each 0.1 sec (incremental recording pe1·iod). 

SOFTWARE DESCRIPTION 

Computer programs were developed to reduce and process the data collected with 
the instrumented vehicle. The programs were developed for operation on the IBM 7094. 
Two kinds of programs were required: assembly language programs and FORTRAN 
programs. These programs are as follows: 

1. A program to print out the contents of the raw data (tape dump), formatted into 
6-character words. This is necessary in order to check the integrity of the data re
corded on the tapes. 

2. A program to process the raw data tapes from the instrumented vehicle and pre
pare it into FORTRAN-compatible binary tapes. A distinctive feature of this program 
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Figure 1. Block diagram of processing function. 

is that it can detect data coding errors that may occasionally arise from the vehicle 
instrumentation, and then perform remedial action by editing out those errors, at the 
same time retaining the integrity of the remainder of the data. This program has been 
coded in IBM 7094 macro-assembly language. Free use is made of information rele
vant to the IBM 7094-specific hardware configurations, including data channels and tapes. 

3. A program, coded in FORTRAN IV, to process the tapes obtained with the 
program, to print out and plot acceleration, velocity, and the autocorrelation functions 
and autocovariances of each. The program also computes and prints out the power 
spectral density of acceleration data that have been first processed to eliminate slow 
trends that are not pertinent to the drive1•-traffic interactions . Other outputs of the 
program include travel time and distance b:aveled. 

4. A program, coded in FORTRAN IV, to generate an artificial random series with 
a known autocorrelation function (and, consequently, a known power spectral density). 
This program was used to check out the foregoing program. 

5. A program, coded in FORTRAN IV, to produce histograms for the acceleration 
and velocity data. 

Some of the details on key processing aspects of these programs will be discussed 
in subsequent sections. It is pointed out that pi·intouts or computer plots, or both, of 
the processed data are obtainable with the system available. 

FIELD DATA COLLECTION 

Essentially, three sets of detailed field data have been collected with the instru
mented vehicle, the last set being the most extensive set. The three sets consist of: 
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1. A set of 14 rW1s, 7 for each of two drivers, made on a section of the Ventura 
Freeway approximately 1 mile in length during the morning peak traffic period. Traffic 
counts were taken corresponding to the passage of the vehicle past the counting site. 

2. A set of 7 rWls made with one driver on a section of the San Diego Freeway 
approximately 2 miles in length. These data were used as a basis for conclusions by 
Breiman (2) . 

3. Six sets of 16 rWlS, each set corresponding to a different day, on a section of the 
Ventura Freeway approximately 2 miles in length (four lanes in each direction). The 
runs were made during the morning peak traffic period from 7:00 a. m. to 9:30 a. m. A 
different driver was used for each set. Eight runs of each set were made in one direc
tion; the remaining 8 were made in the other direction. Traffic counts were made over 
a 5-minute period that was synchronized with the passage of the test vehicle by the count
ing site. 

The procedure that was followed in each run was to enter the freeway and start the 
data-recording after the vehicle was well beyond the on-ramp acceleration lane. This 
was designed to minimize any on-ramp artifacts. Similarly, the recording of data was 
stopped well before the vehicle was ready to exit on the off-ramp. After exiting on the 
off-ramp, the drivers were typically allowed to rest for about 3 to 4 minutes at a con
venient spot on or off the arterial, before proceeding to enter the freeway again for the 
next rWl. The drivers were instructed to drive over the test site as they normally do. 
As a consequence of this, an appreciable amount of lane-changing and passing was ob
served. 

An observer-experimenter accompanied the driver; his functions included the op
eration of the data-collection equipment and the proper scheduling of the l'WlS. On the 
extensive last set of rWlS, he also coordinated, by radio commW1ication1 the traffic 
counts taken by a gi·ound observer, so that the traffic counting period could coincide with 
the time of passage of the test vehicle past the counting site . 

The basic measurements available for the most extensive set of field tests are (a) 
fore-and-aft acceleration, (b) fore-and-aft velocity, (c) travel time, (d) distance traveled, 
and (e) 5-minute traffic counts. All statistics and inferences were derived from these 
five basic measurements, supplemented by the experimenter-observer's observations 
for each run. 

On the first two sets of runs, it was observed that grade variations were significantly 
reflected into the measurements of acceleration (because the servo-acceleromete1· also 
measures the g-force component). Because this acceleration component is not the con
sequence of driver actions, such as throttle or brake applications, it was felt to be de
sirable to remove this "trend" from the set of measurements. The removal of this 
"trend" also satisfies the requirements for performing a spectral analysis of the accel
eration series corresponding to each run. The full spectral analysis was performed on 
only the last set of data, which is also the most extensive data set. 

DATA PROCESSING PROCEDURES 

Preliminary Processing of Acceleration Series 

The detrending of the acceleration series was achieved through the application of a 
triangular weighted moving average to the original series. A new series was then given 
by the differences between the original series and the moving average. The average 
should be taken over a time interval large enough not to obscure local effects, such as 
those due to dynamic interactions with the road traffic, but small enough to account for 
the varying grades. A triangular weighted moving average seems to be the most appro
priate, which would give the greatest weight to the point being estimated and zero weight 
to the two end points. An average over a 30- to 60-second timeperiodseemsadequate 
for this type of weighting function. Before applying the moving average, the original 
series would first have to have a "correction" applied to each end. 

The procedure first requires obtaining the average over the initial T seconds of the 
series. The original acceleration time series, a{t), is shown in Figure 2 and extends 



18 

T sec . 

Figure 2. Preparation of record for filtering. 

from O to tm. The average over the first T seconds is added as a constant value to the 
left end of the series, over a T-second interval and is denoted as ainitial, where 

1 
'ainitial = T 

0 

T f a(t) dt 

1 
'afinal = T 

tm-T f
tm 

a(t) dt 

would be added as a constant value to the right end of the original series. The new 
series is now tm + 2T seconds in length. 

The moving average, with triangular weighting, is now computed over this modified 
series. The initial computation gives the average value for t = 0. The triangular 
weighting function is shown in Figure 3, corresponding to a.i. The triangular weighted 
average ai, corresponding to the value ti = iAt, where N. = 0.2 second, is given by 

A 1 ( 1 149 149 1 \ 
ai = no T5o ai-149 + • • • T5o ai-1 + ai + f5U' ai+l + • • • I5o ai+149J 

where¾ = a(tj), Thus, in the estimation of¾, the ith value of a is given the maximum 
weight, and values to the left and right of the i th value are given proportionately small
er values depending on the distance from ~- This filtered acceleration time series 
is expressible in the following compact general form: 

where 

hj = ~(1 - I j~t 1), and 

j = -150, -149, ... , -1, o, 1, ... , J 49, 150. 

In the particular case tha' we have considered, T = 30 s econds and At = 0 ,2 second. 
If ai represents the original series, the detrended series is then given by a{ = ¾ - ¾. 

The detrending process acts as a high-pass filtering operation on the original series. 



The low-frequency variations are 
attenuated. It thus has an effect on 
the power spectrum of the mea
sured acceleration series and on 
its variance. It is of interest to 
determine the filtering effect on the 
original series. 

The High-Pass Filtering Effect 

T ----i-- --
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The effect of detrending (or, 
equivalently, high-pass filtering) 
is examined by making use of the 
continuous case representation for 
the filtering operation. Thus, the 
analog to the discrete series is 
given by 

ti-150 .. . ·· · ti -1 ti +l ... . .. ti +l49 t i+l50 

Figure 3 . Weighting function. 

a(t) J 00 

a(t - ,)h( T)d, 

-co 

where h(t) = ~(1 - I 4 1). 
With w = 2'1Tf , let 

co 

H(f) = J h(t)e-iwtdt 

-co 

= (s:~T)2 

It then follows from standard spectral analysis theory that the power spectrnm of the 
filtered acceleration process a(t) - a(t) is given by 

P(f) = 11 - H(f) 12 
Pr(f) 

where Pr(f) represents the power spectrum of the raw (unfiltered) data and is described 
by 

where Rr( r) is the autocovariance function, Rr( r) = E ja(t)a(t + r)! . _ 
Denote the power transfer function by G2(f) = 11 - H(f) I 2 • The graph of this trans

fer function is shown in Figure 4. From this graph it can be seen that, for practical 
purposes, the frequency contributions occurring at fT < 1 are rejected by the filtering 
process. More precisely, because T = 30 seconds for the application employed, then 
only those frequency contributions such that f > 1/30 cps are the elements in the original 
series retained by the filtering process. 

These frequency contributions that are retained are principally comprised of those 
that are associated with the driver actions in the traffic environment. However, it is 
also expected to include those frequency contributions that result from the vehicle-
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Figure 4. Transfer function characteristics for high-pass filter . 

highway interactions. For example, it may include vehicle pitching contributions 
caused by the roughness of the road or by wind buffeting. These will occur, however, 
at a frequency range significantly higher than the frequency range corresponding to that 
for driver actions. 

An estimate can be made of the decrease in the variance caused by the high-pass 
filtering process. Recalling that a' (t) = a (t) - a (t), then 

J
oo 

E{a'(t) 2
} = 

-oo 

11 - H(f) 1
2 

Pr(f) df 

If we denote the change in variance by t:..rl = E{ a2 
}- E { a' 2

}, then 

00 

/:,. a2 = f H(f) [ 2 - H(f)] Pr(f) df 

-00 

And if we assume that R(t) = /e-Yitl, which is the approximate shape that the auto
correlation function is observed to have, then it can be shown that 

A<l 8 
7 = 3yT 

Then, for a typical y = 0.5 and T = 30 seconds, 

or about 18 percent. 

• _2 
LHT 

7 
8 

= m 0.178 
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The Autocorrelation Function and Spectral Analysis 

The approach taken to perform the spectral analysis follows Blackman and Tukey (3). 
The autocovariance of the acceleration series is first computed: -

1 n-p 
R( T) = n-p ~ O!i O!i+p 

i=l 

I 

where p = 0, 1, 2, ... , m, T = p.6t, and m.6t is the maximum lag considered, which 
was chosen to be 40 sec (conservatively to resolve narrow spikes), and where 

Cij_ = ai - -, 
a 

n -, 1 
~ ai' a n 
i=l 

and nA t is the total length of the original series. The incremental lag is represented 
by At and in this program takes on either one of two values: 0.1 or 0.2 second, de
pending on the mode of operation chosen for the equipment in the vehicle. The auto
correlation function is given by 

( R(r) 
r r) = R(O) 

The smoothed ("hamming") estimates of the power spectral density are given by 

for 0 < h < m, and 

where 

P(0) 0.54Q(0) + 0.46Q(l) 

P(h) = 0.23Q(h - 1) + 0.54Q(h) + 0.23Q(h + 1) 

P(m) 0.54Q(m) + 0.46Q(m - 1) 

Q(h) 2At 
= --

1T 

m 

I 
p=0 

hp11 
E"pr(p,6t) cos m 

for h = 0, 1, ... , m and where 

1

1, 0 < p < m 
E"p = 

½, p = O, m 

We note that the frequency, f, in cycles per second depends on h and is given by 

h 
f = 2m.o. t cps 

h In particular, in our case, f = 80 cps, where h = 1, 2, .... In terms of radians per 
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second, frequency is given by w = 2rl. We have used a well-known theorem to pro
vide a gross check on the computations. This theorem (3) states that the autocovariance 
for lag zero is equal to twice the integral of the power spectrum, over its positive do
main of definition. Thus, the sum 

m~I I½ ~(O) + P(m)] + !' P(h)I 

should equal one (because we have chosen to work with the autocorrelation function, 
rather than with the autocovariance). 

Acceleration Noise 

Acceleration noise is defined as cra, where 

j Im a'(t)dt - [ ~ 

We note that cra2 is related to the value of the autocovariance for T = 0, cra2 = R(O). This 
measure will be used in subsequent discussions as an indication of traffic operations 
performance. 

RESULTS FROM ANALYSIS OF THE FIELD MEASUREMENTS 

The results to be presented in the following discussion will concentrate primarily on 
the last experimental program, which provided the most extensive set of data by far. 
This experimental set was also able to take advantage of the increased precision that 
was introduced into the equipment in the latter stages of the study. The discussion will 
not necessarily follow the order in which the data were collected. 

Attention will first be focused on general properties of the data that were collected. 
Relationships and inferences obtained from these basic data will be subsequently discussed. 

TABLE 1 

SUMMARY DATA SET FOR DRIVER 2 

Mean Raw 
(1 

Mean a 5 Minute T-Time/ Estimated 
Trip Smoothed T 

No. Acceleration Acceleration Velocity Velocity Traffic Mile Density (sec) 
(ft/sec•) 

(ft/sec') (ft/sec) {ft/sec) Count (sec) (vehicle /mile) 

Eastbound 

201 0.14 1.46 27.38 15.25 547 192.5 350 2.5 
203 0,09 0.36 44 .77 6.56 629 118.0 147 2.3 
205 0.25 0.83 46.03 7.17 617 114.5 236 2.0 
207 0.24 1.32 43.07 10.96 640 122.5 262 2.2 
209 0.22 1.55 37.77 15.21 607 139.5 282 2.6 
211 0.21 1.09 41.73 11.48 599 127.0 254 2.1 
213 0.23 1.42 29.13 15.21 522 181.5 316 2.2 
215 0.20 1.64 45 .14 18.54 418 117.5 164 2.4 

Westbound 

202 0.21 0.47 87.74 4.90 329 60 .3 66 .2 0.2 
204 0.23 0.52 84.19 3.67 460 62.7 96.2 1.7 
206 0.37 0.58 81.49 6.40 574 65 .0 124.2 2.0 
208 0.48 0.91 89.96 7 .15 384 59.0 150.8 2.2 
210 0.21 0.87 88 .27 4.47 414 60.0 163.6 1.8 
212 0.40 0.77 93.58 7.45 438 57.0 83 .2 1.6 
214 0.29 0.60 92.77 7.26 365 56.0 68.2 0.7 
216 0.41 0.76 94.53 6.92 319 55.0 58.6 1.6 
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General Properties of the Data Collected 

A summary data set corresponding to one of the six drivers that was used in the last 
experimental program is given in Table 1. The data were subdivided into eastbound runs 
and westbound runs, because the morning peak-hour traffic was in the eastbound di
rection and differences were expected between the two groups. Each column on the table 
presents, in respective order, 

1. Trip number identification (in chronological order); 
2. Mean raw acceleration, before filtering, in ft/sec 2

; 

3. Standard deviation (or acceleration noise) of the filtered acceleration series, in 
ft/sec 2

; 

4. Mean velocity, in ft/sec; 
5. Standard deviation of velocity, in ft/sec; 
6. Five-minute unidirectional traffic count at the test site; 
7. Travel time per mile, in sec; 
8. Estimated traffic density, in vehicles/mile; and 
9. Correlation time, in sec. 

Traffic density was estimated by multiplying the measured traffic volume by the travel 
time of the vehicle corresponding to that time period. This estimate is expected to be 
s lightly biased, depending on the driver . It was observed that, under similar traffic 
conditions , some dr ivers tend to drive slightly faster than others. Correlation time is 
defined to be that time lag at which the autocorrelation function attains the value 1/e. 
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Figure 5. Acceleration histogram for the aver
age over three runs at high density : average 
concentration = 252 vehicles/mile; average 5-
minute volume = 625 vehicles; and average ac-

celeration noise = 1.203 ft/sec2 . 
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Figure 6. Acceleration histogram for the average over 
three runs at low density: average concentration = 71.1 
vehicles/mile; average 5-minute volume = 400 vehicles; 

and average acceleration noise = 0.91 ft/sec2. 
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The means of the raw acceleration curves were observed to be positive in every case. 
This implies that the accelerometer was not properly calibrated after the final equip
ment modifications on the instrumented vehicle. This bias, however, is not expected 
to affect the inferences on the data since the acceleration series is filtered through a 
high-pass filter. 

The manner in which the data were digitally processed made it relatively convenient 
to obtain histograms on the frequency of occurrence of acceleration and velocity values. 
Histogram data were developed for a sample of runs corresponding to half of the driver 
set. A specially developed computer program was used to process the data into the re
quired form. Some expected variation was found between the histograms corresponding 
to each run. However, the tendency was for the shape and location of the histograms to 
follow a similar pattern for similar traffic conditions. 

Tests for normality, using the modified x2 test ( 4), were applied to several of the 
acceleration histograms. Typically, the hypothesis- of normality had to be rejected for 
these tests, at a significance level of 1 percent. 

A sample of some of the acceleration and velocity histograms is shown in Figures 5, 
6, and 7. Figures 5 and 6 show acceleration histograms for one driver, each for dif
ferent traffic conditions. The average over three homogeneous runs has been taken for 
each case in order to give a more representative result. Figure 5 shows the distribu
tion corresponding to a fairly heavy vehicle concentration; it is positively skewed, with 
the mode between - ½ and 0 ft/sec 2

• Figure 6 shows the distribution correspondin~ to 
a low vehicle concentration; it is negatively skewed, with the mode between 0 and 1/a 
ft/sec 2. We also note that the acceleration noise is higher for the high concentration case. 
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Figure 7. Velocity histograms for two traffic condi
tions at (~) high density with an average for three 
runs, average density = 252 vehiclesimile; and (b) 
low density with an average for three runs, average 

density= 74.4 vehicles/mile. 

In one run, when a driver was instructed 
to try to maintain a constant speed of 65 mph 
(by his speedometer) throughout the extent 
of the test section, under low concentration 
traffic conditions, this resulted in consider
ably lower dispersion in acceleration, gen
erally within ± 0.5 ft/sec 2

• 

A sample of velocity histograms is pre
sented in Figure 7. Two concentration levels 
are represented on the graphs (a high and a 
low level). The average over three homoge
neous runs isused for eachcase. The aver
age velocity is also i11ru.cated for each case. 

Results of the Spectral Analysis 

A small sample of power spectral densi 
ties and autocorrelation functions, for some 
data sets corresponding to some represen
tative situations, is shown in Figures 8, 9, 
and 10 to exemplify the kind of results that 
we obtained for this extensive set of runs. 
We first point out that an objective of per
forming this spectral analysis was to ob
serve the driver-vehicle contributions due 
to driving under varying traffic conditions. 
It was assumed that no significant driver
vehicle spectral contributions would occur 
at frequencies above 1 cycle per second. 
Hence, with a sampling interval of 0.2 sec, 
no aliasing would be expected from these 
contributions because the "cutoff" fre
quency is 

1 1 
fo = 2A1" = D.4 2.5 cps 
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Also, because we have passed the autocorrelation series through a high-pass filter (to 
attenuate the changing grade effects), then only those frequencies f > 0.033 cps are 
pertinent for representation. Hence, all graphs are plotted from this left end-point. 
Frequency resolution is about 0.025 cps. 
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Figure 10. Power spectral densities for three runs and controlled 40-mph run. 

Figure 8 shows a typical array of power spectral densities for a specific driver, 
driving in a high traffic concentration environment. We observe that most of the power 
is concentrated in the frequency range below 0.4 cps. The spectral density then tapers 
off to a negligible value fo1• the higher frequencies. 

Figure 9 shows a set of three power spectral densities for a specific driver driving 
under relatively low traffic density conditions . A large proportion of the power is once 
again concentrated in the frequency range below 0.4 cps . However , the proportion of 
power in this 1·ange seems to be significantly less than for the set of spectra at high 
traffic densities. Nevertheless, this supports the hypothesis tllat the power as sociated 
with driver actions in any driving situation is concenb·ated in t he frequency r ange below 
0.4 cps. An amplified look of the frequency cont ributions in the higher frequency r ange 
is shown in Figure 10 (which we note has a new ordinate scale). The large power con
tributions at the higher frequencies are evident. 

It is hypothesized that the higher frequency contributions may depend on the vehicle 
speed in. combination with one or more of several other factors, such as (a) road rough
ness , (b) vehicle SllSpension and structural system , and (c) wind buffeting. The effect 
of speed is definitely demonstrated by observing the power spectral density obtained for 
a r un where the dr iver was instructed to try to maintain a constant speed of 40 mph , at 
low traffic density conditions. The difference in the power spectral densities at the 
higher frequencies is quite significant between the controlled run and the other runs. 
The other three runs were made at an averag·e velocity of 65 to 70 mph. We point out 
that run 314 has unusually higher peaks than any of the other r w1s . This may be due t o 
the particular lane that the driver chose for tha t particular run, or to s ome of the other 
factors noted or noL yetidentified. We note that aliasing may be playing a role he1· , also. 

A sample set of autocorrelation functions is presented in Figure 11. Cur ves 105 and 
107 correspond to high traffic density situations. Cur ve 116 corresponds to a low tr af
fic density situation. 
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Some Sample Computer Plots 

A sample of the computer plots obtainable with our system is presented in Figure 12. 
Three acceleration records are shown for varying traffic conditions, for a given driver. 
Note the increased high-frequency noise for low-density traffic (high-speed). Similar 
computer plots can be generated for velocity. 

RELATIONSHIPS BETWEEN VARIABLES 

The relationships between speed, volume, and density have been under study for some 
time by traffic reseru:chers. Also, speed, or equivalently travel time, is often used as 
a measure of traffic performance. In such cases, it is not unusual to try to infer these 
performance measures from volume or density or both . Acceleration noise is also be
lieved to be a good measure of traffic performance. It is of interest to examine the 
relationship between this measure and some of the more common traffic variables that 
we have also measured with our instrumented vehicle. Some of the relation.ships that 
we have investigated for the data collected and processed under t}tj.s experimental pro
gram are discussed in the following. 

We first note that, in assessing the performance of a given facility, for example in 
terms of travel ti.me, an estimate must be derived that is representative of the popu
lation that is being sampled. Renee, the more reliable estimates are those based on 
large samples . That ii:; to say, measu1·ements should be made on samples comprised 
of a large number of vehicles. However, in some cases reasonable estimates of per
formance can be derived by using a few, or possibly even one, sampling vehicle (when 
·;;:; t=.!Y- ~£ -..•ehltl '?, wP :we actuallv referring to the driver-vehicle combination; in fact, 
the driver usually plays the key role in the performance 01 the vehit:ie um.it:-< ty-i:;i-:al 
traffic conditions). These few vehicles would perform several run replications over 
the test site, and thus obtain a sample that will provide a representative sample of the 
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traffic conditions. Our approach, of course, uses our instrumented vehicle, operated 
by several drivers, each malting several runs. 

The first relationship that is noted to be of interest is tJ1at between acceleration noise 
and traffic volume (Fig. 1;3). The individual points corresponding to each observation 
(average over a run) are plotted and each driver is distinguished by a diffe1·ent symbol. 
The dil·ection of motion is also distinguished. Certain individual observations were 
made while there was a traffic incident (such as an accident) at some point along the 
test site; these are singled out by an irregular contour aroWld them and are censored 
out in the development of the h·end line. 

Accele1·ation noise as well as other factors (5) can be considered to be a measure of 
driv,er effort or driver stress. Thus, as the geometrics of the highway change, or as 
the prevailing traffic conditions change, the driver is forced to take action in order to 
adapt himself to his dynamically changing immediate environment. The measurement 
equipment, howeve1·, also measures road-vehicle interactions, which are essentially 
extraneous to the driving task. The amount of this contribution, as noted, depends on 
the road, speed, and other factors. If the objective is to infer driver effort from the 
acceleration measurements, then those values that are piased heavily by road-vehicle 
interactions should be censored from the observation set. Some of the values that have 
been observed to have these heavy biases have been identified and censored out and are 
shown enclosed by an irregular contour; these naturally occur at the low-volume end 
where the high speeds typically occur. A •trend line has been fitted using a least 
squa1·es criterion to the set of points exclusive of the censored points, to indicate the 
relationship to volume (however, the dispersion is so large that the line is somewhat 
arbitrary). 

A comparison of this relationship with that of travel time versus volume can be made 
by referring to Figure 14. We point out that each measurement of travel time and ac
celeration noise was made simultaneously during the trip of the instrumented vehicle; 
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thus, they correspond to exactly the same array of prevailing traffic conditions. Travel 
time is observed to remain essentially constant, until it reaches near-capacity, when 
traffic then "breaks down." Some indication is given that the curve may loop back again, 
analogous to the idealized speed-volume curves. However, the dispersion is quite high 
at the high-volume levels. The con·esponding speed-volume curve is shown 1n· Figure 
15. Here the looping characteristic appears to be more evident, although there seems 
to be higher dispersion at the low-volume levels. 

A tentative conclusion that can be reached when comparing these last three figures 
is that acceleration noise appears to give a more graduated variation from low tohlgh 
volume than travel time or speed. However, it seems to have more dispersion. An 
ear ;Lier correlation an.alysis performed on tJ1e first data set collected to compare the 
relationships between acceleration noise, standard deviation of velocity, and travel time 
with volume produced the following results: 

Variable 

Acceleration noise 

Travel time 

Standard deviation 
of velocity 

Correlation Coefficient 

0.748 

0.587 

0.659 

Acceleration noise thus appears to provide a good performance measure which is re
!2.!2.bl'? ti:, !'ln Pai.Hy measured field variable and which is also a direct measure of 
driver stress. 

Figure 16 presents the plot of acceleration noise versus travel time. This paired 
set was found to have a correlation coefficient of 0. 75, which was indicated to be highly 
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significant by the Fisher test (6). The least squares regression line of acceleration 
noise versus travel time is also shown in Figure 16. 
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Acceleration noise was also plotted against traffic density, as shown in Figure 1 7. 
A drastic difference is observed between this plot and the corresponding plot between 
travel time and density, shown in Figure 18. The latter has surprisingly low disper
sion. The higher dispersion shown in Figure 17 is attributed to individual differences 
in driving techniques. Although most drivers may have the same goal of minimizing 
travel time, the driving tactics employed to achieve that goal may vary. 

Figure 19 shows the volume-density relationship obtained for the set of datacollected. 
It shows a significant number of observations on the right side of the peak of the curve. 

CONCLUSIONS 

A unique integrated hardware-software system has been demonstrated to expeditiously 
produce reduced and processed acceleration and velocity data from direct measurements 
taken in a vehicle. In particular, this system has been applied to the collection of a set 
of field data with different objectives in mind. The data were collected while driving the 
test vehicle on a heavily traveled urban freeway using different drivers. The application 
of results from this program to an aerial data collection program is discussed in another 
report. The effects of traffic and different drivers on several variables have been ex
amined in this paper. These variables have included travel time, acceleration noise, 
autocorrelation function, and power spectral density. The travel time and speed studies 
confirmed the hypothesized relationships with volume and density. An interesting re
sult is that acceleration noise is positively correlated with traffic volume. The princi
pal source of variation seems to be the drivers. The large dispersion obtained for 
acceleration noise versus density when compared to travel time versus density sug
gests that acceleration noise may be a more sensitive measure for use in examining 
driver effects. A possible subsequent study that could be conducted to shed further light 
onto the subjectis one in which the drivers are constrained to drive on either one of two 
prescribed lanes. A significant source of acceleration noise observed at the higher 
speeds appears to be due to the vehicle road-interactions or wind buffeting or both; this 
noise contribution is located at a higher frequency range than that caused by driver ac
tions. The availability of this system and methodology is expe_cted to stimulate other 
applications, particularly in vehicle-driver performance evaluation and human factors 
studies. 
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