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A comparatively simple six-parameter model has been developed which fits quite wall the underlying 
power spectra of most vehicular traffic noise samples which we have examined. The six free parameters of 
the model define a system which can easily be represented in either electronic or digital form. In such a 
form the system can then be used to generate a time series which has the same underlying, or average, 
power spectrum as the traffic noise which it represents. It does not however incorporate the characteristics 
noises of motorcycles, trucks, buses, etc. The model can be used as a laboratory tool for identifying the 
annoying characteristics of traffic noise or for evaluating proposed automobile and truck noise standards. 
As such it is much more flexible than current methods which use actual traffic noise recordings. It may 
also be possible to extract from the parameters of the model a more sensitive measure of traffic noise 
annoyance than is now available. The techniques used in fitting the model to the power spectrum are 
applicable not only to traffic noise but may be applied in many other areas as well. 

PACS numbers: 43.50.Lj, 43.$0.Sr, 43.50.Cb 

INTRODUCTION 

The model described in this paper is an attempt to 
satisfy two objectives related to work being performed 
at the General Motors Research Laboratories on annoy- 
ance resulting from vehicular traffic noise. The first 
objective was to find a simple and complete model of 
traffic noise; one general enough and complete enough 
so that the standard measures of noise such as Noise 

Pollution Level (NPL), A-weighted sound level, etc., 
could be derived from it, as well as possible new mea- 
sures which could incorporate spectral information. 

The second objective o• this work was to develop a 
traffic noise simulator or generator using the model 
developed in the first stage of the project. The advan- 
tage of such a device is that it allows the psychologist 
to determine the annoying characteristics of traffic 
noise in the laboratory by generating a set of simulated 
traffic noise samples in which only one parameter is 
varied at a time. To date, psychological experiments 
in the laboratory for determining the annoying charac- 
teristics of tr•fic noise have been conducted with la- 

boriously obtained recordings of actual traffic noise 

samples for which control over the parameters has 
been quite difficult. Also, traffic noise resulting from 
different proposed vehicular noise standards could be 
synthesized to determine the relative effectiveness of 
the standards. 

To satisfy these two objectives the model described 
in more detail in the following section was fitted to each 
of several averaged power spectra of traffic noise 
samples. An electronic analog of this model was built 
and the model parameters were-adjusted to best dupli- 
cate the spectrum of an existing recording of one min- 
ute of actual traffic noise. The simulated traffic 

noise produced by the model captures the general 
"background" characteristics of the noise but notice- 
ably lacks the distinct events (e.g., a truck accelerat- 
ing) that occur in':the actual traffic noise. It may be 
possible to add a distinct event simulation to a future 
model 

I. THE MODEL 

The mathematical form of the model which fits most 

power spectra of vehicle traffic noise is 
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TABLE I. subjective descriptions of the 13 traffic sounds. 

Stimulus Traffic Type Estimated Distinguishing Features 
Number Hlcrophone- 

'Road Distance 

Urban below-grade 
freeway and access 
road 

Central business 
district 

Suburban below- 

grade freeway 

Local suburban 
street 

Major suburban 
arterial 

10 

11 

12 

13 

Intersection oœ two 

major suburban arterials 

Central business district 

Central business district 

Urban below-grade 
freeway near major 

ß urban arterial 

HaJor urban arterial 

Intersection of two 

major suburban arterials 

Minor suburban arterial 

near traffic light 

Minor suburban arterial 

near above-grade 
freeway 

40 

1 a 

40 

25 

40 

3 a 

1 a 

1 a 

4O 

1 a 

15 

1 a 

25 

Freeway ramble and one slow 
truck 

Echo 

High-speed trucks at 
regular intervals 

Regular automobile passbys 

Intermittent automobile 

passbys downstream from a 
traffic light 

Two heavy truck passbys 

Echo, passing light truck 

Echo, bus acceleration 

Freeway rumble 

Intermittent automobile 

passbys downstream from 
a traffic light 

Continuous automobile passbys 

Intermittent automobile 

accelerations away from 
traffic light 

Regular automobile passbys 
in foreground; regular truck 
passbys in background 

a Microphone was on the sidewalk adjacent to the road. 

Z 

F(f) = • <1+ (4• C.• / _ 2)(iif,• + (f/f,)4) \fl +fz; , 
where F(• is the power spectra/density at frequency 

/; fj is the natural frequency of the ]th low-pass filter; 
•j is the damping ratio of the ]th low-pass filter; ½j is 
the amplitude of the modulation of the ]th low-pass fil- 
ter; and fo is the cutoff frequency of the high-pass filter 

TABLE fl. Model parameters, root-mean-square error, and the A-weighted sound pressure levels. 
Minutes 1-5 and minutes 7-13. 

A-weighted 
Minute sound level, C l C z fi f2 rms error 
No. dB (liPa)2 (btPa)2 •! •2 (Hz) (Hz) (dB) 
1 69.2 1.92x10 a 1.11x106 0.32 0.46 69 1360 0.82 
2 70.8 5.79 48.03 0.45 1.85 59 645 0.49 
3 72.7 1.81 4.27 0.65 0.77 113 1340 1.17 
4 65.2 0.70 2.30 0.62 0.88 80 954 0.57 
5 65.0 0.51 0.60 0.75 0.62 93 1640 0.54 
7 68.0 2.76 13.28 0.65 1.40 63 842 0.68 
8 71.0 2.38 13.39 0.59 1.03 66 929 0.93 
9 74.8 5.68 5.92 0.50 0.60 75 1200 0.35 

10 74.0 3.43 20.88 0.54 0.71 79 913 0.75 
11 72.0 2.30 4.14 0.44 0.55 64 1310 0.87 
12 68.6 1.22 5.63 0.35 0.95 75 1240 0.52 
13 68.1 1.73 4.92 0.60 0.94 58 1000 0.74 

d. Acoust. Soc. Am., Vol. 61, No. 3, March 1977 



741 C. Cornilion and M. A. Keane: Model for simulating traffic noise spectza 741 

-- TRAFFIC NOISE 

• ....... MOOEL 

• - 

lO io 
FREQUENCY (Hz! 

FIG. 2. The ensemble-averaged power spectrum for minute 
and the power speet•a• •nsity of the bes• fit of the model to 
minute 3. 

(a value of 65 Hz was found to fit all traffic samples we 
examined very well). 

The block diagram of a system with a power spec- 
trum which has the same functional form as F(f) is 
shown in Fig. 1. 

II. THE FITTING PROCEDURE 

Because human perception of loudness varies ap- 
proximately with the log of sound pressure, we chose 
to minimize the sum over frequency of the squared 
differences between the logarithm of the power spec- 
trum of the model and the logarithm of the power spec- 
trum of the traffic noise. This is done quite conven- 
iently with the Marquardt procedure. • 

Ill. TRAFFIC SAMPLES USED TO TEST THE MODEL 

To test the model, thirteen 1-min recordings of trag- 
fic noise were used. These recordings were made in 
various locations, in the Detroit metropolitan area, 
which represent most of the major types of ira/fie: 
central business district, urban arterial, urban and 
suburban freeways, major and minor suburban arte- 
rials, and local roads. No hot-rods, motorcycles, ob- 
viously defective vehicles, or horns were recorded. 
Descriptions of the recordings appear in Table I. 

IV. FOURIER ANALYSIS OF THE TRAFFIC 

NOISE SAMPLES 

The analog recordings were sampled 30 000 times per 
second and the sampled data were then divided into 
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FIG. 4. The ensemble-averaged power spectrum for minute 1 
and the power spectral density of the best fit of the model to 
minute 1. 

records 8192 points long (8192/30 000 =0.27 sec) and 
were Fourier transformed using a sine-squared window. 
The fundamental frequency and the frequency step size 
is thus 30 000/8192 = 3.66 Hz while the Nyquist frequen- 
cy is 15 kHz. (A previous analysis of the same data 
indicated that for the frequency range of interest alias- 
ing is not a problem. ) The power spectrum was then 
obtained from the Fourier transform of each of the 

0.27-sec records. These power spectra were smoothed 
over frequency with a ten point moving average and 
then adjusted to a 1-Hz bandwidth. Finally, the power 
spectra for each of the approximately two hundred and 
twenty 0.27-sec records for each minute were ensem- 
ble averaged. 

V. RESULTS FOR ENSEMBLE-AVERAGED SPECTRA 

Of the thirteen traffic noise samples used, twelve 
were fitted q•lite well by the model from 20 to 4000 Hz. • 
The model parameters, the root-mean-square rms 
error associated with the model, 3 and the A-weighted 
sound pressure levels are presented in Table H for 
the minutes which were fit. The fits for minutes 3, 9, 
and I are shown in Figs. 2, 3, and 4, respectively. 
These three figures correspond to the worst fit, the 
best and an intermediate fit in terms of the objective 
criterion used, the rms error. The large excursions 
in the power spectrum for minute 3 are due to truck 
passbys. 

As0 

6s 

io 1 
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FIG. 3. The ensemble-averaged power spectrum for minute 9 
and the power spectral density of the best fit of the mode! to 
minute 9. 

•t TRAFFIC NOISE 
...... 20 DB PER DECADE 

• 25/ i 
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FIG. 5. The ensemble-averaged power spectrum for minute 6 
and a line with a 20-riB/decade slope, the characteristic roll- 
off of a single-pole low-pass filter. 
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FIG. 6. The power spectrum for one record (0.27 sec) of 
minute I and the power spectral density of the best fit of the 
model io lhis record. 

Nonstationa. rity 

'1%vo assumptions about stationariD] have been made 
here. First, it was assumed that traffice noise is sta- 
tionary for times on the order of 0.27 sec. As most 
traffic-relaled phenomena tend to change slowly, this 

.assumption is not unreasonable. The second assump- 
tion is that traffic noise is stationary for times on the 
order of 1 rain. This assumption is clearly incorrect 
but as shall be shown in Sec. VI, the lack of station- 
arity for most of the samples can be attributed to 
changes in the axnplitudes, C• and C•., of the two filters 
of the model and not changes in their pole locations or 
damping ratios. This means that the er•nemble-average 
power spectra are quite useful for identifying the pole 
locations and the damping ratios for a given recording 
location. 

Finally, the model could not be fit to minute 6, shown 
in Fig. 5; the fitting algorithm does not converge for 
the initial guess generated by the program. It seems 
that a simpler model, a single pole filter (the 20 dB/ 
decade line in Fig. 5), would fit these data much better, 
but because this sample represents very abnormal traf- 
fic noise (two large trucks nearby, yielding a mean A- 
weighted sound level for the minute of 79 (lB, to which 
less than one tenth of one percent of the total U.S. 

7.5 x 10 9 
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FIG. 7. The amplitude of the modulation of low-pass filter 1 
versus time for minute 1, The amplitude values were obtained 
by fitting the model to consecutive 0.27-sec records oœ minute 
I allowing only the tTvo modulations C i and C 2 to vary from 
record to record. The pole lo•ations and damping ratios are 
fixed at the values indicated for mLuute I Lu Table 
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FIG. 8. The amplitude of the modulation of low-pass filter 2 
versus time for minute 1. The amplitude values were obtained 
by fitting the model to consecutive 0.27-second records of 
minute 3 allowing only the two modulations C! and C z to vary 
from record to record. The pole locations and damping ratios 
are fixed at the values indicated for minute 1 in Table II. 

population is exposed4), it was decided not to attempt 
to model it. 

Vl. RESULTS FOR INDIVIDUAL SPECTRA 

The model (described in Sec. I) has been fit to each 
of the individual (0.27-sec) power spectra for minute 1, 
allowing all six parameters to vary. One of the indi- 
vidual spectra, with the corresponding best fit of the 
model, is shown in Fig. 6. For each of the two hun- 
dred and twenty spectra for minute I an estimate of the 
sLx model parameters was obtained. These values de- 
fine six time series corresponding to a data point every 
0.27 sec for each parameter. Except for several wild 
points, the pofe locations and the damping ratios do not 
fluctuate very much. Furthermore, the individual 
spectra are so noisy (see Fig. 6) that even reasonably 
large changes in the pole location and the damping ra- 
tios do not significantly change the root-mean-square 
error (the convergence criterion). For this reason the 
pole locations and damping ratios were fixed at the val- 
ues obtained from the model as fit to the ensemble- 
averaged spectrum for the full minute. 

The model was then again fit to the individual spectra, 
but this time only the amplitudes C t and C z were al- 
lowed to vary. The two time series generated are 
shown in Figs. 7 and 8. The time series for the corre- 
sponding root-mean-square error is shown in Fig. 9. 
It is important to note that fixing the pole locations and 
damping ratios has greatly simplified the implementa- 
tion of the model for a given traffic location and has 
reduced some of the very large and abrupt peaks in the 
time series for C 1 and Ca, but has only increased the 
average root-mean-square error from 2.1 to 2.5 (lB. 

VII. IMPLEMENTATION 

With the pole locations and the damping ratios fixed, 
the analog implementation of the model becomes quite 
simple. For test purposes we recorded Cx and C a re- 
suiting from the fit of the model to minute 1 onto two 
tracks of an FM tape recorder via a D/A converter. 
The two tape recorder outputs were fed into separate 
multipliers for which the other input was the output of 
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FIG. 9. The root-mean-square (rms) error versus time for 
minute 1. These are the rms errors (defined in Footnot• 3) 

for consecutive 0.27-sec records of minute 1 allowing only the 
two modulations C l and C 2 to vary from record to record. The 
pole locations and damping ratios are fixed at the values indi- 
cated for minute 1 in Table 

the corresponding two pole filter (see Fig. 1). The 
outputs of the two multipliers were then summed, am- 
plified, and fed into a speaker. s For the portion of the 
minute when no trucks can be heard the simulation re- 

serohies quite closely the original recording. How- 
ever, for the portion of the minute when trucks or other 
descrete events can be heard the simulation is not good. 
Since discrete events, e.g., trucks, motorcycles, de- 
fective cars, etc. are present for a reasonably small 
fraction of the time a much more realistic simulation 

can be generated by using the model described in this 
paper to generate the background and automobile pass- 
bys, but mixing in at random loud discrete events such 
as actually occur. 

The model in its present form requires two classes 
of inputs to simulate the traffic noise at a given loca- 
tion. One set of inputs is the values of the pole loca- 
tions and damping ratios for the traffic noise at a given 
locationø Work is needed here to determine what the 

contributing factors are to these parameters, i.e., 
tire noise, aerodynamic noise, exhaust noise, terrain, 
traffic volume, traffic mix, traffic speeds, roadway 
types, etc. The other input necessary is the time evo- 
lution of the modulations C 1 and C 2. 

VIII. CONCLUSIONS 

A comparatively simple six parameter model has 
be•n developed which fits quite well the underlying 
power spectra of most vehicular traffic noise. An 
electronic analog of the model has been created and a 
subjective comparison has been made with the real 
traffic noise being modeled. The background noise of 
the simulation sounds quite realistic but the model does 
not simulate discrete events, e.g., trucks, motor- 
cycles, defective automobiles, etc., very well. The 
importance of these discrete events in the model is be- 
ing studied. 
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