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Research evidence suggests that annoyance, sleep disturbance and other health effects of
road traffic noise exposure may be related to the level and number of noise events caused
by traffic as well as to energy equivalent measures of exposure. Because measurements
show that the variation in noise emission between vehicles within the same category can be
considerable, it is essential that the influence of vehicles that are producing significantly
more (or less) noise than the average vehicle are taken into account in order to correctly
predict the occurrence and strength of road traffic noise events (and in particular to
calculate indicators that characterize these noise events). However, current state-of-the-art
instantaneous vehicle noise emission models usually only consider a single emission law for
each vehicle class. In this paper, an approach for predicting instantaneous sound levels
caused by road traffic is presented, which takes into account a measured distribution of
sound power levels produced by individual vehicles, for each vehicle category. The effect of
this approach on estimated energy equivalent levels, percentile levels and sound event
indicators is investigated for the simplified setting of a receiver along a dual-lane road
carrying free flow traffic.
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1 INTRODUCTION

As energy equivalent levels are the main indicators used in noise policy around the world
(see e.g. the environmental noise directive of the European Commission'), road traffic noise
prediction models are usually directed towards their estimation. However, energy equivalent
levels say very little about the pattern of noise over time, yet it may be that this temporal pattern
is of particular interest with respect to various dimensions of human health effects arising from
road traffic noise. For example, sleep disturbance is a major component of the health issue of
transportation noise>?, and the research evidence is that the physiological effect of transportation
noise on human sleep may depend more on the level and number of noise events in traffic
streams than on energy equivalent measures™. Next to this, it has been postulated many times in
the past that the emergence of noise annoyance may also be determined, at least in part, by noise
events that are noticed, distract attention and interfere with activities®®. Finally, models for the
prediction of road traffic noise are increasingly used for urban planning and soundscaping, where
a notion of the expected strength and occurrence of noise events is essential, e.g. for estimating
the efficiency of measures for masking road traffic noise.

Based on the above, it should be clear that there are several situations in which it would be
of interest to be able to estimate the occurrence, both in magnitude and number, of noise events
that can be expected given a particular traffic situation. Several models have been developed in
the past that are suited for this purpose, as they predict the time history of the sound level caused
by road traffic”'’. These models predict the instantaneous contribution of single vehicles to the
sound level at a receiver location over time, and account for dynamic effects of vehicular traffic,
such as the excess noise emission due to acceleration of vehicles near intersections. Clearly, this
approach is a refinement of conventional traffic noise prediction models in which emission
calculations are only based on average speeds and intensities. However, the state-of-the-art
instantaneous vehicle noise emission models (e.g. the Imagine model'") still consider a single,
prototypical emission law for each vehicle class. This is sufficient for correctly predicting energy
equivalent sound levels, as these emission laws are determined on the basis of measurements on
a sufficiently large number of vehicles sampled from the considered vehicle fleet.

However, roadside measurements along real traffic streams show that differences in noise
emission levels (due to age, maintenance, modifications, driving style etc.) between different
vehicles within a single vehicle class can be considerable, and that emission distributions for
different vehicle categories largely overlap'”'’. Maximum levels obtained by the models
mentioned above may thus misrepresent reality, as for accurately predicting the occurrence and
strength of noise events caused by road traffic, the influence of vehicles that are producing
more/less noise than the average vehicle has to be taken into account. In Section 2 of this paper,
a methodology to achieve this goal is outlined. The proposed approach uses individualized
vehicle emission laws, based on maximum levels sampled from a large measurement database
for cars and trucks under real operation conditions'’. The effect of this approach on estimated
energy-equivalent levels, percentile levels and sound event indicators is illustrated in Sections 3
and 4, for the simplified setting of a receiver along a dual-lane road carrying free flow traffic.

2 METHODOLOGY

The proposed approach for predicting the traffic noise level time history near roadways is
similar in structure to other dynamic traffic noise prediction models”'’, and consists of coupling
a microscopic road traffic simulation model with a model for instantaneous vehicle noise
emission and a point-to-point sound propagation model. A general overview of the model is



shown in Fig. 1. A microscopic simulation of road traffic, in which the movement of individual
vehicles is simulated, forms the basis of the proposed approach. Given a road network, vehicle
fleet properties and aggregated traffic demand data, a simulation run of such a model provides
the instantaneous position, speed and acceleration of each vehicle at each timestep during a
predefined simulation period. Subsequently, instantaneous emission spectra for all sources are
calculated using a noise emission model. Next to using prototypical vehicle emission factors to
estimate the average noise emission for a vehicle given its class, speed and acceleration, the
proposed approach extends existing models by taking into account a realistic distribution of
vehicle noise emission levels. The latter is implemented by adding a zero-mean distribution of
emission corrections to account for vehicle state and effects of driving style (see below). Finally,
a point-to-point sound propagation model is used to calculate the sound level history at one or
more receiver locations, potentially taking into account the geometry of the environment
(buildings, barriers etc.) and the meteorological conditions.

2.1 Instantaneous vehicle noise emission model

The Imagine road traffic noise emission model'' is used to estimate instantaneous point
source sound power levels, in which two sources of noise are considered separately: rolling noise
(generated by tire-road interaction and aerodynamic drag) and propulsion noise (generated by the
powertrain and the exhaust). Both contributions are resp. given by the following formulae:

Ly r (v,a) = Ag + By - log, (i) (1)
Ly p(v,a) = Ap + Bp - (”;”ff ) +Cp-a )

where v is the vehicle speed (in km/h) with v,..r = 70 km/h, and a is the vehicle acceleration (in
m/s?). For values of the coefficients A, Bg, Ap, Bp and Cp, for each 1/3-octave band and for
each vehicle category, we refer to Ref. 11. Both contributions are aggregated to obtain the total
instantaneous sound power level produced by a vehicle:

L (v, @) = 10 - log; (10w r®@/10 4 1 0lw p(ra)/10) 3)

To account for the distribution in sound power emitted by individual vehicles within a given
category, as found in actual traffic streams, a correction ALy, is added to the point source sound
power level calculated using the Imagine model:

L45t(v,a) = I (v, a) + ALy, 4)

This emission model will be referred to as the “Distribution” model in the remainder of this
paper, to distinguish the model from the “Imagine” model that assumes a single emission law for
each vehicle class. For each vehicle that enters the simulation, a unique correction ALy, is
sampled from a measured distribution. Such a distribution is available for each of the five vehicle
categories that are considered in the Imagine model. Fig. 2 shows the distributions used in this
work for two vehicle categories: cars (corresponding to Imagine Category 1) and articulated
trucks (corresponding to Imagine Category 3). These distributions tend to be skewed to lower
values for all vehicle categories except motorcycles. Actual counts are plotted in Fig. 2, to
illustrate the sample size for each vehicle class.



2.2 Construction of correction distributions

The distributions of the sound power corrections are calculated based on the measurement
data reported in Ref. 13. This study presents distributions of the noise level maxima generated
during the pass-by of over 85000 vehicles in service on urban arterials and motorways in
Brisbane, Australia. Propagation effects were filtered out, and L4py,q, Values were normalized to
a distance of 15m from the centerline of vehicle flow. In order to minimize the effect of the road
surface on measurement results, all measurements were conducted near roads with an dense
graded asphalt surface, and data from sites where effects of multiple lanes could have given rise
to an error of more than 2 dB(A) were removed from the analysis. Consequently, the measured
distributions mainly capture the effects of individual driving style and vehicle state. Distributions
of Lyrmax measured for free-flowing traffic are available for 4 vehicle categories (cars, non-
articulated and articulated trucks, motorcycles), for posted speed limits from 60 to 100 km/h.

In order to compile distributions of ALy, based on the distributions of Lyg;,q, reported in
Ref. 13, a number of assumptions were considered. Firstly, from a visual inspection of the
distributions at different speeds (free-flow conditions), it was concluded that the width and shape
of the distribution does not change significantly with speed (i.e. noisy vehicles are equally noisy
at different speeds). This allowed pooling the data for different speeds into a single distribution
for each vehicle category, taking into account the shift in median value of Lyg,, 4, for different
speeds. Secondly, it was assumed that corrections are independent of frequency, because no
sufficient spectral information was available which could prove otherwise. Thirdly, it was
assumed that the distributions in Lyg;,q, €qual the distributions in sound power level. Finally,
corrections ALy, were normalized to a zero mean sound power. This way, energy equivalent
sound levels estimated using the proposed Distribution model L&t (v,a) would equal those
estimated using the Imagine emission model LY7*(v, a). This allows making a fair comparison
between both models, in which systematic differences in noise emission between the European
and Australian vehicle fleet are removed. Note that the shape and width of these distributions
still characterize the Australian vehicle fleet, but a similar approach can be used elsewhere.

2.3 Implementation

The above described approach has been implemented as a simulation framework, called
Noysim2, written in the Python programming language. Functionality is provided such that
Noysim2 can be readily used as a plugin for Aimsun'* and Paramics'’, both commercially
available microscopic traffic simulation software packages. Noysim2 can be interfaced with any
point-to-point propagation model, but functionality for using the ISO 9613 propagation model is
included in the framework and is used in this paper. As an illustration, Fig. 3 shows a typical
sound level time history, calculated with and without the proposed distribution of corrections. As
expected, the time history calculated using the Distribution model shows a larger dynamic range.

3 CASE STUDY
3.1 Road network and simulation scenarios
The aim of the simulations performed in this case study is to investigate the influence of

accounting for realistic vehicle sound power distributions on the estimation of measures that
characterize sound events. For this, the simplified setting of a receiver along a straight, one-way,



dual-lane road carrying free flow traffic is considered. A simulation network containing a single
road segment with a length of 2200m was constructed using the Aimsun traffic simulation
package. Although the current setting is relatively simple and neglects the potential effects of
congestion, the presence of traffic lights etc., it may already provide some insight in the effects
of using an emission distribution on estimated sound event measures. A series of scenarios was
created by varying the speed limit, the traffic demand and the percentage of heavy vehicles. An
overview of the parameter ranges can be found in Table 1; the total number of unique scenarios
equals 2 X 6 X 3 = 36. The simulation duration considered was 24 hours, with a simulation
timestep of 0.4s. The actual simulations included an additional warm-up period of 5 minutes.
Vehicles are loaded onto the network at the entry of the road segment, randomly distributed in
time according to a negative exponential distribution.

Instantaneous vehicle noise emission spectra are calculated for all simulation scenarios
using the Imagine and the Distribution emission models, based on the same traffic simulation run
for both models. For the Imagine emission model, default road surface parameters are used.
Subsequently, the time history of the sound level at a receiver located along the perpendicular
bisector of the simulated road segment, at a distance of 15m to the centerline of the closest lane,
and at a height of 2m, is calculated. The instantaneous sound level is calculated using the ISO
9613 propagation model, assuming free field propagation conditions, default meteorological
conditions and a hard surface throughout the simulated area. Finally, energy-equivalent levels,
percentile levels and sound event indicators are calculated based on the time history of the sound
level. Due to the statistical nature of the sampling used in the Distribution model (i.e. the model
randomly decides whether a vehicle is noisy or quiet), results may differ between simulation
runs. Variability between simulation runs can be expected to decrease with increasing traffic
volume. Therefore, a number of simulation runs are performed for the Distribution model,
ranging from 10 for the lowest traffic volume to 2 for the highest traffic volume.

3.2 Results

Table 2 shows a range of acoustical measures calculated for the case study scenarios using
the Distribution emission model (averaged across simulation runs), and in parentheses, the
difference with the Imagine emission model. As expected, there is no significant difference
between both models when it comes to predicting Laeq24n, because the corrections in the
Distribution model were constructed to gain a mean emission sound power equal to that of the
Imagine model. The standard deviation (not shown in Table 2) in estimates of Lacq24n between
simulation runs is found to be smaller than 0.7 dB(A) in all scenarios.

However, using the Distribution emission model results in estimates for the maximum
sound level, Lamax (calculated over the 24-hour simulation period), that are 12 to 18 dB(A)
higher than those obtained using the Imagine emission model. The higher the traffic volume, the
larger the difference becomes. Furthermore, it was found that the standard deviation in estimates
of Lamax between 24-hour simulation runs is often higher than 3 dB(A) when the Distribution
model is used. This resembles the actual situation, where the maximum sound level is
determined by the passage of vehicles at the extreme end of the sound emission distribution, but
which are also very rare. The Distribution model is able to take into account the influence of
these loud vehicles, but at the cost of the need for much longer simulation times, in order to get
stable estimates. Moreover, because of the variability in estimates (and measurements) of Lamax,
the use of this indicator for characterizing sound events can be questioned.

When estimates of the percentile levels Lag; and Lags that characterize the average level of
sound events are considered, one finds that using the Distribution emission model results in



lower values for low traffic volumes, and higher values for high traffic volumes, as compared to
using the Imagine emission model. Standard deviations between runs are below 0.4 dB(A) for all
scenarios. The background level, as measured by Laso, is consistently estimated to be lower by 1
to 4 dB(A) when using the Distribution emission model, as compared to using the Imagine
model. This is a direct consequence of the correction distributions being skewed to lower values.

Finally, two indicators for the number of sound events are considered. The first indicator,
noted Ncn, measures the number of times that the sound level exceeds Laso with at least 3 dB(A),
for at least 3 seconds'®. This indicator is adaptive, as the threshold for event detection rises with
the background level. The second indicator, noted MM60, uses a fixed value of 60 dB(A) as the
threshold for event detection, but only takes into account events that are separated in time by at
least 3 seconds, and for which the sound level increased with at least 5 dB(A) within the 25
seconds preceding the event'®. In Table 2, values for both indicators are given per hour.

For low traffic volumes, values for Ncn obtained using the Distribution model do not differ
significantly from those obtained using the Imagine model. For intermediate traffic volumes, the
Distribution model gives rise to slightly lower values, as sound events produced by the passby of
quieter vehicles have a larger chance to be masked by the noise from louder vehicles. For high
traffic volumes, the Distribution model gives rise to considerably higher values for Ncn. This
comes as no surprise, since the use of the Distribution emission model results in a large dynamic
range for the sound level. Using the Imagine model results in a quasi-constant sound level for
high traffic volumes, where only the events caused by heavy vehicles emerge more than 3 dB(A)
above the adaptive threshold.

For the non-adaptive event indicator MM60, values obtained using the Distribution model
are consistently lower than those obtained using the Imagine model, because the quieter vehicles
considered in the Distribution model do not produce sound events that exceed 60 dB(A), as could
have been seen on Fig. 3 already. However, results can be expected to be rather sensitive to the
arbitrary threshold level. If a level of 70 dB(A) was chosen, the result would probably be
reversed, with the Distribution model producing more counts than the Imagine model.

4 CONCLUSIONS

An approach for predicting instantaneous sound levels caused by road traffic is presented in
this paper. The approach extends existing models, by taking into account a distribution of sound
power levels. The effect of this approach on estimated percentile levels and sound event
indicators was investigated for the simplified setting of a receiver along a dual-lane road. The
proposed approach was shown to result in considerably different values for percentile levels and
sound event indicators, as compared to using a single emission law for each vehicle category.
The Distribution model approach resulted in stable estimates of both Lxcq and percentile levels,
but unstable estimates of Lamax. Importantly, the proposed approach provides insights into the
dynamics of road traffic noise by providing a realistic temporal pattern of noise levels that can be
further analyzed using sound event indicators. Two indicators for the number of events, one with
and one without an adaptive threshold, were shown to be influenced in a different way by the use
of a distribution emission model. Thus, the definition of the rule that is used to delimit sound
events should be considered in detail when the proposed approach is used for this purpose.
Future research could also focus on the spectral dependency of sound power distributions, when
more detailed measurement data becomes available, and on the influence of the distribution of
the speed of vehicles.
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Table 1 — Parameter values for the case study simulations.

Parameter Values Levels
Speed limit [km/h] 60, 100 2
Traffic demand [vehicles/h] 50, 100, 200, 500, 1000, 2000 6
Percentage of heavy vehicles [%] 5,10, 20 3

Table 2 — Acoustical measures of the sound level time history, at a distance of 15 from the road,
for all scenarios using the Distribution emission model. The difference with the
Imagine model is shown in parentheses.

Speed Heavy Demand Lrcq24n Lamax Lo Los Laso Nen/h MM60/h
limit vehicles  [vph] [dB(A)] [dB(A)] [dB(A)] [dB(A)] [dB(A)] [vehicles/h] [vehicles/h]
60 km/h 5% 50 537 (+0.0) 884 (+13.6)  65.7 (-0.4) 584 (-2.4) 374 (3.0) 28 (+0.64%) 37 (-27.23%)

100 564 (0.0) 892 (+142)  67.8 (+0.9)  61.9 (-2.2) 442 (27) 50 (:2.71%) 67 (-26.33%)
200 59.5 (:0.1) 909 (+14.0) 704 (+1.4)  65.0 (-1.1) 507 (-2.6) 89 (-18.65%) 121 (-25.06%)
500 634 (+0.0) 925 (+16.6) 733 (+1.2) 684 (+0.2) 579 (-2.3) 123 (+1.57%) 233 (-22.41%)
1000 664 (+0.0) 927 (+15.6) 756 (+1.8)  71.0 (+0.6)  62.8 (-2.3) 107 (+20.67%) 301 (-17.30%)
2000 692 (+0.0) 919 (+14.9) 775 (+2.8)  73.4 (+0.6) 667 (-1.8) 84 (+103.18%) 295 (-5.40%)
10% 50 543 (+0.0) 884 (+13.6) 662 (-0.1) 58.6 (-2.3) 371 (32) 26 (+0.71%) 35 (-26.11%)
100 572 (-0.0) 89.6 (+142) 688 (+0.8) 624 (-2.1) 44.6 (2.8) 49 (-6.20%) 66 (-25.36%)
200 60.2 (-0.1) 902 (+13.4) 715 (+0.0)  65.6 (-0.9) 512(-2.5) 88 (-18.98%) 123 (-23.96%)
500 642 (+0.0) 912 (+142) 745 (+0.9) 693 (+0.1) 585 (-2.3) 117 (-4.48%) 231 (-20.84%)
1000 67.1 (+0.1) 927 (+15.6) 765 (+2.1)  72.0 (-0.0) 633 (2.2) 106 (+6.51%) 293 (-14.86%)
2000 69.9 (+0.0) 934 (+15.9) 784 (+32) 744 (+0.3) 673 (-1.7) 91 (+84.88%) 291 (-3.76%)
20% 50 554 (+0.1) 892 (+12.6)  67.4 (-0.0) 593 (:2.2) 376 (-33) 25 (+1.65%) 35 (-25.52%)
100 58.5 (+0.1)  90.5 (+14.0)  70.4 (-0.7) 63.4 (-1.8) 45.6 (12.9) 50 (-7.49%) 67 (-24.86%)
200 613 (0.0) 911 (+144)  72.9 (-0.2) 66.6 (-0.7) 519 (-2.5) 84 (-21.06%) 119 (-23.05%)
500 652 (0.0) 917 (+147) 757 (+1.5)  70.6 (-0.7) 593 (-2.3) 110 (-10.88%) 228 (-19.64%)
1000 68.1 (+0.0) 923 (+14.8) 777 (+2.8) 734 (-0.3) 64.1 (22) 110 (-8.24%) 284 (-14.94%)
2000 711 (+0.1)  93.8 (+15.9)  79.9 (+3.8) 758 (+0.7) 683 (-1.6) 99 (+40.29%) 292 (-12.62%)
100 knvh 5% 50 582 (0.0) 929 (+127) 708 (-1.5) 619 (-2.2) 376 (3.6) 27 (-0.11%) 47 (-8.36%)
100 61.0 (0.0) 952 (+15.0)  73.0 (:02) 662 (-2.4) 459 (:3.0) 52 (-2.83%) 86 (-8.35%)
200 64.1 (0.1) 971 (+16.6) 754 (+1.1)  69.9 (-2.0) 533 (27) 93 (-14.50%) 157 (-8.83%)
500 68.0 (+0.0) 980 (+16.6) 783 (+2.1)  73.5 (-0.4) 612 (-23) 132 (+2.19%) 301 (-13.06%)
1000 711 (+0.0) 985 (+164)  80.4 (+2.4) 759 (+0.3)  66.5 (-2.4) 118 (+14.94%) 420 (-18.34%)
2000 739 (+0.1) 982 (+15.8)  82.5 (+3.2) 782 (+0.8)  71.0 (-2.2) 83 (+229.03%) 470 (-18.99%)
10% 50 585 (:0.0) 933 (+132) 710 (-1.4) 61.9 (-2.1) 369 (:3.8) 26 (+0.85%) 44 (-7.85%)
100 61.5 (:0.0) 952 (+15.0)  73.5 (-0.1) 66.5 (-2.4) 463 (2.9) 52 (-2.89%) 85 (-8.06%)
200 643 (-0.1) 967 (+153) 758 (+1.1)  70.1 (-2.0) 532 (2.8) 89 (-15.50%) 153 (-8.84%)
500 684 (+0.0) 982 (+16.0) 788 (+1.3)  73.9 (-0.3) 61.5 (-2.3) 130 (-0.64%) 301 (-12.71%)
1000 714 (+0.0) 988 (+167) 809 (+2.0) 764 (+02) 668 (-2.4) 118 (+14.40%) 410 (-16.41%)
2000 743 (+0.1) 100.8 (+184)  83.0 (+3.1) 788 (+0.6) 714 (22) 85 (+199.78%) 464 (-16.39%)
20% 50 5902 (+0.1) 944 (+145) 715 (-1.2) 62.4 (2.2) 368 (-4.1) 25 (+0.94%) 44 (-8.16%)
100 62.1 (-0.0) 951 (+14.5) 742 (+0.1)  66.9 (-2.4) 464 (3.1) 49 (-331%) 82 (-7.58%)
200 652 (-0.1) 968 (+154)  76.9 (-0.0) 70.8 (-1.7) 541 (2.8) 88 (-17.22%) 154 (-9.24%)
500 69.1 (+0.0) 99.1 (+17.1)  79.8 (+1.2) 747 (-0.3) 620 (-23) 124 (-751%) 293 (-12.67%)
1000 72.1 (+0.1) 98.4 (+16.1) 81.8 (+2.4) 77.3 (-0.1) 674 (-2.3) 118 (+12.54%) 403 (-16.45%)

2000 75.0 (+0.1) 100.0 (+17.3) 839 (+3.5)  79.7 (+0.5)  71.9 (-2.1) 90 (+145.75%) 453 (-15.84%)
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Fig. 1 — Overview of the proposed methodology. The top row boxes show the inputs, the middle
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Fig. 2 — Frequency of occurrence of the sound power level, relative to the values provided by
the Imagine noise emission model, emitted by cars (top panel) and articulated trucks
(bottom panel). Data is based on measurements performed in Australia in 2009.
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Fig. 3 — Time history of the sound level at a distance of 15m from a two-lane road with a speed
limit of 60 km/h, and a traffic intensity of 200 vehicles/h, of which 10% heavy vehicles,
calculated using both the Imagine and Distribution emission models. The same traffic

simulation was used for both curves, the red dashed lines match the passby of a heavy

vehicle.
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