
Statistical modelling of exposure-response relationships in the analysis of multiple

transportation noises

Sonja Kuhnt1, Christoph Schürmann2
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Introduction
Being part of the research network ’Quiet Traffic’, section
’Noise Effects’, the project group ’Assessment of annoy-
ance for combined sources’ is interested in how combined
noise sources of both road and railway traffic affect the
annoyance and subjectively sensed loudness of individu-
als. Preceding the main study, an experiment has been
carried out to develop suitable statistical models for the
relationship of sound levels and annoyance and loudness,
respectively. Additional covariates such as gender, time
of day of exposure and laboratory are also considered.

Experimental design
The experiment was designed such that three laboratories
in different cities of Germany each carried out the same
design. In each laboratory, 24 subjects were exposed to
both railway and road traffic noise. For each kind of
noise, sound levels of 40, 52, 70, 82 dB were presented
twice, and levels of 46, 58, 64 and 76 dB were presented
once, all of them in random order. After each sound
presentation the subjects recorded their annoyance and
perceived loudness on a category subdivided rating scale
(see [1]). One half of the trials was carried out in the
morning, the other one in the afternoon. Each group
consisted of the same number of males and females.

Methods
Regression model

A subject’s response was measured as a natural number
ranging between 1 and 50 and can be viewed as a ran-
dom variable with binomial distribution IB(n, π), where
n = 49 and π is unknown. This allows the application
of a generalized linear model (GLM) that extends the
regular linear regression to the case of some non-normal
response variables [2]. Here, a GLMmodels the exposure-
response relationship between covariates Xj , j = 1, . . . , p
and annoyance (or loudness). Multiplying a given value
Xj = xj with its parameter βj and summing up for all
j gives the so-called predictor variable

η = β0 +

p
∑

j=1

βjxj . (1)

The predictor is linked to the expectation value E(Y ) =
π of Y by a certain link function g. In this situation, the
so-called complementary log-log link is a suitable choice
(see [3]). It allows us to compute the expected annoyance

(or loudness) E(Y ) = g−1(η) for a given predictor η by

E(Y ) = (1− exp(−exp(η))) · 49 + 1. (2)

The estimation of the parameters βj by the maximum
likelihood method then shows, how they affect the re-
sponse and if their effect is significant.

If our model is valid for the data, the observations should
have variance V ar(Y ) = 49 · π · (1 − π). However, it is
possible that the actual variance is φ-times greater than
the theoretical one, which is called overdispersion.

Model selection

We aim at a model equation that explains the observed
data well, but is also as sparse as possible. This can
be achieved by performing a backward directed stepwise
procedure: Starting with a regression equation that in-
cludes all factors (main effects and all interactions), we
stepwise remove those factors having the largest p-values
as long as they are larger than the significance level of
α = 0.05. Main effects are only removed if all their inter-
actions have been removed before. An intercept x0 = 1
is always included.

Coding of variables

The factors are coded as presented in Table 1. Interac-
tions are not listed as they are simply the product of the
codings of the respective covariates. For example, the
levels of the interaction of gender and kind of noise xG,K

equal xG · xK . In fact, the experiment has been per-

Covariate Factor Coded levels
Noise level xN 40, 46, ..., 82
Kind of Noise xK -1 (rail), +1 (road)
Laboratory xL -1 (lab 1), +1 (lab 2)
Gender xG -1 (male), +1 (female)
Time of day xT -1 (morning), +1 (afternoon)

Table 1: Coding of factor levels.

formed in the laboratories at three different sites, but for
illustrative purposes we need only involve two of them
in our analysis: So, xL = −1 and xL = 1 refer to the
Eichstätt and the Dortmund laboratory, respectively.

Results

Annoyance

Table 2 presents the factors xj of the final regression
equation for annoyance together with the parameter es-
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timates β̂j and p-values. Besides, the overdispersion pa-

rameter is estimated by φ̂ = 4.25.

xj β̂j p-value
x0 ≡ 1 -2.518 < 0.0001
xN 0.038 < 0.0001
xK -0.054 < 0.0001
xL 0.189 0.0012
xG -0.228 < 0.0001
xT 0.061 < 0.0001
xG,N 0.003 0.0033
xG,L 0.028 0.0226
xG,T -0.030 0.0138
xL,N -0.002 0.0471

Table 2: Regression results for annoyance: Resulting factors
and their estimated parameters.
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Figure 1: Observed (asterisks) and estimated annoyance
(solid lines) with 95% confidence intervals (dotted lines) for
two strata.

As an illustration, Figure 1 shows estimated and observed
annoyance for varying noise levels for those two strata
that make for the most extreme values. A covariate’s rel-
evance may best be interpreted if compared to the effect
of noise level: Here, for example, the parameter estimate
for kind of noise is β̂K = −0.054. So, if the kind of noise
changes from −1 to +1, the predictor augments by 0.108
which is the same as if the noise level was increased by
2.84 dB. Thus, to yield equal annoyance, road noise has
to be about 2.84 dB louder than rail noise.

Loudness

Loudness and annoyance are highly correlated (ρ =
0.943). It is thus not surprising that the loudness’ fi-
nal model equation contains nearly the same factors and
yields similar parameter estimates (Table 3). Here, the

estimated overdispersion parameter is φ̂ = 3.08. Param-
eter estimates can be interpreted as for annoyance (see
above).

Figure 2 shows observed and estimated values for the per-
ceived loudness. The strata with the highest and small-

xj β̂j p-value
x0 ≡ 1 -2.618 < 0.0001
xN 0.041 < 0.0001
xK -0.052 < 0.0001
xL 0.050 < 0.0001
xG -0.167 0.0009
xT 0.059 < 0.0001
xG,N 0.002 0.0158
xG,L 0.022 0.0356
xG,T -0.057 < 0.0001
xL,T 0.054 < 0.0001

Table 3: Regression results for loudness: Resulting factors
and their estimated parameters.
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Figure 2: Observed (asterisks) and estimated loudness (solid
lines) with 95% confidence intervals (dotted lines) for two
strata.

est estimated ratings are the same as for annoyance. A
closer look at both graphs reveals that for any noise level
loudness is rated slightly higher than annoyance.
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