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ABSTRACT
Public transportation by bus is an essential part of mobility. Braking and starting, e.g., approaching a bus stop,
are documented as the main reason for non-collision incidents. These situations are evoked by the acceleration
forces leading to perturbations of the passenger’s base of support. In laboratory studies perturbations are applied to getting insight into the postural control system and neuromuscular responses. However, bus perturbations diverge from laboratory ones with respect to duration, maximum and shape, and it was shown recently that
these characteristics influence the postural response. Thus, results from posturographic studies cannot be generalised and transferred to bus perturbations. In this study, acceleration (ACC) and deceleration (DEC) signals of
real traffic situations were examined. A mathematical approach is proposed in order to identify characteristics
of these signals and to quantify their similarity and complexity. Typical characteristics (duration, maximum, and
shape) of real-world driving manoeuvres concerning start and stop situations could be identified. A mean duration of 13.6 s for ACC and 9.8 s for DEC signals was found which is clearly longer than laboratory perturbations.
ACC and DEC signals are more complex than the used signals for platform displacements in the laboratory. The
proposed method enables the reconstruction of bus ACC and DEC signals. The data can be used as input for
studies on postural control with high ecological validity.
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1. Introduction
Mobility is an important component of most activities of
daily living. Its maintenance is necessary for well-being
as it allows us to be active within our community. Mobility is essentially based on public transport (e.g., bus, coach, train) in which an increasing number of passengers
are reported [1]. Although transportation systems ensure
passenger safety, loss of postural control, falls, and serious injuries are well-known side effects [2]. Kirk et al. [3]
report over 300,000 casualties per year in Great Britain
investigating the time period 1999 to 2001, but only 3%
of these casualties involved buses or coaches. Albertsson
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and Falkmer [4] refer to the Enhanced Coach and Bus
Occupant Safety project [5] which found 35,000 people
injured in the European Union caused by bus and coach
crashes. Moreover, noncollision incidents within standing or driving buses, which are not associated with crashes, are reported regularly in local city transport [3].
Björnstig et al. [6] report 54% non-collision incidents
during bus or coach journey within a city in Sweden and
suggest that non-crash injuries are as important as crash
injuries. Halpern et al. [2] identified situations of braking
and starting, e.g., approaching a bus stop or a traffic light,
as the main reason for non-collision incidences. These
manoeuvres are accompanied by acceleration induced
forces exerted to the passenger, hence, leading to perturJSIP
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bations. As in situation of starting from or approaching a
bus stop passengers are often not yet or no longer seated,
we propose that those situations are especially critical in
terms of a high probability of stability loss and resultant
falls and injuries.
In order to get insight into mechanisms of postural control, researchers conducted various laboratory experiments and clinical tests. Traditionally, upright stance is
analysed under static and dynamic conditions with subjects standing on a platform. Under dynamic conditions,
the platform is translated leading to an (un)expected perturbation with the aim to analyse the motor response in
terms of balance performance [7].
Since the early studies of e.g., Nashner [8] or Maki et al.
[9], until more recent experiments of e.g., Trivedi et al. [10],
various types of perturbations have been investigated due to
different commercial or self-manufactured devices (e.g.,
Figure 1). These perturbations mainly differ with respect to
three characteristics, namely duration, maximum, and shape [11,12]. For instance, perturbations applied in laboratory
experiments typically last for a fraction of a second up to
approximately three seconds [13]. It is clear that the length
of the device limits the duration of the generated perturbation (e.g., think of an accelerating sled). It could be shown
that the underlying control mechanisms diverge between
different types of perturbations [11,13,14]. Tokuno et al.
[13] found that longer acceleration-deceleration intervals
reveal more age-related differences in the motor response
than short intervals. Numerous authors have investigated
the question of balance recovery after a perturbation of the
supporting platform in laboratory experiments. These studied situations are obviously different from the type of perturbations in public transport [12]. Characteristics of bus
acceleration signals described by Palacio et al. [14] diverge
from the typical sinusoidal signal applied in laboratory experiments [11]. Thus, different control mechanisms occur
and the transferability of the results is limited concerning
the demands that a standing passenger faces in the bus.
Visser et al. [15] remark that the investigation of real-life
conditions and the copy of such situations improves ecological validity of posturography. The goal of the present
paper was to characterize real-world acceleration/deceleration signals of buses in daily traffic with a focus on situations of starting from or approaching a stop. This helps to
generate input parameters for studies on postural control
with the aim of simulating real-life conditions.

2. Methods
Bus acceleration was recorded during everyday traffic in
Frankfurt am Main, Germany. An accelerometer was
fixed to the floor in the middle of the bus without drivers
being aware of the measurement in order to ensure objectivity. Horizontal acceleration (ACC)—starting from a
OPEN ACCESS

bus stop—and deceleration (DEC)—approaching a bus
stop—situations were identified with the help of a realtime commentary on the driving manoeuvres. As the tilt
angle of the bus is small, the error introduced into the
data due to changes in axis alignment is small and therefore negligible [16]. The data were measured with a
sampling frequency of 1000 Hz in units of volt with the
software DASYLab10.0. Over a two-point linear calibration the data were transformed into units of gravitation
acceleration (g = 9.81 m/s2). The data were low pass filtered (2nd order Butterworth filter) with a cutoff frequency of 2 Hz which was beforehand proved appropriate by a frequency analysis.
The ACC and DEC signals were characterised with
respect to their duration, maximum value, and shape. The
duration was quantified in units of seconds [s]. The
maximum [g] was extracted from the absolute values of
the data. In order to quantify the shape of the perturbations, the signals were decomposed in simpler (basis)
functions. All signals were transformed into a n-dimenwhich contains the respecsional vector C j = cij

( )

i =1,, n

tive correlation coefficients with the n basis functions
(Equation (4)). The choice of the number of basis functions was based on the criterion that a minimum of 90%
of the signals variation could be explained (Equation (5)).
This resulted in n = 30 for the DEC signals and n = 70
for the ACC signals. Normalised Legendre polynomials
Pm ( x ) (mth-degree polynomial, x ∈ [ −1,1] , Section 3.1)
were used as basis functions. Polynomials and signals
were time-normalised (total duration was set 100%) and
up-sampled to 10000 data points by cubic spline interpolation. In addition, the signals were detrended by the
mean so that the correlation with P0 (constant function)
was set zero. Based on the correlation vectors, the complexity of each signal was computed in a first step. The
complexity of the signals is defined as the entropy of the
squared correlation coefficients. Hence, the complexity
of the signal S j is given by:
n

( )

CI j =
−∑ cij
i =1

2

(( ) ) .

⋅ ln cij

2

(1)

Here, n = 100 Legendre polynomials were used in
order to have almost the same variation explained for all
signals. Strictly speaking, for every signal S j it should
hold

∑ i =1 ( cij )
n

2

≤ 0.99 . The complexity is the higher the

more Legendre Polynomials are needed to explain the
signals variations. Hence, a low index indicates that the
signal can be reconstructed well by a few polynomials.
In a next step, the similarity of the shape between two
signals Si and S j was quantified. Therefore, the correlation vectors of each two signals were correlated

(

yielding a similarity index SI with SI i , j = c Ci , C j

)

(Sec-
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Figure 1. Exemplary perturbation signal (right panel) applied in a laboratory experiment by means of a typical laboratory
device (left panel). In dynamic posturography a perturbation signal is applied to a movable platform on which a subject is
instructed to maintain upright posture.

tion 3.2: Equation (1)). The similarity index is a normalised value between −1 and 1. SI = 1 implies a 100%
positive fit and SI = −1 a 100% negative fit (Figure 2).
All computations were done in Matlab (R2008b).

3. Calculation
In this section we present the underlying calculation
methods concerning Legendre Polynomials, correlation
between the signal and Legendre Polynomials, and the
reconstruction of the signals.

3.1. Legendre Polynomials
The nth-degree Legendre polynomial Pn ( x ) can be expressed using Rodrigues formula:
=
Pn ( x )

1  d 
 
n
2 n !  dx 

n

(x

2

)

Figure 2. Similarity index (SI) between three exemplary
curves. SI = 1 implies a 100% positive fit.

The number n of Legendre polynomials was determined by the amount of polynomials which are necessary
to explain a minimum of 90% of the signals variation.
Thus, n was chosen so that the following inequality
holds

∑ ( cij )
n

−1 .

(2)

The family ( Pn )n forms an orthonormal basis (ONB)
on the Hilbert space V after normalisation which means
that the following equation holds
1

∫ Pn ( x ) Pn ( x ) = 1 .

(3)

( )

up to degree n: C j = cij

i =1,, n

(

)

with cij = c S j , Pi .

The correlation coefficient c ( x, y ) between two discrete signals x ( tk ) and y ( tk ) of length N with respect to the L2 (space of square integrable functions)
inner product is defined as

∑ i =1 x ( ti ) ⋅ y ( ti )
c ( x, y ) =
2
2
N
N
x ( ti ) ⋅ ∑ i 1 y ( ti )
∑i 1=
=
N
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(4)

(5)

3.3. Reconstruction of Signals
Each signal S can be represented as a weighted sum of
the basis functions:

=
S

∑ ( w ⋅ P ( x )) ,
i =1

Computation of the n-dimensional correlation vector
between the jth signal S j and the Legendre polynomials

≤ 0.9 ∀ j .

i =1

−1

3.2. Correlation

2

i

i

x ∈ [ −1,1]

(6)

with Pi is the ith-degree Legendre polynomial and wi
is the ith weight given by the formula:
2 N
=
wi
(7)
∑ S ( tk ) ⋅ Pi ( xk ), xk ∈ [ −1,1]
N k =1
with N = 10000 (number of data points). The signals
are reconstructed (Figure 3) based on the weights wi ,
i = 1,  , n (Appendix) which correspond to the n
Legendre polynomials (n = 30 for DEC and n = 70 for
ACC).

4. Results
35 DEC and 34 ACC situations were extracted. Table 1
summarises descriptive data concerning duration and
JSIP
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Figure 3. Typical bus deceleration DEC (left) and acceleration ACC (middle, right) signals (black line) and their reconstruction (turquoise line) based on Legendre ploynomials (Section 3.3, Appendix). Acceleration is measured in g = 9.81m/s2. Signals are time normalised.
Table 1. Sample mean ± standard deviation concerning the
duration, maximum (g = 9.81 m/s2), and complexity of DEC
(approaching a bus stop) and ACC (starting from a bus
stop) signals.
DECa (n = 35)

Parameter
Duration [s]

9.8 ± 3.8

13.6 ± 6.2

Maximum [g]

0.19 ± 0.05

0.15 ± 0.02

1.67 ± 0.42

2.13 ± 0.47

Complexity
a

ACCb (n = 34)

b

Deceleration maneuver; Acceleration maneuver.

maximum, as well as complexity of the perturbation signals. On average, ACC situations have a longer duration,
a smaller maximum and a larger complexity value than
DEC situations (Table 1). Looking at the similarity of
the shape between DEC signals, it is SI > 0.7 for 80%
with respect to one identified typical signal profile
(Figure 3, left). The other 20% have a low similarity (SI
< 0.6) to all the other signals. Concerning the ACC signals, the similarity indices rarely exceed 0.9. However,
two typical profiles are identified where 79% of the signals can be related to with SI > 0.7 (Figure 3, middle and
right).

5. Discussion
In this study, acceleration (starting) and deceleration
(stopping) profiles of real traffic situations were examined. A mathematical approach is proposed to identify
and describe common characteristics of these signals. It
is shown that real-world driving manoeuvres result in
mainly similar acceleration and deceleration profiles.
Typical characteristics concerning duration, maximum
and shape of the signals could be identified which are
different from signals applied in laboratory settings. Furthermore, the proposed method enables the reconstruction of bus acceleration and deceleration perturbations.
This can be used as input data for further research on
postural control. For instance, in a previous investigation
we applied the proposed method to verify that simulated
OPEN ACCESS

bus accelerating and bus stopping maneuvres are similar
to real world signals Haas et al. [17]. Concerning observed maximum values, acceleration and deceleration
signals are rather consistent, and fit to those reported in
earlier studies on bus perturbations [14,18,19]. This indicates a generalisation of results with respect to different regions.
Maximal acceleration values are quite similar to laboratory values (e.g., [13]). The duration of real-world perturbations is clearly longer than perturbations generated
in laboratory experiments. The longest interval of a perturbation signal in a laboratory setting was approximately
three seconds [13,20]. The purpose of dynamic posturography is to get insight into human postural control (e.g.,
the response of the neuromuscular system) by perturbing
the base of support of a standing subject which is comparable to bus perturbations from a mechanical point of
view. Although various studies have evaluated postural
responses to support surface translations of standing
persons, the transferability of these results to bus perturbations should be seen rather critical. Frank and Patla [21]
remark that situations in sterile environments (e.g., laboratory) do not simulate the environmental challenges one
faces in the community. To our knowledge, there is only
one experiment that has the scope to simulate driving
manoeuvres of buses by means of an accelerating sled
[22]. The authors investigated human behaviour towards
abrupt bus stopping situations (emergency breaking, or
collisions), but not usually occurring starting or stopping
events in daily traffic. Moreover, their analysed perturbations only last for about 400 ms which deviates from
real-world bus perturbations.
In the present study, the proposed method enables the
characterisation and reconstruction of bus acceleration
and deceleration signals. These signals have a complex
structure due to the occurrence and amount of acceleration changes (jerk), and consequently, are different from
the rather simple composition of postural perturbations
obtained in laboratory settings. Hence, standing in a bus
JSIP
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implies a more challenging situation. With regard to
prevailing limitations in laboratory studies, future studies
have to investigate real-world driving manoeuvres and
their influence on the postural response to standing passengers. Horak et al. [7] argue that results of laboratory
perturbation experiments can account for knowledge of
postural responses when passengers in public transport
are perturbed. However, this implication does not hold as
postural reactions are dependent on the duration [13,20],
maximum [23], shape [11,13], and jerk events [18]. On
account of these facts, Haas et al. [17] examined the effect of starting and stopping manoeuvres of subjects
while standing in a bus. This procedure seems to be the
most valid method to comply with the complex structure
of real-world bus perturbations. However, as we have
shown that these perturbations can be classified in terms
of similarity, the identified bus perturbations could deliver relevant input data for further research on postural
control. Palacio et al. [14] recorded bus acceleration signals from usual starting and stopping manoeuvres which
they used as input for computer simulations to investigate possible injuries of a standing passenger in the bus.
However, the simulations were only based on three exemplary pulses which were short intervals of 4 - 5 s duration. This approach has to be enlarged by considering
the whole signal in order to model the complete starting/
stopping situation. It is well known that the human postural control system is nonlinear [24,25]. Thus, balance is
dependant on initial standing conditions (e.g., standing
direction, foot placement, anticipation) and small variations in perturbation timing, force, or complexity could
result in completely different outcomes.

6. Conclusion
Typical characteristics of bus perturbations could be
identified which deviate from perturbations generated in
laboratory settings. They deliver relevant input data for
further research on postural control, giving rise to a higher ecological validity. The identification of thresholds
(mechanical or physiological) for critical situations (e.g,
falls) concerning the three parameters duration, maximum, and shape is essential to prevent injuries in public
transport. This may be the first step to classify real-world
perturbation signals and to create a risk model for public
transportation.
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Appendix
In the following, the weights of the typical DEC (WDEC)
signal (Figure 3, left panel) and two ACC (WACC) signals (Figure 3, middle and right panel) are presented:
WDEC1 = 10 − 2(−7.089, 3.078, 2.268, 0.974, 0.307,
1.289, 1.066, 0.831, 0.350, −0.738, 0.378, 0.122, −0.389,
0.448, 0.026, −0.068, −0.127, 0.332, − 0.004, −0.290,
0.213, 0.088, 0.010, −0.385, −0.150, 0.439, −0.095,
−0.209, 0.022, 0.183)
WACC1 = 10 − 2(−3.097, −0.602, 1.204, −0.761,
0.222, −0.512, 0.801, −1.114, 0.303, −0.269, −0.017,
0.232, −0.444, 0.137, −0.310, 0.211, −0.106, −0.105,
0.169, −0.157, 0.104, −0.175, 0.141, 0.168, −0.156, 0.042,
0.096, −0.167, 0.036, 0.074, 0.013, −0.090, −0.006, 0.268,
−0.330, 0.102, 0.293, −0.379, 0.147, −0.068, −0.100,
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0.208, −0.242, 0.033, 0.027, 0.010, 0.087, −0.173, 0.155,
−0.103, −0.166, 0.168, 0.008, 0.193, 0.005, −0.511, 0.314,
0.186, −0.431, 0.257, 0.011, −0.095, 0.048, −0.126, 0.272,
−0.245, −0.021, 0.183, −0.308, 0.287)
WACC2 = 10 − 2(−1.411, −4.088, 1.118, −0.608,
0.406, −0.790, −0.371, 0.693, −0.130, 0.029, 0.253,
−0.135, 0.007, 0.358, −0.312, −0.296, −0.233, 0.368,
0.444, −0.515, −0.123, 0.134, 0.224, −0.104, 0.077, 0.153,
−0.400, 0.058, −0.024, 0.054, 0.205, −0.245, 0.015, 0.277,
−0.296, −0.367, 0.615, 0.042, −0.458, 0.343, 0.043,
−0.442, 0.102, 0.228, −0.162, 0.067, 0.119, −0.131, 0.050,
−0.151, −0.143, 0.359, 0.135, −0.492, 0.075, 0.328,
−0.353, − 0.032, 0.379, −0.191, −0.199, 0.239, −0.039,
−0.255, 0.236, 0.092, −0.228, 0.045, 0.065, −0.186)
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