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Abstract

This paper presents a study investigating seated subjects’ percep-

tion of railway induced groundborne vibration in the vertical direc-

tion. Previous studies into the perception of railway induced vibra-

tion have treated this phenomenon as a unidimensional problem. The

aim of the study detailed in this paper is to determine if the per-

ception of railway induced groundborne vibration is multidimensional

in nature and if the resulting perceptual dimensions can be related

to a measure of annoyance. Twenty-one subjects took part in paired

comparison tests of similarity and annoyance. These tests were con-

ducted using fourteen measured vibration stimuli selected to be rep-

resentative of groundborne vibration induced by railway activities in

the United Kingdom. Through multidimensional scaling analysis, it

is shown that the perception of railway induced vibration is depen-

dent on up to four perceptual dimensions. These dimensions relate

to energy in the 16 Hz 1/3 octave band (a16Hz), energy in the 32 Hz

1/3 octave band (a32Hz), the duration of the train passage (T10dB),

and the modulation frequency of the envelope of the signal (fmod).

These perceptual dimensions are shown to be related to single fig-

ure Perceived Annoyance Ratings (A) by the following relationship:

A = −0.40 + 4.57a16Hz + 3.18a32Hz + 0.02T10dB + 0.02fmod. Finally,

the single figure Perceived Annoyance Ratings are related to categori-

cal ratings of annoyance via a logistic regression model. These findings
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confirm the hypothesis that the perception of complex vibration stim-

uli is multidimensional and can be described by a small number of

perceptual dimensions.

1 Introduction

Noise and vibration from railway operations can be a source of significant

disturbance to residents living close to railway lines. With current EU policy

focussed towards a modal shift of goods traffic from road to rail [1] and the

building of high speed lines in a number of countries, an understanding is

needed of the human response to railway induced vibration and noise if a

concomitant increase in annoyance for residents living in close vicinity of

railway lines is to be avoided.

In the past two decades, a number of field studies have been carried

out in Europe, North America and Canada, and Japan which have devel-

oped exposure-response relationships for the prediction of the community

response to railway induced vibration [2, 3, 4, 5, 6, 7]. A common trend

in these studies is the relatively low amount of variance explained by the

resulting exposure-response relationships. As is the case for environmental

noise, this may be due to both factors not related to the vibration exposure

[8, 9] and an inadequacy in the single figure vibration exposure descriptors

to describe human response. Although a substantial amount of fundamental

psychophysical work has been conducted for the human response to vibration

such as investigations into subjective magnitude [10], perception thresholds

[11], and equal comfort contours [12], there is a lack of understanding re-

garding the perception of complex vibration from real sources.

There have been a limited number of laboratory studies into annoyance

due to railway vibration and noise. A fourth power relationship has been

found in a study to determine the relationship between the magnitude of

railway induced vibration and the number of events with respect to annoy-

ance [13]. A similar result was found in an investigation into the perception

of vertical mechanical shocks [14]. The fourth power relationship suggested

by these studies is part of the justification for the vibration dose value de-

scriptor that is recommended in international and British standards. In a

laboratory study to investigate the subjective response to combined noise

and vibration exposure from railways [15, 16], the magnitude of noise ex-
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posure was found to have a significant effect on the judgment of annoyance

caused by vibration but no significant effect of vibration exposure was found

on the judgment of annoyance caused by exposure to noise. In a subsequent

study by the same authors [17], a relationship showing the subjective equiv-

alence of railway noise and vibration was derived. In a more recent study

into the combined effects of railway induced vibration and noise [18], it

was also found that vibration did not influence noise annoyance, but that

total annoyance caused by combined noise and vibration was considerably

greater than the annoyance caused by noise alone. However, in all of these

studies the perception of vibration has been treated as a unidimensional

phenomenon.

The aim of the study presented in this paper is to investigate the di-

mensions of the perception of railway induced groundborne vibration and

how these perceptual dimensions relate to annoyance. In areas of percep-

tual acoustics such as musical timbre [19], soundscapes research [20], and

product sound quality [21], research often focusses on determining the per-

ceptual dimensions which underlie the perception of a given set of sounds.

In the case of product sound quality, these perceptual dimensions have been

used to develop models that can be used to predict the perceived quality of

a product based on objective acoustic features of the product sound. If a

similar approach can be taken towards the perception of vibration from envi-

ronmental sources, it may be possible to develop models to predict perceived

annoyance based upon objective features of a measured vibration signal.

The multidimensional nature of sound perception is highlighted by the

rich vocabulary available for the description of auditory perception. For

example, frequency characteristics of a sound can be described as ”bright”,

”sharp”, or ”dull”; amplitude characteristics can be described as ”loud”

or ”quiet”; and temporal characteristics can be described ”fluctuating”,

”peaky”, or ”undulating”. In comparison to the perception of auditory

stimuli, the vocabulary at our disposal for describing the perception of vi-

bratory stimuli is rather limited. This might be taken to suggest that the

acuity of human perception of vibration is less than that of the percep-

tion of sound. Nevertheless, research conducted in the automotive industry

has suggested that the perception of vibration is a multidimensional phe-

nomenon [22]. Therefore, a major aim of the work presented in this paper

is to determine if the perception of railway induced groundborne vibration
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is multidimensional in nature.

Much of the previous research into the perception of whole body vibra-

tion has been in the form of ranking or magnitude estimation tasks conduced

in a laboratory setting using artificial signals such as pure sine excitation

as stimuli. Although research of this sort provides a valuable insight into

psychophysical aspects of vibration perception such as perception thresholds

and subjective magnitude, these subjective test methodologies impose lim-

itations on the researcher, namely, the perceptual dimension or dimensions

of interest must be determined a priori [23]. If the underlying perceptual

dimensions of a certain stimulus type are unknown, then it is possible that

psychologically relevant dimensions will be unaccounted for in the models

and metrics used to describe the human response these stimuli. There-

fore, little is known regarding the nature of the psychologically relevant

dimensions which determine the perception of whole body vibration. It is

hypothesised that the perception of vibration from railway activities can be

described by a small number of perceptual dimensions and that these di-

mensions can be related to objective features of the vibration stimuli. It is

further hypothesised that, if an understanding can be gained of the percep-

tual structure of a set of complex vibration stimuli, models can be developed

which relate the salient perceptual dimensions to some measure of response,

in this case annoyance.

In this paper, the methods of paired comparisons and multidimensional

scaling analysis are employed to investigate the perceptual dimensions un-

derlying the perception of railway induced vibration. The study focusses

on seated subjects’ perception of vertical railway induced vibration. As the

sensitivity of the human body to vibration differs considerably depending

upon the orientation and posture of the subject, the results of this study

do not necessarily apply to the perception of subjects in other orientations.

The social survey described in [6] asked 932 subjects through with surfaces

they were able to perceive railway induced vibration. 70.5% of the respon-

dents were able to feel vibration through the floor, 63.6% through the bed,

51.3% through a chair, 29.4% through touching surfaces with their hands,

and 11.7% through other sources. This indicates that a large proportion of

people who experience railway induced vibration in residential environments

experience it in a seated posture.

Figure 1 illustrates the basic principles of multidimensional scaling anal-
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ysis in the context of vibration perception. In this figure the subject is

exposed to four different railway vibration events in all possible pairs. The

subject is asked to rate the degree of similarity between the pairs of vibration

events on a continuous scale ranging between 0 and 1. It is assumed that

there exists a latent perceptual structure which allows the subject to make

comparisons between the vibration stimuli, that this structure consists of

a finite number of perceptual dimensions, and that the subject’s similarity

ratings represent a comparison between stimuli based upon this psychologi-

cal structure. The similarity matrix resulting from these judgements is then

submitted to multidimensional scaling analysis which attempts to create a

mapping of the stimuli in a low-dimensional space. It is then assumed that

each of the dimensions in the multidimensional scaling configuration relate

to a dimension in the psychological structure which the subject uses to make

comparisons between the stimuli. By finding objective features of the vibra-

tion stimuli which correlate to these dimensions, an understanding can be

gained as to how objective features of the vibration stimuli influence per-

ception. The methods of paired comparisons and multidimensional scaling

have been used extensively in areas such as the perception of musical tim-

bre [19, 24] the perception of concert hall quality [25], and product sound

quality [26, 27, 28, 29].

In the following section, the methods used in the study are outlined.

Following this, the results of the study are presented and discussed. Finally

conclusions are drawn and recommendations for future work are made.

2 Methods

2.1 Ethical considerations

The research presented in this paper was approved by the University of

Salford Ethics Committee.

2.2 Selection of stimuli

A database of over 64,500 measured railway vibration signals, collected as

part of a large scale field survey conducted in the United Kingdom [30], were

available as potential stimuli for the subjective tests described in this pa-

per. These signals were taken from 149 24-hour measurements that spanned
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Figure 1: Illustration of the basic principles of multidimensional scaling as
it relates to the perception of railway induced vibration.
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around 200 km of the West Coast Mainline in the United Kingdom. As the

database of measured railway signals were from unattended measurements,

information such as train type and speed were unavailable. Due to the num-

ber of available test signals, a stimulus reduction was required to generate a

representative set of stimuli which could be practicably used in a subjective

test. The stimuli selection routine was designed to result in a representative

subset of the types, speeds, and conditions of trains running on this stretch

of line.

As an initial step, any of the available train signals with a Wk weighted

peak magnitude less than 0.015 m/s2 was excluded as a potential test

stimulus. This step was taken as, according to ISO 2331-1:1997 [31], this

magnitude is the median vibration perception threshold for healthy human

subjects. Although the applicability of this laboratory derived perception

threshold to vibration under field conditions is not clear, this appeared to

be the logical first step in the reduction of the stimulus set. Following this

initial reduction, 14,143 train signals remained as potential stimuli.

For the remaining signals, a number of objective descriptors for fre-

quency, energy, and temporal characteristics of each train signal were cal-

culated. The descriptors of energy calculated were rms acceleration and the

vibration dose value [VDV, see equation (1)] as defined in ISO 2331-1:1997

[31]. Spectral centroid was calculated as a descriptor of the frequency con-

tent of each train signal. To describe temporal aspects of the train signals

the crest factor, kurtosis, duration defined by the 3 dB and 10 dB down

points of the signal envelope, the modulation depth, and modulation fre-

quency were calculated.

(1)V DV =
4

√∫ T

0
a4w(t)dt

The modulation depth was defined as the average difference between the

maxima and minima of the signal envelope expressed in decibels. Modu-

lation frequency was defined as one over the average period between the

maxima of the signal envelope. These parameters were evaluated in the

portion of the signal between the 10 dB up and down points.

A principal component analysis was then conducted on a matrix of these

descriptors. The first four recovered principal components were found to

describe almost 80% of the explained variance in the descriptor space. To
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select the stimulus set for the subjective test, each of the four recovered

principal components was divided into four equal areas and a single train

signal was randomly selected from each area. Upon investigation of the

generated stimulus set, it was discovered that a number of the signals at the

positive extreme of the first principal component were spurious events such

as footfalls. After removing these spurious events from the analysis, a final

stimulus set of fourteen train signals was arrived at.

2.3 Test rig

A test rig was built which was designed to be capable of the faithful and

repeatable reproduction of measured vibration signals. The rig consists of

an electrodynamic shaker coupled to a frame consisting of a table supported

on springs and linear guides with a chair with a cushioned seated rigidly

fixed to the table. As with any vibration reproduction system, there is some

uncertainty in the vibration exposure for different subjects due to variations

in mass across the subject group. The shaker used in this setup was a

Derritron VP-85 powered by a 6000 Watt TW6000 amplifier. Broadband

noise produced by the amplifier in the laboratory was sufficient to mask

sounds generated by the shaker and the shaker table frame. Consequently,

subjects were not exposed to sound that was correlated with the vibration

stimuli. As the manufacturer stated maximum static load of the shaker is

35 kg, the spring supports were included in the test rig to ensure that the

shaker was not loaded with the full mass of a test subject. The linear guides

were included in the design to constrain the movement of the shaker table

to the vertical direction.

2.4 Test design

Twenty-one subjects (20 males and 1 female, mean age = 32.9, sd = 8.9)

participated in the subjective tests described in this paper. This is a similar

number of subjects as other studies into the perception of railway induced

vibration [16, 17, 18]. As full paired comparison tests using stimuli of long

duration can be prohibitively lengthy, incomplete paired comparison test

designs were utilised to reduce the length of the paired comparison tests. It

has been shown by Spence and Domoney [32] that many of the pairs tested

in a complete paired comparison design lead to essentially redundant data.

8



Spence and Domoney investigated data redundancy in paired comparison

tests by conducting Monte-Carlo simulations to determine the influence of

incomplete paired comparison data upon non-metric scaling configurations.

Through these simulations it was found that a reasonable reconstruction

of the resulting multidimensional scaling configuration could be arrived at

using only 30% of the original data. An incomplete paired comparison test

was designed for each of the subjects taking part in the test. Depending on

the incomplete design, the number of pairs which each subject had to rate

varied between 42 and 56. For 14 stimuli a full paired comparison test would

require each subject to judge 91 pairs of stimuli, therefore the incomplete

test designs used in this paper resulted in perceptual tests with between 46%

and 62% of the number of pairs which would have been required if using a

full paired comparison design.

Prior to the start of the subjective test, subjects were provided with

written and verbal instructions of their task. Following this, they were asked

to sit comfortably on the chair of the test rig with their feet supported

by a stationary footrest. Once sat in a comfortable position, the subject

was asked to maintain their posture as far as possible throughout the test.

Subjects were then given the opportunity to familiarise themselves with the

test interface, which was presented via a laptop computer, via five trial pairs

of vibration stimuli. Once the subject had familiarised themselves with the

test interface, they were given the opportunity to feel each of the fourteen

vibration stimuli used in the test to familiarise themselves with the group

of stimuli.

Subjects were presented with pairs of vibration stimuli separated by 1

s and ordered according to an incomplete cyclic design. The start of each

stimulus was marked via a 0.5 s beep generated by a loudspeaker. Subjects

were asked to make two judgements upon each pair of vibration stimuli:

1. Which of the trains would bother, disturb, or annoy you most if you

felt them in your home?

2. How similar do you perceive the pair of vibrations to be?

The responses to both of these questions were recorded via continuous

sliders and coded -0.5 to 0.5 for question 1) and 0 to 1 for question 2).

Subjects were allowed to feel each pair of vibration stimuli as many times

as they wished.
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To measure annoyance on an absolute scale, subjects were exposed to

each of the vibration stimuli individually and asked the following question:

If you were in your own home how bothered, disturbed, or annoyed would

you be by this vibration?

Responses to this question were recorded on a five-point semantic scale

with the category labels ”Not at all”, ”Slightly”, ”Moderately”, ”Very”, and

”Extremely”. This part of the test took place immediately after the paired

comparison judgements detailed in the previous section.

2.5 Data analysis

Analysis of the data measured in the perceptual testing consists of three

main steps: i) the similarity data is analysed using multidimensional scaling

(MDS) analysis to derive a perceptual space; ii) objective correlates to the

perceptual dimensions are explored using correlation analysis; iii) models for

relative annoyance are built via linear regression models using single figure

annoyance ratings calculated from the paired comparison of annoyance data

and the objective metrics identified in ii); vi) models for absolute annoy-

ance are built via logistic regression models using the single figure perceived

annoyance ratings and the categorical annoyance ratings.

2.5.1 Multidimensional scaling

The general procedure for MDS is to find a configuration of points in low

dimensional Euclidean space where distances between points (di ,j ) are ap-

proximately equal to f(δi,j) where f is a parametric monotonic function and

δi,j are measured pairwise distances. This is commonly achieved by fitting

the matrix of distances di ,j by least squares or eigendecomposition to f(δi,j).

For example, a configuration may be sought which minimises the loss func-

tion given in equation (2) where the parameters of the function f are to be

estimated [33].

(2)

√∑
i,j(di,j − f(δi,j))2∑

i,j(di,j)
2

where di ,j are the reproduced distances, and δi,j are measured dissimilarities.
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The form of the function f is largely dependent on the measurement level

of the input data {δi,j}. If the data to be analysed by MDS are on the inter-

val or ratio scale, metric multidimensional scaling can be used. For metric

multidimensional scaling, a constraint on the function f is imposed such that

f must be continuous and monotonic. If the data to be analysed are on the

ordinal scale, non-metric multidimensional scaling may be a more appropri-

ate model. In non-metric MDS, a relaxation on the constraints imposed on

the function f is introduced such that f may be a non-parametric monotonic

function. In contrast to metric scaling which attempts to find a configuration

of points in low-dimensional Euclidean space which preserves the measured

distances between objects, non-metric multidimensional scaling attempts to

provide a configuration in which the distances between points preserves the

rank order of judged dissimilarities. In-depth discussions of metric and non-

metric MDS models can be found in a number of publications [33, 34, 35].

2.5.2 Correlation

Relationships between the dimensions revealed through the multidimen-

sional scaling analysis and objective features of the vibration exposure are

assessed using Pearson’s correlation coefficient. Pearson’s correlation coef-

ficient provides a measure of the linear dependence between two variables.

The resulting values range from -1 to 1 with -1 indicating a perfect negative

correlation, 0 indicating no correlation, and 1 indicating a perfect positive

correlation. For two variables X and Y with observed values xi and yi

for i = 1, 2, ..., n, Pearson’s correlations coefficient can be calculated using

equation (3).

(3)ρxy =

∑
(xi − x̄)(yi − ȳ)√∑

(xi − x̄)2
∑

(yi − ȳ)2

where x̄ is the mean of all xis of X and where ȳ is the mean of all yis of Y .

2.5.3 Regression models

Models relating objective features of the stimuli to the measured subjective

responses have been derived using regression models. Multiple linear re-

gression is a technique that can be used to study the relationship between a

response variable Y and predictor variables X [36]. In multiple linear regres-

sion, an equation is estimated from observed data that expresses a response
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variable as a linear function of a number of predictor variables as shown in

equation (4)
(4)Y = Xβ + e

where Y is a vector of responses, X is a matrix of predictor variables, e is a

vector of error terms, and β are the model coefficients to be estimated via

least squares.

The goodness-of-fit of a linear regression model can be assessed using the

coefficient of determination, R2 which describes the proportion of variance

explained by the regression model. The R2 coefficient varies between 0 and

1 values closer to 1 indicating a better fit of the model to the data. In

this study, the R2 coefficient has been used as a criteria to select predictors

for the regression model when there are more than one objective correlates

to the perceptual dimensions revealed through the multidimensional scaling

analysis. Following this, a forward and backward stepwise regression using

the resulting predictor variables with p < 0.05 as the inclusion criterion is

also conducted.

Ordinal logistic regression models have been used in the case where the

predictor variable is categorical as categorical variables violate the funda-

mental assumptions of multiple linear regression [37]. If Y is a categorical

variable with k ordered categories (k = 1 to j ), ordinal logistic regression

models the probability pij that Yi falls into the jth category or higher [see

equation (2.5.3)].

(5)ln(
pij

1− pij
) = θj + xT

i β

where θj is the intercept parameter for the jth category, xi is a set of in-

dependent variables, and β are regression coefficients to be estimated. The

coefficients for this model can be estimated via maximum likelihood.

3 Results

From the incomplete cyclic designs generated for each subject, an inclusion

matrix QS was calculated whereby:

(6)qs,i,j =

{
1 if pair δi,j,s is included in test

0 otherwise
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where qs,i,j is the element in the inclusion matrix Qs for subject s and the

comparison between stimulus i and j and δi,j,s is a judged dissimilarity.

Partial dissimilarity matrices D̃s were then created for each subject s

where:

(7)D̃s =

{
δi,j,s if qs,i,j = 1

0 otherwise

A single aggregated dissimilarity matrix D̄ was then calculated by sum-

ming each of the partial dissimilarity matrices over the subject group and

dividing by the inclusion matrices summed over the subject group:

(8)D̄ =

∑S
s=1 D̃s∑S
s=1 Q̃s

Non-metric multidimensional scaling solutions were calculated for the

aggregated dissimilarity matrix D̄ in one to eight dimensions. Figure 2 il-

lustrates the relationship between stress and the number of dimensions for

these solutions. Stress is a measure of the goodness of fit of the multidimen-

sional scaling solution to the original pairwise dissimilarities. Lower values

of stress indicate a better fit between the multidimensional scaling config-

uration and the judged dissimilarities. As the stress is for a non-metric

solution, the stress being close to zero for the eight dimensional solution im-

plies that a nearly perfect monotonic relationship has been found between

the fitted distances and measured dissimilarities, but not necessarily that

the dissimilarities have been perfectly reproduced in this configuration [38].

The case where a permissible ordinal transformation has been found but the

relationship between the fitted distances and the original dissimilarity data

is poor is known as a degenerate solution. Such degenerate solutions can be

expected in non-metric multidimensional scaling when the dimensionality is

high compared with the number of stimuli [35].

A commonly used criterion for the determination of how many dimen-

sions to recover is to identify an ”elbow” in the relationship between the

stress and the number of dimensions. Such an ”elbow” represents the point

at which the addition of further dimensions does not result in a significant

reduction in the stress of the recovered configuration. It can be seen in

Figure 2 that there is no obvious ”elbow” in the relationship between di-

mensionality and stress. It could be argued that a two dimensional solution

would an appropriate due to the significant decrease in stress going from
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a one dimensional to a two dimensional solution. However, it would seem

restrictive to limit the analysis to a two dimensional solution at this stage.

As a rule of thumb, Kruskal suggests that a stress value of 0.05 represents

a ”good” fit [38]. Therefore, a four dimensional solution will be analysed in

this paper. Further thought is given to the number of dimensions required

to describe the human response in section 4.2.
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Figure 2: Scree plot showing stress as a function of number of dimensions.

Intra-subject consistency in paired comparison tests can be assessed us-

ing circular error rates [39]. A circular error is defined as occurring when a

subject makes an inconsistent judgement on a triad of stimuli. For exam-

ple, an inconsistency would occur if a subject were to judge stimulus A is

more annoying than stimulus B, stimulus B as more annoying than stimulus

C, and stimulus C as more annoying than stimulus A. Figure 3 shows the

circular error rates for each of the twenty-one subjects who took part in the

paired comparison tests described in this paper. It can be seen from this

figure that the majority of subjects were consistent in their judgements with

nine subjects making no inconsistent judgements. This may be attributed

to the use of an incomplete paired comparison test design as there are fewer

triads of stimuli formed than in a full paired comparison test and therefore

fewer opportunities for subjects to make inconsistent judgements. This sug-

gests that, in an incomplete paired comparison test, the circular error rate

may underestimate intra-subject inconsistency. Therefore, subjects exhibit-
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ing circular error rates greater than 10% were omitted from further analysis.

It should be noted that this decision was made after an initial investigation

into objective correlates to the perceptual dimensions calculated using data

from all subjects was found to be problematic. Figure 4 shows the four
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Figure 3: Circular error rate for each of the twenty-one subjects.

dimensional non-metric multidimensional scaling solution calculated after

the omission of subjects 3, 14, and 17. The fourteen points in the config-

urations shown in this figure represent the fourteen train vibration stimuli

used in the paired comparison tests with large distances between points in

the configurations representing large judged dissimilarities. It can be seen

from this figure that the positions of the stimulus points are well distributed

across each of the perceptual dimensions suggesting that subjects made their

judgements based upon perceptual continua and did not simply categorise

the stimuli.

3.1 Paired comparisons of annoyance

From the paired comparison of annoyance data, single figure annoyance

scores were calculated for each subject using the following method:

(9)Ai,s =
1

Ni

∑
j 6=i

Pj,i,s

where Ai,s is the Perceived Annoyance Rating for subject s stimulus i, Ni is

the number of times stimulus i appeared in the subjective test for subject

s and Pj,i,s is the paired comparison of annoyance rating for stimuli i and j

for subject s.
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Figure 4: Four dimensional non-metric multidimensional scaling configura-
tion calculated form the main paired comparison tests of dissimilarity.
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Calculation of single figure annoyance scores referred to in this paper as

”Perceived Annoyance Ratings” using this method assumes that the per-

ceived annoyance scores are based on an interval level psychological scale.

This method has been utilised previously in the estimation of single figure

merit scores in sound quality tests [40]. There are however other widely used

models for the estimation of single figure scores from paired comparison data

such as the Thurstone’s law of categorical judgement (Case V) [41] or the

Bradley-Terry-Luce [42], [43] model. To assess if Pj,i,s is well represented by

the single figure annoyance scores A, the matrix of annoyance judgements

was reconstructed using the following relationship:

(10)P̃j,i = Aj −Ai

The RV coefficient, which can be interpreted as the multivariate form

of the Pearson’s correlation coefficient, between the matrices Pj,i,s averaged

over all subjects and P̃j,i was found to be 0.93 suggesting that, although some

information is lost, Pj,i,s is well represented by the single figure annoyance

scores A.

Figure 5 shows the Perceived Annoyance Ratings for the fourteen stimuli

used in the paired comparison tests linearly averaged across the twenty-one

subjects presented in their 95% confidence intervals. The narrow confidence

intervals shown in this figure highlight the high inter-subject consistency

which can be achieved using the method of paired comparisons. An ANOVA

of the single figure Perceived Annoyance Ratings for each subject suggested

that there were no significant differences between the subjects’ ratings (p =

0.99). The inter-subject correlation was found to be significant in all cases

(p < 0.05).

It should again be noted that the Perceived Annoyance Ratings presented

in this section are on a relative scale with an arbitrary reference point. It is

clear from Figure 5, for example, that stimulus five has a greater Perceived

Annoyance Rating than stimulus two. What is not clear, however, is how

the stimuli would be judged on an absolute scale of annoyance.

3.2 Categorical ratings of annoyance

The stacked bar chart presented in Figure 6 shows the proportion of sub-

jects rating each of the train vibration stimuli in a given annoyance category.
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Figure 5: Perceived Annoyance Ratings for the 14 train stimuli. Values
shown in their 95% confidence intervals.

The bars in this figure have been rank ordered according to the single fig-

ure Perceived Annoyance Ratings. In this figure a general trend can be

observed with train stimuli exhibiting higher Perceived Annoyance Ratings

being rated with higher categorical annoyance responses. Compared to the

confidence intervals of the Perceived Annoyance Ratings shown in Figure 5,

there is however a large spread of different category ratings for each stimulus.

These results illustrate the advantage of paired comparison tests in terms

of inter-subject variability. In a paired comparison test, there is always a

reference stimulus meaning inter-subject judgements are fairly consistent.

However, when making a judgement on a single stimulus on an absolute

scale, the reference is likely the subject’s own experience. As experience and

perception varies greatly from subject to subject, so to do their responses

in this type of test.

4 Discussion

4.1 Interpretation of the perceptual space

4.1.1 Objective correlates to the perceptual dimensions

A number of objective descriptors were calculated for each of the vibration

signals as potential correlates to the perceptual dimensions revealed the mul-

tidimensional scaling analysis of the paired comparison of similarity data.
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Figure 6: Categorical annoyance ratings for the 14 train stimuli.

These descriptors were calculated from measurements of acceleration made

at the interface between an 81 kg subject and the seat cushion. Due to

the compression of the seat cushion for subjects of different masses, there is

some degree of uncertainty in the vibration exposure for different subjects.

As measures of the energy of the stimuli, VDV, rms acceleration, peak ac-

celeration, root mean quad (rmq) acceleration, root mean hex (rmh) accel-

eration, and root mean oct (rmo) acceleration were calculated. Maximum

exponentially weighted running rms values were also determined with time

constants of 1 s and 0.125 s. These descriptors were also calculated with the

application of the Wb frequency weighting advocated in BS 6472-1:2008 [44].

In addition to these descriptors of vibration energy, the 50th, 75th, 90th, and

95th percentile of the acceleration time histories were determined. Temporal

features of the stimuli were characterised through the calculation of the crest

factor, the ratio between the 95th and 50th percentile, modulation depth,

modulation frequency, and duration, rise time, and decay time defined by

the 10 dB and 3 dB down points of the signal envelope. Statistical charac-

teristics of the acceleration time histories were described through the sample

skewness and kurtosis. Spectral centroid and the dominant frequency of the

power spectral density (fmax) of the stimuli were calculated to characterise

the frequency content. As these descriptors cover temporal, frequency, en-
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ergy, and statistical characteristics, it is assumed that the stimulus set is

sufficiently characterised so as to give an indication of the nature of each of

the perceptual dimensions calculated through the multidimensional scaling

analysis.

4.1.2 Dimension I

From the considered objective vibration exposure descriptors, the first per-

ceptual dimension revealed through the multidimensional scaling analysis

was found to be significantly correlated (Pearson’s correlation coefficient,

p < 0.05) to the Wb weighted VDV, and the Wb weighted rms, rmq, rmh,

and rmo energy averages of the vibration stimuli. The correlation coeffi-

cient between this dimension and these descriptors ranged between 0.56 to

0.65. The use of higher power energy average descriptors such as the rmq,

rmh, and rmo did not result in significantly higher correlations with this

perceptual dimension over the more conventional rms averaging.

The frequency weighted rms and VDV descriptors were found to exhibit a

stronger correlation to the first perceptual dimension than their unweighted

counterparts. This suggests that the frequency content of the vibration

exposure has a role in the interpretation of the first perceptual dimension.

To further investigate this perceptual dimension, each of the stimuli were

filtered into octave bands of centre frequency 4 Hz, 8 Hz, 16 Hz, 32 Hz, and

64 Hz. Peak acceleration, rms acceleration, and VDV were then determined

for each octave band. Figure 7 shows the Pearson’s correlation coefficient

between the first perceptual dimension and these three descriptors in each

octave band. It can be seen from this figure that there is a strong correlation

between the first perceptual dimension and each of the calculated descriptors

in the 4 Hz, 8 Hz, and 16 Hz octave bands. The p-value of the correlations in

each of these bands is less than 0.001. The trend in the correlations shown in

Figure 7 with respect to frequency is similar to that of the apparent mass of

the seated human body to vertical vibration (see, for example, [45]), vertical

vibration perception thresholds for the seated position, and the Wb and Wk

weighting curves the suggesting that the first perceptual dimension relates

to vibration in the range of frequencies related to whole body vibration. To

illustrate the relationships suggested by the correlation coefficients shown

in Figure 7, scatter plots of the positions of each of the stimuli on the

first perceptual dimension and rms acceleration in the 4 Hz, 8 Hz, and
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Figure 7: Pearson’s correlations coefficient between the first perceptual di-
mension and peak acceleration, rms acceleration, and VDV in the 4 Hz, 8
Hz, 16 Hz, 32 Hz, and 64 Hz octave bands.

16 Hz octave bands are presented in Figure 8. These figures confirm the

relationships suggested by the correlation coefficients presented in Figure 7.

4.1.3 Dimension II

From the considered objective vibration exposure descriptors, the second

perceptual dimension revealed through the multidimensional scaling analysis

was found to be significantly correlated (Pearson’s correlation coefficient, p

< 0.01) to the unweighted VDV and the unweighted rms, rmq, rmh, and rmo

energy averages of the vibration stimuli. The correlation coefficient between

this dimension and these descriptors ranged between -0.56 to -0.74. Less

significant correlations are also observed between this perceptual dimension

and the Wb weighted VDV and rms acceleration descriptors.

As with the first perceptual dimension, that the second perceptual di-

mension shows a greater degree of correlation with the unweighted VDV

and rms acceleration descriptors over their Wb weighted counterparts sug-

gests that the frequency content of the vibration exposure has an influence

upon this perceptual dimension. Figure 9 shows the Pearson’s correlation

coefficients between the second perceptual dimension and peak acceleration,

rms acceleration, and VDV in the 4 Hz, 8 Hz, 16 Hz, 32 Hz, and 64 Hz

octave bands. For ease of comparison with Figure 7, the absolute values of

the correlation coefficients are shown. It can be seen from this figure that

21



−0.5 0 0.5
0

0.5

1

1.5

2
x 10

−3

1

2 3

4 5

6

7

8

9

10

11

12

13

14

Dimension I

rm
s 

4 
H

z 
(m

/s
2 )

−0.5 0 0.5
0

0.002

0.004

0.006

0.008

0.01

1
2 3

4

5

6

7

8

9

10

11

12

13

14

Dimension I

rm
s 

8 
H

z 
(m

/s
2 )

−0.5 0 0.5
0

0.02

0.04

0.06

0.08

0.1

12 3

4

5

6 7

8

9

10

11

12

13

14

Dimension I

rm
s 

16
 H

z 
(m

/s
2 )

Figure 8: Relationship between the first perceptual dimension and rms ac-
celeration in the 4 Hz, 8 Hz, and 16 Hz octave bands.
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the second perceptual dimension is significantly correlated with the three

descriptors in the 32 Hz and 64 Hz octave bands. This range of frequencies

is generally associated with vibrotactile perception through the Pacinian

and Meissner’s corpuscle mechanoreceptors [46, 47]. This result, along with

the findings for the first perceptual dimension, suggest that it may be ap-

propriate to consider whole-body and vibrotactile vibration separately in

the assessment of the human response to vibration, as they may contribute

independently to the overall perception of vibration. To illustrate the rela-
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Figure 9: Pearson’s correlations coefficient (absolute values) between the
second perceptual dimension and peak acceleration, rms acceleration, and
VDV in the 4 Hz, 8 Hz, 16 Hz, 32 Hz, and 64 Hz octave bands.

tionships suggested by the correlation coefficients in Figure 9, scatter plots

of the positions of the stimuli on the second perceptual dimension and rms

acceleration in the 32 Hz and 64 Hz octave bands are presented in Figure

10.

4.1.4 Dimension III

From the considered objective vibration exposure descriptors, the third per-

ceptual dimension revealed through the multidimensional scaling analysis

was found to be significantly correlated to the crest factor and the duration

of the stimuli defined by the 10 dB down points (Pearson’s correlation coef-

ficients of -0.58 and -0.60 respectively, p < 0.05). Figure 11 presents scatter

plots showing the relationship between the third perceptual dimension and

these two descriptors. Although the correlation between this dimension and

these descriptors are significant at the 0.05 level, it can be seen from this fig-
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Figure 10: Relationship between the second perceptual dimension and rms
acceleration in the 32 Hz, and 64 Hz octave bands.
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ure that there is a large amount of scatter in these relationships suggesting

that further investigation into this dimension may yield more appropriate

descriptors.
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Figure 11: Relationship between the third perceptual dimension and crest
factor and duration defined by the 10 dB down points.

4.1.5 Dimension IV

From the considered objective vibration exposure descriptors, the fourth

perceptual dimension revealed through the multidimensional scaling analy-

sis was found to be significantly correlated to modulation depth (Pearson’s

correlation coefficient of 0.79, p < 0.01) and modulation frequency (Pear-

son’s correlation coefficient of -0.57, p < 0.05). The relationships between
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the fourth perceptual dimension and these descriptors are shown in Figure

12. The modulation depth and the modulation frequency are significantly

correlated for the set of stimuli used in this study (Pearson’s correlation

coefficient of 0.7, p < 0.01) making it difficult to assess which of these de-

scriptors is most appropriate to describe the fourth perceptual dimension.

However, from the bottom pane of Figure 12 it appears that the relationship

between the fourth perceptual dimension and the modulation frequency is

strongly influenced by the outlier stimulus 13, lowering the correlation.
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Figure 12: Relationship between the fourth perceptual dimension and mod-
ulation depth and modulation frequency.
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4.2 Perceived annoyance models

To investigate the relationship between the perceptual dimensions revealed

through the multidimensional scaling analysis and the Perceived Annoyance

Ratings calculated from the paired comparison of annoyance tests, a multi-

ple linear regression was conducted using the Perceived Annoyance Ratings

as the dependent variable and the position of the stimuli on the four per-

ceptual dimensions as independent variables. The result of this regression

is described in equation (11).

(11)A = 0 + 0.60D1 − 0.34D2 − 0.10D3 + 0.23D4

where A is the predicted single figure Perceived Annoyance Rating and Dn

is the position of the vibration stimulus on the nth perceptual axis.

Apart from the intercept coefficient, which is zero, all of the coefficients

in the model presented in equation (11) are statistically significant; the co-

efficients for dimensions I, II, and IV are significant to the 0.001 level and

the coefficient for dimension III is significant to the 0.05 level. This result

suggests that each of the four recovered perceptual dimensions has a signif-

icant influence upon the Perceived Annoyance Ratings. The standardised

regression coefficients for the D1 is 0.15, D2 is -0.07, D3 is -0.02, and D4

is 0.03. This suggests that the first dimension has the greatest influence on

perceived annoyance, followed by the second then fourth dimension with the

third dimension having the least influence. The adjusted R2 value for this

model is 0.98, p < 0.001.

In the previous section, a number of potential objective correlates were

found for each of the dimensions revealed through the multidimensional

scaling analysis. Multiple linear regression models were calculated with

every possible combination of the objective descriptors found as significant

correlates to each of the perceptual dimensions. The adjusted R2 values for

the calculated models were found to range between 0.72 and 0.92. The model

exhibiting the highest value of adjusted R2 included the rms acceleration in

the 16 Hz and 32 Hz octave bands, the duration defined by the 10 dB

down points, and the modulation frequency. The result of this regression is

described by equation (12).

(12)A = −0.40 + 4.57a16Hz + 3.18a32Hz + 0.02T10dB + 0.02fmod

where A is the predicted single figure Perceived Annoyance Rating, a16Hz

and a32Hz are the rms acceleration of each train event in the 16 Hz and
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32 Hz octave band respectively, T10dB is the duration of each train event

defined by its 10 dB down points, and fmod is the modulation frequency of

the envelope of each train event. The coefficients for the a16Hz and a32Hz

terms are significant to the 0.001 level and the coefficients for the T10dB and

fmod terms are significant to the 0.05 level.

Figure 13 shows a comparison between the Perceived Annoyance Rat-

ings measured through the perpetual testing and the Perceived Annoyance

Ratings predicted using equation (12). The adjusted R2 value for this model

is 0.92, p < 0.001.

If a regression model were derived using only the weighted rms acceler-

ation, as recommend in ISO 2631 – 1 [31], as the independent variable the

adjusted R2 value for the resulting model would be 0.73. Similarly, a model

using only the vibration dose value as an independent variable results in an

adjusted R2 of 0.79. This suggests that the Perceived Annoyance Rating

model in equation 12 accounts for 19% more variance in the annoyance rat-

ings than a model using only the weighted rms acceleration and 13% more

of the variance than a model using only the vibration dose value.

−0.5 0 0.5
−0.5

0

0.5

1

2

3

4

5

6

7

8

9

10

11

12

13

14

Measured Perceived Annoyance Rating

P
re

di
ct

ed
 P

er
ce

iv
ed

 A
nn

oy
an

ce
 R

at
in

g

Figure 13: Comparison between the measured Perceived Annoyance Ratings
and those predicted using the model in equation (12).

To explore the trade-off between reducing the number of predictor vari-

ables in the model described by equation (12) and the amount of variance

explained by the model, a stepwise regression was conducted. The criterion

for the inclusion of a predictor variable in the model is that the estimated
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β coefficient must have a p-value of less than 0.05. The stepwise regression

resulted in dropping the T10dB and fmod terms from the model. The result-

ing adjusted R2 for this model is 0.88 confirming that the reduced model

describes a similar amount of variance as the full model. That the a16Hz

and a32Hz terms both contribute significantly to the annoyance response

further supports the hypothesis put forward in section 4.1.3 that the vibra-

tion in these two frequency regions should be considered separately in the

assessment of human response.

In the model relating the positions of the stimuli on the four perceptual

dimensions to the Perceived Annoyance Ratings [see equation (11)], it can

be noted that each of the coefficients in the model reached statistical signifi-

cance. This suggests that further work is needed to find objective correlates

which better describe the third and fourth perceptual dimensions.

4.2.1 Categorical annoyance model

As discussed in section 3.1, the Perceived Annoyance Ratings calculated

from the paired comparison of annoyance tests are relative to the group of

stimuli on which they were judged and are on an arbitrary scale. That is to

say, although a greater Perceived Annoyance Rating implies greater annoy-

ance, it is unknown what the absolute rating of that annoyance is. From the

categorical annoyance ratings, each train stimulus was attributed a single

figure rating by taking the mode of the annoyance ratings for each stimulus.

Figure 14 shows the relationship between the Perceived Annoyance Rat-

ings and these categorical annoyance ratings. The Spearman’s correlation

coefficient between these two variables is 0.93 (p < 0.0001).

An ordinal logistic regression model was calculated to relate the Per-

ceived Annoyance Ratings to the categorical annoyance ratings. The results

of this model are shown in Figure 15. The curves in this figure indicate the

probability of a train with a given Perceived Annoyance Rating being rated

in a certain annoyance category.

4.3 Validation of Perceived Annoyance Rating model

As a validation of the relative Perceived Annoyance Rating model, the model

described in equation 11 was used to predict the single figure annoyance

ratings measured in a pilot test which was conducted previous to this study.
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Figure 14: Relationship between Perceived Annoyance Ratings and categor-
ical annoyance ratings.
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Figure 15: Probability of a railway vibration event with a given Perceived
Annoyance Rating being rated in a certain annoyance category on a five-
point semantic scale.
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These data are therefore independent of the data that were used to derive

the model. Figure 16 shows a comparison between the annoyance ratings

measured in this pilot test and the ratings predicted using the model in

equation (11). The Pearson’s correlation coefficient between the measured

and predicted annoyance ratings shown in this figure is 0.91 (p < 0.0001).

As the Perceived Annoyance Ratings are a relative measure of annoyance

and are therefore arbitrary and dependent upon the set of stimuli on which

they were judged, the absolute values of the annoyance ratings shown in this

figure differ. The predicted annoyance values are higher than the measured

because the stimuli used in the pilot test were of a higher magnitude that

those used in the tests described in this paper. It can however be seen

that there is good agreement in the trend of the measured and predicted

values suggesting that the model was successfully able to predict the relative

perceived annoyance ratings.
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Figure 16: Comparison between Perceived Annoyance Ratings measured in
a pilot test using a different set of vibration stimuli and those predicted
using the model in equation (12).

5 Conclusions

This paper presents the results of a paired comparison test designed to

investigate the perception of railway induced groundborne vibration. Mul-

tidimensional scaling analysis of the data from this experiment has shown
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that the perception of whole body vibration from railway activities is multi-

dimensional in nature. Investigation of the perceptual space resulting from

this analysis has shown that perception of railway induced vibration is de-

pendent on up to four perceptual dimensions which relate to energy in the

16 Hz 1/3 octave band, energy in the 32 Hz 1/3 octave band, the duration of

the train passage, and the modulation frequency of the envelope of the sig-

nal. It is shown that these perceptual dimensions can be linearly related to

single figure measures of annoyance which in turn can be related to absolute

category ratings of annoyance.

The main limitation of the work is the size of the subject group; previous

studies into the perception of sound and vibration have found inter-subject

groupings from which classes of subject could be identified [48]. Due to the

size of the subject group in the present study, such groupings may not be

apparent. However, analysis of the paired comparison of annoyance ratings

presented in section 3.1 suggested that there were no significant differences

across the subject group in this study. The correlation between the third

and fourth perceptual dimensions and the objective features is lower than

in studies using paired comparisons and MDS to study the perception of

sound. Therefore, further investigation is needed into descriptors relevant

to these dimensions.
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